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One-dimensional quantum systems show fascinating properties beyond the
scope of the mean-field approximation. However, the complicated mathemat-
ics involved is a high barrier to non-specialists. Written for graduate stu-
dents and researchers new to the field, this book is a self-contained account
of how to derive a quasi-particle picture from the exact solution of models
with inverse-square interparticle interactions.

The book provides readers with an intuitive understanding of exact dy-
namical properties in terms of exotic quasi-particles that are neither bosons
nor fermions. Powerful concepts, such as the Yangian symmetry in the
Sutherland model and its lattice versions, are explained. A self-contained
account of non-symmetric and symmetric Jack polynomials is also given.
Derivations of dynamics are made easier, and are more concise than in the
original papers, so readers can learn the physics of one-dimensional quantum
systems through the simplest model.
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Preface

This book is concerned primarily with the exact dynamical properties of
one-dimensional quantum systems. As a crucial property of exactly soluble
models, we assume that the interaction decays as the inverse square of the
distance. The family of these models is called the inverse-square interaction
(1/72) models. In the one-dimensional continuum space, the model is often
referred to as the Calogero—Sutherland model. In the one-dimensional lat-
tice, on the other hand, the first 1/r? models appeared as a spin model,
which is now called the Haldane—Shastry model. Soon after the discovery of
the Haldane—Shastry model, it was recognized that the imposition of super-
symmetry allows the model to acquire the charge degrees of freedom, while
keeping the exactly soluble nature. The resultant one-dimensional electron
model is called the supersymmetric ¢t-J model. Various generalizations of
these models have been proposed.

Recent experimental progress in quasi-one-dimensional electron systems,
especially by neutron scattering and photoemission spectroscopy, has en-
hanced the theoretical motivation for exploring the dynamics over a wide
frequency and momentum range. The 1/72 models are ideally suited to meet
this situation, since the model allows derivation of exact dynamical informa-
tion most easily and transparently. In spite of the special appearance of the
1/7? models, the intuition thus obtained contributes greatly to understand-
ing low-dimensional physics in general. This kind of approach to dynamics
is complementary to another powerful approach using the bosonization and
conformal field theory. The latter is especially suitable to asymptotics of
correlation functions at long spatial and temporal distances.

The literature relevant to the 1/72 models is vast and scattered. Moreover,
many papers include a difficult-looking mathematical set-up. This situation
may cause newcomers to see a barrier too high to jump over before enjoying
the rich and beautiful ingredients of the 1/r2 models. For several years, the
authors have realized the necessity of a comprehensive treatise. This book
is intended to be accessible to non-specialists who are interested in strongly
correlated quantum systems. It explains the wonderfully beautiful physics
and related mathematics in a self-contained manner, without assuming spe-
cial knowledge on theories in one dimension. In order to make a coherent
discussion, we have included many results that are newly derived for this
book, in addition to summarizing what has been reported in the literature.
We hope that this book is useful not only to experts already working in the
field, but also to graduate students and researchers trying to delve into the
fascinating physics in low dimensions.

xi
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Introduction

1.1 Motivation

Interactions in many-body systems bring about collective phenomena such as
superconductivity and magnetism. In many cases, simple mean-field theory
provides a basic understanding of these phenomena. In fermion systems
in one dimension, however, neither the mean-field theory nor perturbation
theory works if it starts from the non-interacting fermions. This is because
the interaction effects in one dimension are much stronger than those in
higher dimensions. Intuitively speaking, two particles cannot avoid collision
in a single-way track in contrast with two and three dimensions. Thus the
interaction effects appear in a drastic way in one dimension.

Another aspect in one dimension, which overcompensates the difficulty
of perturbation and mean-field theories, is that a complete account of
interaction effects is possible under certain conditions. The class of systems
satisfying such conditions is referred to as exactly solvable. Soon after the
establishment of quantum mechanics, Bethe solved exactly the Heisenberg
spin model in one dimension [28]. The basic idea of the solution is now
called the Bethe ansatz. Since then, theoretical physics in one dimension has
developed into a magnificent edifice, including sophisticated mathematical
techniques. In many cases, the eigenfunctions derived by the Bethe ansatz
consist of plane waves that are defined stepwise for each spatial configuration
of particles. Since the coefficients of plane waves depend on the configura-
tion, the property of the wave function cannot be made explicit without
detailed knowledge of these coefficients. We mention some of the recent
monographs on the Bethe ansatz and its extensions [54,118,179]. A com-
prehensive account on exactly solvable models has recently been given by
Sutherland [178].
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The models solved by the Bethe ansatz are characterized by short-range
interactions such as on-site repulsion or the next-nearest-neighbor exchange
interaction. On the other hand, it was found by Calogero that another class
of models also permits exact solution [34,35]. The models have repulsive
interactions decaying as the inverse square of the interparticle distance r.
In order to prevent the blow-up of particles toward infinite distance, an
attractive harmonic potential can be added to the system. Alternatively,
one takes the periodic boundary condition with the system length L, and
employs superposition of the 1/r? potential as

o

ZOO (r JrlnL)2 N (siﬂf/L)g' (1.1)

n=-—

Then by construction the system does not blow up, while keeping the trans-
lational invariance. This model was proposed by Sutherland [172,174], and
hence is called the Sutherland model. If one refers to both models simulta-
neously, it seems appropriate to call them the Calogero—Sutherland models.
Some years later, Moser analyzed the classic mechanical version of these
models mathematically [135], and his name is sometimes added in referring
to the models.

The 1/7? models have much simpler mathematical (algebraic) structure,
compared to the conventional integrable models solved by the Bethe ansatz.
This simplicity enables us to derive explicitly the exact expressions of
dynamical correlation functions such as the Green function, the density—
density correlation function, and the spin—spin correlation function. The
resultant expressions are remarkably simple, but still keep nontrivial fea-
tures inherent to interacting particle systems. Further, the mathematical
tools used in the derivation are far from complicated. Thus, the 1/7% models
provide comprehensible examples for studying dynamics of interacting
particles.

In contrast with the Fermi liquid in three dimensions, the one-dimensional
fermions behave as the Tomonaga—Luttinger liquid in the limit of long time
and long distance. Here the conformal field theory (CFT) describes nicely
the asymptotics of correlation functions. According to the CFT, characteri-
zation of the interaction parameters can be done through analysis of the
finite-size correction of the ground state energy. Since the 1/r? models
allow for calculation of the finite-size correction much more easily than
the Bethe-solvable models, the 1/r? models serve as an instructive exam-
ple to visualize how the CFT works in the Tomonaga—-Luttinger liquid.
The importance of the 1/r? models does not, however, lie only in the mathe-
matical structure. Through the study of the 1/72 models, one can also learn
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about the dynamics of the correlated electrons in real systems. For example,
the neutron scattering intensity of S = 1/2 antiferromagnetic spin chain
reveals a similarity to the spectral function of the spin correlation function
of the 1/r? exchange interaction model, which is called the Haldane-Shastry
model [77,161]. A related model with charge degrees of freedom is still
exactly solvable provided a supersymmetry is imposed [119]. The spin—
charge separation of one-dimensional electrons can then be explicitly seen in
the spectral weight of the Green function of the supersymmetric t—J model.

1.2 One-dimensional interaction as a disguise

As we shall explain in detail, the wave function in the ground state of the
1/7? models can be derived explicitly as the product of two-body wave func-
tions. This feature is quite in contrast with cases solved by the Bethe ansatz.
The special feature of the 1/r? interaction already appears in most elemen-
tary quantum mechanics. Let us consider a free particle with mass m = 1/2
in the three-dimensional space. The Hamiltonian is given by

0? 0? 0? 10,0 I?

H-_Y 9 9 __ -9 L
ox2 Oy 022 2or or 12

where 72 = 22 + y? + 22, and 1 is the angular momentum operator. We

(1.2)

take the units 4 = 1 throughout the book. In the polar coordinates, there
appears a fictitious potential leading to the centrifugal force. Namely, the
free motion in higher dimensions generates a fictitious potential if the radial
motion alone is extracted [146]. Conversely, the potential I(I + 1)/r? in the
radial coordinate is a disguise of free motion in higher dimensions. The form
of the radial kinetic energy in (1.2) is interpreted as coming from the metric
of the one-dimensional space. Pursuing this idea in many-body systems,
one gains a perspective that interactions in exactly solvable models are a
disguise of some kind of free motion in another space [146]. Alternatively,
a matrix model has been constructed where the coordinates of N particles
are regarded as eigenvalues of an N x N matrix. The transformation matrix
for diagonalization appears as the 1/r? potential [151].

In the early stage of the Tomonaga—Luttinger theory, all low-energy ex-
citations are regarded as bosons. Actually, the statistics of excitations need
not be restricted to bosons. In some cases, the interaction among bosons
is absorbed into a new statistics describing exclusion of available one-body
states. This idea applies to many interacting systems approximately, and
to the 1/r? models exactly. The exclusion includes fermions and bosons
as special cases. Generally, however, the statistics is fractional. In order to
account for the resultant quasi-particles obeying fractional exclusion
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statistics, concepts such as the Yangian symmetry and the supersymmetry
turn out to be useful. These new concepts make it much easier to understand
exact dynamics (and also thermodynamics) intuitively. Our key strategy in
this respect is to rely on the picture of quasi-particles obeying fractional
exclusion statistics. In terms of these exotic quasi-particles, the dynamics of
one-dimensional systems can be understood intuitively.

In the last decades, intensive study of the 1/r? models has brought
about deep intuition into the structure of the excitation spectrum in
one-dimensional systems in general. The most remarkable observation is
that elementary excitations behave as free particles subject to certain sta-
tistical constraints. As a result, these particles obey the statistics of neither
fermions nor bosons. In other words, the exchange of two excitations leads
to a scattering phase shift which is independent of their momenta, but which
is neither 7 (antisymmetric) nor 0 (symmetric).

The situation may become clearer if we make an analogy to the Fermi
liquid theory. The excitations in the Bethe-soluble models have a phase
shift that does depend on their momenta. Therefore, certain parameters
are necessary to characterize the momentum dependence. These parame-
ters are analogous to Landau parameters that describe interactions between
the quasi-particles in the Fermi liquid. In this analogy, the excitations in
the 1/72 models do not need the analogue of the Landau parameters, and
are comparable to free fermions except for the statistics. Just as the under-
standing of metals in general has been much facilitated by the free-electron
model, the dynamics in one dimension should be much better understood
by reference to “free” models, i.e., the 1/7? models.

1.3 Two-body problem with 1/72 interaction

We demonstrate the peculiar features of the 1/r? model by taking the
simplest example. Let us consider the two-body problem with Hamiltonian

92 o 7/L 2

Hy=—-2_ %
2 Ox? 8m§+g sinm(x; — x2)/L

(1.3)

For the moment we assume that the two particles are distinguishable, and do
not care about the symmetry of the wave function. If the distance |z; — x9|
is much smaller than L, the interaction reduces to g/(z1 — x2)?. The center
of gravity X = (x1 + 22)/2 has free motion with wave number Q. In terms
of X and the relative coordinate x = x1 — x2, the wave function is factorized
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into the form vy (21, x2) = ¢4(z) exp(iQX), where ¢4(x) is an eigenfunction
of a one-body Hamiltonian H; given by

1 0? /L O\
H = Hy, — = 2 _ . E— _ . 1.4
1) 2 2Q 22 7Y (Sinﬂ'x/L> (14)
Instead of solving (1.4) in the standard way, we discuss alternative ideas
which are useful in generalizing to the many-body problem. Let us first
examine the wave function ¢4(x) for |z| < L where the potential in H;
tends to g/x?. Then Hj(z) has the scaling property

Hy(ax) = a 2H(z).
An eigenfunction should also have the scaling property for x ~ 0

dglax) = a)‘qﬁg(x), (1.5)

with certain number A. The only solution with property (1.5) is the
power-law function ¢g4(z) = z*. Upon differentiation twice, we obtain
A\ = 1)pg(z) /2% By taking A(A — 1) = g/2, the kinetic term cancels the
potential term. Then ¢4(x) turns out to be the eigenfunction of H;. Since we
have A = (1 £ /1 + 2¢)/2, only the case of g > —1/2 is meaningful. Other-
wise, the attractive potential causes the system to collapse as in the classical
system, and the ground state cannot be defined. This situation has already
been discussed by Landau and Lifshitz [122] and by Sutherland [172]. In the
following we only consider the case g > 0, and take the positive A as the
relevant solution. We can extend the range of x so as to be consistent with
the periodic boundary condition, simply by replacing x® by |sinmz/L|*.

It is possible to derive all the eigenvalues and eigenfunctions by using
the factorization method [89], which has been refined under the name of
“supersymmetric quantum mechanics” [192]. We introduce a variable n =
mx/L and rewrite (1.4) as

Hy =2 (’;)2 [+ Wa(n)® + Wi(n) + X*] =2 <’;)2 Hy,  (1.6)
where p,, = —i0/0n and Wy(n) = Acotn. Then H, takes a factorized form
Hy = (py — W) (py +iWy) + A2 = AL Ay + A2, (1.7)

An eigenfunction of H) is given by
dx(n) = sin® n = exp[Ux(n)], (1.8)

where we have introduced Uy (n) = Alnsinn. This gives U} (n) = Wi(n), and
it is evident that A)¢x(n) = 0. Since A;AA is a non-negative operator, there
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are no states with lower energy. Hence, ¢, gives the ground state of H) with
energy \°.
We note the property
AAN+1)
sin?7n
= Al Ay = N, (1.9)

ANAL = p2+ W) = Wi(n) = p2 + — A2

which corresponds to the shift A — A + 1 in H) together with subtracting
the constant term A\2. Combination of (1.7) and (1.9) makes it possible to
derive all the excited states. Let us take the ground state ¢yy1 of Hy11 with
the eigenvalue (A + 1)2. Namely, we have

A o1 = [+ 1) = Mg (1.10)
Applying A; from the left, we obtain
Al Aoy =[O0+ 1)2 =24 Algr . (1.11)

Thus the state qub,\ﬂ proves to be an excited state of AT\AA.
We now explain briefly the idea of the supersymmetric quantum mechan-
ics. We may treat the pair A)\AT/\ and AKA,\ as components of a 2 X 2 matrix:

o (AA 0 o oo - t
Hpalr—< )\0 A)\A;> —QQ +Q Q:{Q>Q }7 (1.12)

(0 0 . (0 Al
Q—(AA 0>, Q —(0 0A>' (1.13)

The space of the 2 x 2 matrix can be regarded as a pseudo-spin spanned

where

by the Pauli matrices. Here Q and Q' have an analogy with spin-flips s =
sy £ isy. Alternatively, we may include the pseudo-fermion operators f, fi
by the identification

—_

La-e)=1r (1.14)
Then the operators @, Q' in (1.12) are written as
Q=f1Ay Q= 4lr. (1.15)

It is obvious that Q% = (Q)? = 0 and
[Hpaira Q] = [Hpaira QT] =0. (116)
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The last equality means that Hpair is invariant against the pseudo-spin
rotation, and the conserved quantity @ is called the supercharge. In this
framework, the degeneracy demonstrated by (1.11) is interpreted as a con-
sequence of the supersymmetry. The use of Q, QT motivates us to refer to
the factorization method as “supersymmetric quantum mechanics”.

The operators Ay and AT\ have the commutation rule

[Ay, Al = 2w, (1.17)

In a special case of W)\ = —z/2, the commutation rule reduces to that
of bosonic creation and annihilation operators. Hence, Ay and Ai\ can be
regarded as a generalization of bosonic operators.

Now we iterate the procedure of increasing A by unity to obtain all excited
states. Let us use the fact A;A,\ = A,\_lAIﬁl + (A = 1)2 — A2 as derived
from (1.9). After this substitution in (1.11), we multiply A§—1 from the left
to obtain

Ai\,lA/\—lAT\,lATA%H =[(A+1)*=(A— 1)2]AT\71AT\¢,\+1, (1.18)

which shows that A;_lAI\QZ) A+1 1s an excited state of Ai\_lA »—1. This process

can be iterated. The wave function ¢y, 41.041 = A;_n e A;_IA;Q\H with
n > 0 satisfies the equation

Al Asnbniiags = (A1) = (A= n)%dni1ata. (1.19)
Equivalently we obtain for m > 1
Hagmn = (A +1m)>dps. (1.20)

We identify ¢,y as ¢, to include the case of m = 0 in the above. In this way
we can derive all the excited states of H) starting from the ground state
of Hy with appropriate X' > . Figure 1.1 shows the situation where the
ordinate x gives the energy as 2.

Conversely, starting from a free state ¢,,,0 = sinmn at A = 0, we can con-
struct the eigenfunctions of Hy as ¢\ = Ax—1 - A1 AgPm+r0- Figure 1.1
also shows this inverse direction of construction. Note that the spectrum of
H, above the ground-state energy A? is the same as that of the free system.
To derive ¢p.x1r explicitly, we use the relation A; = exp(—Uy)py exp(Uy)
and obtain

Grxtn = exp(—Uny1)pyp exp(Uny1 — Uni2) -+ -y exp(Unin) Patn
= exp(—Un)[exp(=U1)py]" exp(Unin)dr+n

— g x (1—gD) (—(fy) (1 g, (1.21)
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Fig. 1.1. The spectrum of the one-body Sutherland model Hy. The creation oper-
ator AJ& generates an excited state for Hy_; from an eigenstate of H ). These two

states are degenerate, and their energy is given by x2. The annihilation operator
A generates an eigenstate of Hy41 from that of Hy.

where y = cosn. The last expression includes, apart from the normaliza-
tion factor, the Rodrigues formula for the nth-order Gegenbauer polynomial
C’;}Hﬂ(y). Namely, we obtain

Grixin () = Cp T2 (cosm)da(n). (1.22)

The generating function of Gegenbauer polynomials is given by

(1 — 2yt + 32712 = ZC”W (1.23)

In the special case A = 0, it is reduced to the Legendre polynomial Cy, »/2 (y) =
P, (y). Because of the similarity to the Legendre polynomial, C)‘H/ 2(y) is
also called the ultraspherical polynomial.

Let us come back to the two-body system. For each particle j, we introduce
the complex coordinate z; = exp(2miz;/L) which specifies a point on the

unit circle. The wave function of two particles is written as

¢n;>\+n(zlv 22) = exp(iQX)¢n;A+n(77)a (124)

where n = m(x1 — x2)/L. We assert that ¢\, (21,22) is a homogeneous
polynomial of z; and z times an integer (or half-integer) power of zjzs.
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The sum ¢ of powers of z; and 22 in ¥, 1n(21,22) is related to the total
momentum @ as ¢ = LQ/(27). To prove the assertion, we note the relations

2cosn = (21/22) % + (22/21)Y? = (2120) V221 + 22), (1.25)
2ising = (21/22)Y? — (22/21)? = (2120) "Y2(21 — ), (1.26)
exp(iQX) = (2129)%2. (1.27)

Since ¢p.a+n(n) is a polynomial of cosn and sinn, it is a polynomial of z;
and zo, times an integer or half-integer power of z;2z5. Thus the assertion is
proved. The homogeneous polynomial of z; and zs, which originates from a
Gegenbauer polynomial of cosmn, corresponds to a special case of the Jack
polynomial. The latter is defined for arbitrary number n of complex variables
Z1,29,...,%n, as will be discussed in detail later.

We now proceed to the case of two identical (indistinguishable) particles. If
the particles are bosons, we should take symmetric (even) wave functions. If
the particles are spinless fermions, on the other hand, we take antisymmetric
(odd) wave functions. For example,

px(x) = |sinn|*Lsing (1.28)

describes the ground state of two fermions for Hy. If fermions have spin 1/2,
the spatial part of the wave functions is either symmetric (spin singlet) or
antisymmetric (spin triplet). In the case of bosons, the even—odd property
becomes the opposite to that of fermions; exchange of spatial and spin
coordinates at the same time gives the same wave function as that before
the exchange. In order to discuss the case with internal degrees of freedom,
we consider a generalized model as given by

0?02 2 20\ — Ki2)
<7T) sin ”

Ho.e = il ,
%K 27r(a:1—x2)/L

i P T )
Ox{ 0x3

- (1.29)

where we have introduced the coordinate exchange operator Kis. As a
complementary factor, we also introduce the spin permutation operator
Py = 281 -89 4+ 1/2. They act on a two-body wave function with spin
coordinates o1, 09 as

Kio(z1, 225 01, 02) = (22, 1; 01, 02), (1.30)
Proyp(w1, 22; 01, 02) = (21, 225 02, 01), (1.31)
PioKo)(x1, 22,01, 02) = (22,215 02,01) = (21,225 01,02).  (1.32)

Namely, we have K12 P2 ==1 depending on whether the particles are bosons
or fermions.
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For symmetric spatial wave functions with K3 = 1, we know from (1.4)
and (1.20) that the spectrum is given by
T
L
where ky = [Q/2 & 7(n + \)/L]? with n > 0. Note that E,, can be written
as if it consists of the kinetic energy of free particles with momenta k.
The interaction effect appears only in the restriction ky — k— > 27A\/L,
which becomes the same as the Pauli exclusion principle in the case of
A = 1. For the antisymmetric (odd) wave function with K93 = —1, we
have A(A + 1) in (1.29), and accordingly replace A — X + 1 in (1.33).
This is alternatively interpreted as taking the excitation level n one step

1 2
Bn=5@2+2(7) (n+X)? =K+, (1.33)

higher. The odd-function ground state in particular is given by FEj, where
n = 1 is the smallest degree of antisymmetric polynomials of z; and zo
with z; = exp(2imx;/L). If there are spin degrees of freedom for a pair of
fermions, the ground state energy becomes FEy for the spin singlet, and Fy
for the triplet.

We have thus found that different symmetries of the wave functions appear
only as a shift of energy levels. In particular, the difference between the
singlet and triplet states in each ground state is given by

Eg(S=1)— E,(S=0) =+ (2n/L)* (A +1/2), (1.34)

where the plus sign is for fermions and the minus sign for bosons. The signs
mean the antiferromagnetic interaction for fermions and the ferromagnetic
interaction for bosons. With use of K1oP2 = %1 for identical particles, we
obtain the Hamiltonian equivalent to Hy.x as

2 2 2
o P 0 <L> 2 Pp) (1.35
S1n

’ 922 0ad T 2z — x2) /L’

where the plus sign is for fermions and the minus sign for bosons. By con-
struction, this model has both the charge and the spin degrees of freedom.
One can extract only the spin degrees of freedom by taking a limiting pro-
cedure as explained next.

1.4 Freezing spatial motion

Let us consider the limiting case A > 1 in Ha,i. Accordingly ¢,(z) tends
to a delta function peaked at x = L/2. This limit for a large number of
particles is relevant to the spin chain and the supersymmetric (SUSY) ¢—J
model since the particles should crystallize to avoid the repulsion, leaving
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only the center of mass motion. The excitation spectrum of two bosons with
Q =0 is given by

E, —Ey=2(x/L)*[(n+X\)? =] = 2n/L)* (nA +n?/2). (1.36)

Thus the relative motion in the leading order of A is linear in n. In the spinless
case, this motion corresponds to a small vibration around the equilibrium
distance = = L/2, analogous to phonons in the many-body system. If one
removes this part, one is left with dynamics of internal degrees of freedom
only. For example, the spin exchange is described by

1 ™2 2P —1) o7\ 2 1

2. :(f) =(Z) (S;-8s—=), (1.37

P L) sin®7(xy —x2)/L ( L ) TRy (1.37)
where |21 — 22| = L/2. This example shows that the spin chain with the

1/7? exchange interaction is closely related to the continuum model with
SU(2) internal degrees of freedom.

In the case of many-body problem with /N particles, it is easier to analyze
Hy . than Hy,p since the energy spectrum can be derived by generalization
of the N = 2 case. For example, the grand partition function Zy,x of Hy.x
can be derived for any internal symmetry. The grand partition function Zy
of the spinless case of Hy. i can also be derived easily. Then the grand parti-
tion function Zy.s of the spin chain, or its generalizations, can be derived as
the limit Zn.g = limy_,oo Zn.x/ZN. The degrees of freedom for the spatial
motion are projected out in this limiting procedure. We shall see later that
the spin chain has the Yangian symmetry related to traceless 2 x 2 matrices
slo, while general 2 x 2 matrices glo are relevant with the spatial motion.
The Yangian symmetry is explained in detail later in this book. If one fully
exploits the sl Yangian symmetry, there is an alternative way to derive all
the spectrum of the spin chain from knowledge of the highest-weight states
of the sls Yangian.

1.5 From spin permutation to graded permutation

The spin permutation operator is written as

P;=28;-8;+ nzn] ZX""X"" (1.38)

where n; is the electron number operator, which is always unity in spin
systems. We have introduced the X-operators defined by X% = |a){(s],
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which describe transition from one state § to another state o at a given
site. The spin-flip is described by

s;=x1 st =xJ\ (1.39)
On the other hand, the hopping term is described by
PeieP = X, Pl P = X7, (1.40)

with P being the projection operator excluding the doubly occupied site. We
can combine the spin permutation and the hopping into a single operator:

Py =Py — X{°X9° = > (X7°X)7 + X7 X77)

[

= " p(B) X x7, (1.41)
af

which is called the graded permutation operator because of the minus signs
involved. In the second line, we have introduced the sign factor p(5) = —1
for =0 and p(B) = 1 otherwise. Note that ]5Z-j includes X representing
projection to the vacant state at site 1.

In order to see the property of the graded permutation in the simplest
manner, let us consider a two-site system:

Hsusy = tPy. (1.42)

Figure 1.2 shows the energy levels of the two-site system with the number of
holes ny, varying from 0 to 2. The singlet—triplet splitting is the same as the
bonding—antibonding splitting in this model. Moreover, the hole attraction
contained in (1.41) makes the two-hole state have the same energy as the
bonding state.

t
triplet antibonding
() 7T
singlet bonding attraction
—t
nyp =20 ny =1 np =2

Fig. 1.2. Energy levels of the graded permutation operator for two sites. The
number of holes in the system is specified by ny,.
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The degeneracy means that Hsuysy is invariant not only under the global
SU(2) operation, but also under the global supersymmetry operation which
is generated by

Qo = X7+ X3° (1.43)

and its Hermitian conjugate QJ;. These operators play a similar role as the
operators introduced by (1.15), and are properly called the supercharge. The
degeneracy in Hgysy originates from the commuting property

[Pro, X2 + XF) =0 (1.44)

for any combination of a, 8 =T, |,0. In Chapter 6 we discuss the supersym-
metric ¢-J model, which is the N-site version of (1.42).

1.6 Variants of 1/72 systems
The original 1/r? model proposed by Calogero [34,35] takes the form

Ho = — Z Z[ zi— )+ —— |, (1.45)
(332_551)

l 1>]

where the units of the spatial coordinate and the energy are taken so as to
adjust the strength for the harmonic potential. The wave function tends to
that of the Sutherland model as the distance z; — x; goes to zero. However,
the spectra of both models have an interesting difference as well as similarity.

Let us first consider the simplest case of N = 2. By introducing the relative
coordinate x = z1 — z2 and the center of gravity X = (x1 + x2)/2, one can
write the wave function in the product form 14 (1, 22) = ¢g(x) exp(iQX) as
in the Sutherland model. The total momentum is given by @Q. The relative
motion is described by

1 0?
Hi(w) = Ho(N =2) = 5Q = ~2— +2° +i (1.46)
which is to be compared with (1.4). One can use the same factorization
technique to derive all energy levels and eigenfunctions. Namely, we put

g =2\ —1) and write H; = 2H), as
AA—1
H, :p2—|—m2—|—¥, (1.47)
x
with p = —19/0z. In analogy with Section 1.3, we introduce the operator

A
BA:p—ix—i—iE =p+iVi(z) (1.48)
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and its Hermitian conjugate Bl = p —iVy. Then H) can also be written as
Hy=BIBy+2)\ + 1. (1.49)

The ground state of H) is given by the (unnormalized) function

or(a) = lalexp (- o) = expltn (o) (1.50)

where Uy (z)" = V)\(z). Since we have By¢) = 0, the ground-state energy is
given by 2\ 4 1. By using the property Hy;1 = B)\B:r\ 42X\ — 1 we obtain

BABloai1 = 411 (1.51)

Application of Bi from the left on both sides of (1.51) shows that BI\¢A+1
gives the first excited state of H) with eigenvalue 2\ + 5. In this way we
obtain the ladder of energy levels which looks like those in Fig. 1.1. Note
that in the Calogero model the ordinate is proportional to energy. The nth
excited state has the eigenvalue F)y,, = 2\ + 1 + 4n, which increases by a
constant amount of four when n increases by one.

The explicit form of the wave function ¢y.,(z) is given in terms of Uy =
In gy by

ain () = exp(=Uny1)pexp(Uny1 — Uny2) - - - pexp(Unin)Patn
io\"
= eXp( UA) <x8x) eXp(UA+n)¢A+n

o dx(z) LM (22), (1.52)

where we have used the Rodrigues formula for the associated Laguerre
polynomial

1 y 4" HAg—
- n . 1.
dyny (1.53)

In the N-body case, the original Calogero model becomes awkward to
solve after separating the center of gravity. Although the harmonic poten-
tial can be rewritten in the same form in terms of the relative coordinates
known as the Jacobi coordinates [34], the 1/7? repulsion has a complicated
dependence on relative coordinates. To circumvent the difficulty, Sutherland
modified the model as

HCS = Z pZ =+ .%' —‘r Z . (1.54)
Z;

z>j J

where the mutual harmonic attraction is replaced by an external harmonic
potential. This model is called the Calogero—Sutherland model in the narrow
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sense. Note that the Hcg in the one-body case N = 1 describes the relative
motion of Hg with N = 2. The Calogero—Sutherland model has a simple
spectrum for any N, which derives from the one-body case, and also allows
the freezing limit as A goes to infinity [58, 149]. The frozen positions of
particles are not equally distant, but correspond to zeros of the Nth-order
Hermite polynomial [150]. Because of these nice features, the model has
been actively investigated in the literature [88,95,190].
The most general expression of the 1/r2-type potential is given by

1 1 1
ple)=—5+ > [ — - |, (1.55)
S (x —nL —iml) (nL +iml)
where n, m are integers. The function p(z) is called the Weierstrass elliptic
function. In the complex plane x — z, p(z) is doubly periodic with a period
L along the real axis, and another period ! along the imaginary axis. The
potential has the limiting forms

v? (L1 — o),
p(x) — (j;) sin™* (%x) (1=0), (1.56)

(fr)z sinh 2 (”7:”) (L — 0).

The first and second limits have already been discussed above. The third
limit may be interpreted as analytic continuation x — iz in the second limit.
Let us consider the N-body system with spin 1/2:

N
Hy =) pi+> MA—Py)pz; —)), (1.57)
i=1 i>j
where P;; is the spin exchange operator. This model is known to be inte-
grable [146,178], which means that one can identify conserved quantities up
to the total number of degrees of freedom. However, the wave functions are
very complicated in the general case of L and [. If one takes the limit A — oo,
the nth particle (n = 1,..., N) crystallizes at x,, = nL/N as described in
Section 1.4. After taking the third limit in (1.56), one is still left with the
free parameter [. In the case of small enough [, the exchange interaction
remains significant only for nearest-neighbor sites. In the opposite limit of
large [, the exchange interaction decays as 1/x2. The latter limit describes
the Haldane—Shastry model. Thus the sinh-type interaction interpolates
the nearest-neighbor Heisenberg model and the 1/r% exchange model. The
exact solution of the sinh-type spin model has been discussed by Inozemtsev
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[90,91]. Note that the model of (1.57) can be defined for any kind of internal
symmetries, including the SU(2, 1) supersymmetry.

Another direction of generalizing the Calogero—Sutherland model has been
proposed by Ruijsenaars and Schneider [152]. They constructed the relativis-
tic energy and momentum tensor by introducing an additional parameter
which plays a role of the light velocity. The relativistic version of the model
has a clean algebraic structure and can be solved exactly [153]. In the limit
of infinite light velocity, the Ruijsenaars—Schneider model is reduced to the
Sutherland model.

1.7 Contents of the book

As we have seen, there are a considerable variety of models even within the
1/r? interaction family. In the rest of this book, we concentrate our atten-
tion on Sutherland models and their lattice cousins. They have translational
symmetry, and the wave functions are much simpler than the most general
periodic case with the potential p(x), or the relativistic generalization [152].
The results obtained for the periodic lattice models can be compared with
real one-dimensional systems most straightforwardly, even though the inter-
action is not exactly the same.

We adopt in this book an approach to handle many-body wave functions in
the coordinate representation. The merit of this first quantization approach
is that it is straightforward and valid for any size of system. The key de-
velopment in this approach owes substantially to mathematicians who have
found a number of useful properties of multi-variable orthogonal polynomi-
als in recent decades. This book, written by physicists, emphasizes intuitive
pictures as far as possible, instead of pursuing mathematical rigor.

We organize the contents of this book into two parts: in the first part,
we discuss physical features of 1/r? models, relegating the mathematical
details to the second part. We proceed in the first part from the simplest
continuum model to more complicated cases. The most complicated, yet in-
teresting, system to understand is that of lattice electrons with both spin
and charge degrees of freedom. In order to follow the route culminating in
the dynamics of lattice electrons, one must have solutions for a continuum
model with arbitrary interaction strength, and with internal degrees of free-
dom. A great advantage of considering continuum models is that we can
apply powerful analytical techniques developed mainly by mathematicians.
One can appreciate the situation by considering the usefulness of differen-
tial equations as compared with difference equations, which are relevant to
lattice models by naive approaches. Some sections such as Section 2.8 with an
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asterisk (*) contain somewhat advanced technical aspects, and can be
omitted during a first reading.

Chapter 2 deals with the single-component Sutherland model. Beginning
from the derivation of eigenvalues and eigenfunctions, we proceed to thermo-
dynamics with the idea of fractional exclusion statistics. Then in terms of
Jack polynomials, which describe arbitrary excited states, we derive exact
dynamical correlation functions in a self-contained manner. We also discuss
the physical implication of the results in terms of quasi-particles. We demon-
strate how the CFT reproduces the asymptotic behavior of the dynamical
correlation functions of the Sutherland model. As prerequisites we give brief
accounts of the finite-size scaling theory of the CFT.

Chapter 3 introduces internal degrees of freedom in the Sutherland
model. The multi-component Sutherland model generalizes the discussion in
Chapter 2. We give a self-contained account of how to derive thermodynam-
ics and dynamics exactly. As a key mathematical technique, non-symmetric
Jack polynomials are introduced and used extensively.

In Chapter 4, we turn to the simplest lattice systems. Namely, we deal
with the 1/r? Heisenberg model with spin 1/2 which is called the Haldane—
Shastry model. We first discuss the ground-state wave function, and the
resultant static spin correlation functions. Then we proceed to energy spec-
tra, elementary excitations called spinons, thermodynamics, and finally the
dynamical spin correlation functions. We show that the spinon picture gives
a complete interpretation of the thermodynamics and spin dynamics.

Chapter 5 generalizes the spin 1/2 Haldane—Shastry model to the SU(K)
chain with K species of internal degrees of freedom. The subtlety of statis-
tical parameters appears in the case of K > 3, which is explained both for
thermodynamics and dynamics.

Chapter 6 discusses the 1/r? t-J model, which includes the charge
degrees of freedom, in addition to spins. We begin with the ground-state
wave function and the static correlation functions of spin and charge. Then
we proceed to the spectra of elementary excitations: spinons, holons, and
their antiparticles, and discuss their statistics. On this basis, we derive
thermodynamics including the specific heat and the magnetic susceptibility.
Finally, we derive exact results on dynamical correlation functions and
interpret the results in terms of the quasi-particle picture.

In the second part beginning with Chapter 7, we give a self-contained
account of mathematics for 1/r2 systems. We begin with the Jack polynomial
and its various generalizations. We intend that the reader will be able to
understand the basic properties of various kinds of Jack polynomials without
recourse to other literature.
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Then Chapter 8 explains the Yangian symmetry restricted to the
simplest case of SU(2) internal symmetry. The fundamental relation, called
the Yang—Baxter relation, appears naturally as a result of the identity of
quantum particles, together with the spatial dependence of eigenfunctions in
the Sutherland model. Combining the charge degrees of freedom with SU(2)
spins, the Yangian is usually referred to as Y (gla). We proceed in Chapter 9
to discuss the Yangians for the general case of an SU(K) spin chain, and
the supersymmetric {—J model. We provide an intuitive explanation of the
beautiful algebraic property from a physicist’s point of view.

Chapter 10 explains a generalization of the Jack polynomial proposed by
Uglov. The generalization utilizes a special case of parameters in related
polynomials called Macdonald symmetric polynomials. Uglov’s theory pro-
vides an elegant mathematical setting to derive the dynamics of the multi-
component Sutherland model. Finally, in the Afterword, we give a brief
outlook and mention remaining problems as well as alternative theoretical
approaches that are not covered in this book.

Since we use a sizable number of mathematical symbols, a list is provided
near the end of the book in (loose) lexicographic order. It turns out to be
difficult to avoid completely using the same notation for different meanings,
such as P, for a momentum in one case, and for a Macdonald symmetric
polynomial in another case. Since these cases never occur within a single
chapter, we hope that the reader will not be confused.
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Single-component Sutherland model

In the present chapter, we discuss the Sutherland model for particles with-
out internal degrees of freedom such as spin. We call this model the single-
component Sutherland model. For two particles, the eigenenergies and eigen-
states of the Sutherland model (1.3) have been obtained explicitly in the
previous chapter. The most striking feature of the Sutherland model is that
one can derive not only the energy spectrum but also the dynamics for the
many-particle case with an exact account of interaction effects. Thus, the
Sutherland model provides an ideal framework to study a one-dimensional
quantum liquid in detail.

In Section 2.1, we derive the eigenenergies of eigenstates. In Section 2.2, we
present different but equivalent physical pictures for the energy spectrum.
Namely, the energy spectrum is naturally regarded as that of interacting
bosons or fermions. The same spectrum can also be interpreted as that of
free particles obeying nontrivial quantum statistics, i.e., free anyons in one
dimension. The exclusion statistics proposed by Haldane will be explained on
this occasion. Spectrum and statistics of elementary excitations are derived
in Section 2.3. In Section 2.4, we discuss thermodynamic properties, which
can be rewritten as those of free anyons. In Section 2.5, we identify the
eigenfunctions with Jack symmetric polynomials, and discuss their basic
properties. In Section 2.6, we consider dynamical correlation functions such
as Green’s functions and the density correlation function. These quantities
are derived with the use of Jack polynomials, and are naturally interpreted
in terms of elementary excitations with fractional charge.

The Sutherland model is the simplest model to realize the Tomonaga—
Luttinger liquid. In Section 2.8, long-distance and long-time asymptotic be-
haviors of dynamical correlation functions are reproduced by the theory of
the Tomonaga—Luttinger liquid.

21
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2.1 Preliminary approach
2.1.1 Jastrow-type wave functions

The Sutherland model for N particles is given by [172]

0? T\ 2 A(A—1)
H=— —+2(f) , . (2.1)
ZZ; Ox? L 1§z’<Zj:SN sin? [m(z; — x;)/L]
The variables x = (x1,x2,...,2zxN) represent the spatial coordinates of par-

ticles moving along a circle of perimeter L. The coupling parameter A is
taken to be in the range [1/2,00) without loss of generality, according to
the argument in Section 1.3. We regard particles as bosons without internal
degrees of freedom. Wave functions are subject to the periodic boundary
condition

\I/(ajl,...,xi—i—L,...,a:N) = \I/(xl,...,xi,...,:cN). (22)
Furthermore, the identity of particles requires the following condition:
U(z1, .., iy Ty oy n) = V(21,000 25,0, T4y ., TN, (2.3)

which is called the Fock condition. When the coordinates of two particles
x; and x; are close, the problem essentially reduces to a two-body problem.
By the argument in Section 1.3, the wave function has the asymptotic form

|$i_xj| —>0, v — |.’Ei—$j‘>\. (24)
We consider an N-particle wave function

Uy, oan) = [ Isinfr (@i —=;) /L1 (2.5)
1<i<j<N

which satisfies both the property (2.4) and the periodic boundary condition
(2.2). We will show that (2.5) is an eigenfunction of the Hamiltonian (2.1),
which was originally found by Sutherland [173]. Such a wave function that
takes a product form of two-body factors is called a Jastrow-type wave
function in general.

First we note that the derivative of \11(1]3 with respect to z; is given by
J _p AT tw(xi—:nj)

8@- 0= — TCO L
J(#4)

V78 (2.6)
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Further differentiation with respect to x; and summing over ¢ gives

N
~1 0?
N 2
I S| R P V70
B R A L i [ (i — 2;) /L]
i=1 | j(#) i#]

(2.7)

Apart from the multiplicative factor (Ar/L)?, the first term on the right-
hand side (RHS) in (2.7) is the sum of two-site terms

o (i — 75)
Zcot —7 (2.8)
i#j
and three-site terms
>N cot [ (s — ) /L] cot [ (; — k) /L] (2.9)
© g4 k(#4,9)

The two-site terms (2.8) are rewritten as

_N(N — -2 T(@i — ) _
(N—-1)+ Zsm 7 (2.10)
i#]
The three-site terms (2.9) can be shown to be a constant N(N —1)(N —2)/3
with use of the identity
cot(ij) cot(ik) + cot(ji) cot(jk) + cot(ki) cot(kj) = —1,

with cot(ij) = cot [ (x; — x;) /L]. Combining these results, the RHS of (2.7)
turns into

Eon — Z AA—1 ) (/L) (2.11)

sin? [z (z; — ;) /L)
with a constant defined by
Eon = (mA/L)* N(N? —1)/3. (2.12)

The second term on the RHS of (2.11) is the minus of the interaction term
in the Hamiltonian (2.1). As a result, we obtain

HUE = By yUP, (2.13)

which shows that the Jastrow wave function is the eigenfunction with the
eigenenergy Fy .
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Let us remark on the statistics. When we take an antisymmetric wave
function

V(21 oy Ty ooy Ty ooy N) = =V (21, .0, Tjy o Ty .. zy) (2.14)

instead of (2.3), we also obtain the eigenfunctions of the Jastrow form.
Namely, another Jastrow-type wave function

VG =g H (sin [m(xz; — @;)/L] /| sin [ (z; — 2;) /L] [) (2.15)
which also satisfies

HUY = Eg yU§. (2.16)

The wave function (2.15) satisfies the periodic boundary condition (2.2) for
odd N, and the antiperiodic boundary condition

U(zy,...,x;+L,...,eN) = —V(z1,...,2...,ZN) (2.17)

for even N. We further remark that the Jastrow wave functions \11(1]3 and \IIOF
are not only an eigenstate but also the ground state, as will be shown at the
end of Section 2.1.2.

For later convenience, we introduce the complex coordinate z; = exp
(i2wz;/L). Then the following wave function:

A
Vo N = H (zi — zj)A H zi_(N_l)’\/Q (2.18)

1<i<j<N i=1
reduces to

(2))NIN=DA2@B  for even integer A,

Yoy = {(Qi)N(Nl)A/Q\I/g, for odd integer A. (2.19)

2.1.2 Triangular matrixz for Hamiltonian

In Section 1.3, the wave functions of excited states for a two-particle sys-
tem have been given by the ground-state wave function multiplied by the
Gegenbauer polynomials. For an N-particle system, we seek eigenfunctions
in the form

U =0bo. (2.20)

Here ® = ®(x1,...,xy) is symmetric with respect to the interchange
between x; and x;. First we consider the eigenvalue problem of ®. Using
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(2.20), the left-hand side (LHS) of H¥ = E'¥ becomes

N
0?® ovs 0o
Bf B B 0
HU§® =0 HUG 05> i 2> o 9 (2.21)
N—— - i . 7
:EoﬂN\I/(])B =1 T N
(2.6)

The eigenvalue problem for ® is written as

i oy L L 8:@

0? 2\ w(x;—xj) O
_zi:ax?JrZ cot ®=(E—Eon)®. (2.22)
Since ¢ satisfies the periodic boundary condition
O(xy,...,z;+L,...,xx) = ®(z1,..., 24, ..., ZN), (2.23)

it is convenient to regard ® as a function of variables (z1,...,zy), where
zi = exp [i2mx;/L]. Using

0 i2wz; O 7T(:L'i —acj) .2tz
— il = 2.24
&Ti L 6zi ’ cot L lzi —Zj ’ ( )
(2.22) becomes
HO = (HY + AHP)D = £, (2.25)

with & = [L/(27)]? (E — Eon) and

d\? zi + 2 d o
1) — 2 (2) — v J ) (99
H Z (ZZ 82z> ’ H Z <Zz — Zj) <ZZ 821' ZJ 8%) ( 6)

) 1<J

In the following, we set a basis for ® and calculate the matrix elements
of H. We define a bosonic wave function (;SE:
B _ m m2 .. IN
O = 2 A ) (2.27)
PESN

with a set of integers n = (n1,...,nn). In (2.27), p = (p(1),...,p(N)) is an
element of the symmetric group Sy of order N. The set of ¢2 forms a basis
for ®, with k = (k1,...,kN) satisfying

K1 > kg >+ > KN. (2.28)

The action of H() on ¢B gives (37, k7)¢E. In order to consider the action
of H®, we consider the two-particle case. When ki = ks, the function B
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is an eigenfunction with eigenvalue zero. When k; > kg9, the action of H(?
on ®B = 21252 4 29225 leads to

1+ 22 9 9 K1 K2 K2 K1
<Z1 _22> <z1az1 228,22) (21 25° + 21%25")

= (k1 — k2) (21 + 22) (z’fl’lz’;? 4t zflwzf;l—l)
= (Rl - /‘52) (Z'flng + 22?1_1252+1 4+t 22'1”»2-1-12,;1—1 + Z’f2zgl).
(2.29)
These results are rearranged as

(k1—k2—1)/2

HIGP = (k1 — k2)d +2(51 — K2) Y. By —tomatl): (2.30)
=1

when ki — ko is odd, or

(k1—k2)/2—1
HP B = (k1 — ko)l + 2(w1 — o) Z ﬁb](gm—l,mﬂ)
=1
+ (K1 = K2)B((ey —ca) /2, (k1 —r2) 2) (2:31)

when k1 — k2 is even. For example, with k = (4,0),(3,1),(2,2), the relation
(2.31) becomes

HE S0y = 46010y +80(3.1) T 40(2),
HE GG 1) = 26010 + 20(2.2),
H(2>¢1(32’2) =0.

From these results on the two-particle system, we notice the following prop-
erties. First, H(Q)QZ)E is the sum of a finite number of qu, where p is a set of
two integers (u1, p2). At first glance, it seems that the action of H® on #B
yields a pole at z; — zo. However, the part (210/0z1 — 200/022)¢2 has the
factor (z1 — z2), which cancels the pole. As a result, H(Q)qﬁg is spanned by a
finite number of basis functions. Second, H(Q)qﬁf does not contain qu when
H(Q)gbg’ contains ¢2. By using this property, we can define an ordering of
the basis function. These properties hold also in a general N-particle case.
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Now we turn to the N-particle system, and consider the action of H® on
#B. First we note that the operator

@ _ (ztz\(, 0 0
Hij - (ZZ'—Zj) (21823 “ sz

is symmetric With respect to the exchange z; «» z; and hence, the operator
2 .
HP) = =2 H is rewritten as

2) _ (2
=2 My (2.32)
ij

for any permutation p € Sy. Second we note that in the definition of ¢2, the
summation of p runs over all elements of Sy, and hence ng is rewritten as

= > Hzp(k > Hz“k (2.33)

pESN k=1 peESN k=1

with a permutation p’ satisfying

From (2.33), the function ¢° is further rewritten as

->3 (H T

PGSN

3 Z ( ) 2o ::(3')) Zpii) |- (2.35)

PGSN k#(4.5)

With (2.32) and (2.35), we obtain

1 Ki R Kj K
=522 | II = o) (Zmioatsy + 2ty ) (2:36)

PESN i<j \k#(i,j)
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| | |
H?) x = + +

Fig. 2.1. Graphical representation of (2.39). The action of H() on ¢B generates
qﬁE only if u is obtained by moving a square (squares) from a row j to another
row k. The dotted squares and shaded ones represent removed and added squares,
respectively.

Ki

The evaluation of H,()(f)pm (2 (i)? (]) +z p(') i )> has been done in the two-
particle case. From (2.29) and (2.36), we obtain

Ki—Kj—1
HOg0 =D Ini = wylo0 + D Ii = Z Dty i)
i<j 1<j
[(ri— HJ)/Q]
- Z |K’Z RJ|¢ + Z Z V(l Ki, /{J)qﬁﬁl, K=kt KN
1<J 1<i<j<N =1
(2.37)
Here [-] denotes the Gauss’s symbol defined as
] =n, ifn<z<n+l,
with an integer n. The function V' (I, k;, ki) is given by
Kj — Kk, for | = (k; — ki) /2,
. — 2.
Vg, ) {2(/@- — Kk), otherwise. (2.38)

The rightmost part of (2.37) reduces to (2.30) or (2.31) when N = 2.
As an example, we consider the case where N =4 and k = (3,2,2,0). We
then obtain

2)¢§,2,2,0 = 11¢§,2,2,0 + 2¢3B,2,1,1 + 3¢]23,2,2,1' (2.39)

Figure 2.1 illustrates (2.39). The action of H® on #B generates ¢, only if
o is obtained from s by replacement of a pair (k;,k;) — (ki — 1, k5 + 1),
where x; > k; and [ is an integer satisfying 1 < [ < [(k; — k;)/2]. The
procedure to produce p from x is called “squeezing” in [172]; squeezing
(Ki, k) — (Kki—1, kj+1) makes the width of the diagram of the pair narrower.
Figure 2.2 shows an example.

If p is produced by squeezing k, the converse is impossible; & is not pro-
duced by squeezing p. It follows that (k|H®|u) = 0 if (uH®|k) # 0.
Here |k) denotes the state vector whose wave function is ¢2. Thus we intro-
duce an ordering of the basis between k and p satisfying |x| = |u|, where
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Fig. 2.2. Squeezing a pair (k1,k2) = (7,1) to (u1, pu2) = (5,3).

k| = Zf\;l ki. We define the ordering x > p if |k| = |p| and the first non-
vanishing x; — y; is positive. For example, we have (3,2,2,0) > (3,2,1,1) >
(2,2,1,1). We then find that (u|H®|x) is nonzero only if x > u. The ma-
trices of H® and hence H in this ordered basis are triangular.

For example, with N = 4 and x = (3,2,2,0),(3,2,1,1),(2,2,2,1), the
matrix elements are given by

D990 1749 4\ 6\ D8990
H| 8211 | = 0 154+7Xx  4A o811 |- (2.40)
¢2B,2,2,1 0 0 13+ 3A ¢§,2,2,1

In (2.40), the function ¢2B727271 is obviously an eigenfunction with eigenenergy
13 + 3X. The other eigenfunctions are given in the form of
B B B
D301 =03211F P21,
B B B B
©3200 = P3200 + P50+ a2

The eigenenergies of @1153”271,1 and @22’270 are, respectively, given by 17 + 9\
and 15 + 7\ from the diagonal elements of the matrix in (2.40).
Generally, all the eigenfunctions of H can be written in the form

=GR+ > audy. (2.41)
w(<K)

The eigenenergy E[x] of ®2 is given by the diagonal element of H in the
basis {¢E} as

Z/@ +A Z Ki — Kj)

1<i<j<N

:Z/{?—F%ZZMZ‘—HH. (2.42)
i=1 7 7
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With use of (2.25) and (2.42), the eigenenergy FE[x] for the original
Hamiltonian H is given by

om\ 2 A
Elr] = <L> dori 5D D ki —wil| + Eo. (2.43)

The wave functions (2.41) of eigenstates will again be discussed in
Section 2.5, where alternative descriptions of energy spectra and elemen-
tary excitations are given.

From (2.42), we immediately see that the Jastrow wave function ¥§ or
\I'OF is the wave function of the ground state. For an N-particle system,
k = (0,...,0) yields E[x] = 0, which is the minimum of (2.42) for all the
states.

2.1.3 Ordering of basis functions

The explicit expression for the wave function of the eigenstate (2.41) is
obtained by diagonalization of a triangular matrix with finite dimension. The
linear space is spanned by ¢2, and only those gbg’ with p which are obtained
by multiple squeezing of k. We then label each basis function by |j) with
j = 1,2,... according to the ordering defined in the previous subsection.
When k = (3,2,2,0), we put

|1> = ¢§,2,2,0, ‘2> = ¢?,2,1,17 |3> = ¢2B,2,2,1'

In this basis, the matrix elements of H are written

(IH]j) = edij + Ly, (2.44)
with
0 1<y
I = ’ — 2.4
i {non—negative, otherwise. (2.45)

When we write the eigenfunction ®5 as >° ;G |7), the eigenvalue equation is
given by

Z(éljej + Ilj)Cj = €1q. (2.46)
J
It follows that for [ > 2

_ Zl§j<l Lije;
€ —€¢

(2.47)

C
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We will show that €; —¢; in the denominator is positive at the end of this sub-
section. With the use of (2.47), we can obtain ¢; recursively starting from c;.
We take c; = 1 and define a matrix M;; by

I .
My =1, My =, for (jl) # (11), (2.48)

When « = (3,2,2,0), (2.47) becomes

co =My, c3=(M?)31,...,c = (M), (2.49)
with
1 0 0
22
3\ 2 0
213X 213X
and
1 0 0
M? = =5 0 0. (2.51)
ABBHTA)
Temsy 000

From these results, we obtain

2 A3+ 7A)
@3]32,2,0 = ¢?,2,2,0 + m¢§,2,1,1 + TESVCE 3)\)¢]23,2,2,1- (2.52)

In this way, eigenstates are obtained by calculation of the power of the
finite-dimensional triangular matrix defined in (2.48). In Section 2.5, the
properties of the resulting function ®2 will be identified as a symmetric
Jack polynomial.

We now show that E[x| > E[u] if u is obtained by a squeezing or multiple
squeezing of k. It suffices to show that

Elx] > E[y] (2.53)
for
pi=ri—1, pj=rj+1 (2.54)
with a pair (i < j) and
Mk = Kk (2.55)
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for k # i, j. Any squeezing of k can be generated by this elementary squeez-
ing (2.54). We can assume without loss of generality that p is ordered non-
increasingly:
Mim1 = g 2 Jhitl 2 2 o1 2 g 2 iyl >
The contribution from the kinetic energy in (2.53) is given by
S0 = ) = K2+ 2 = [l — 1 + (g + 1)
i

= 2(%2 —R; — 1) 2 0. (256)

In the expression
> (e = sl = |k — ) (2.57)
k<l

from the interaction energy, the contribution with k < i—1orl > j+1
vanishes. Thus (2.57) becomes

(s 53) = (= )+ 3 [0 ) O 5) — o ) — (s — )]
k=it1
=2(j —1i) > 0. (2.58)

The inequalities (2.56) and (2.58) prove (2.53).

2.2 Descriptions of energy spectrum

The expression (2.42) for the eigenvalue can be rewritten in different ways.
In this section we present three equivalent descriptions.

2.2.1 Interacting boson description

We introduce the momentum distribution function by

N
VP(R) = Orms (2.59)
i=1
which takes arbitrary non-negative integers. Then (2.42) becomes

Elkl =) ,@%B(KH% > VPRIWPE)E - K. (2.60)

K=—00 K/=—00

This form is useful to construct the partition function or thermodynamic
potential of the Sutherland model, as discussed in the following section.
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Another expression for (2.42) is available with use of the relation

N
D (ri— ki)=Y (N+1-2i)x. (2.61)
1<J =1
Namely we obtain
N
ER] = K7 + AN +1 - 2i)] (2.62)

N N
= R - & (2.63)

in the form of the energy difference of free particles. Here we have introduced
the rapidity
_ A . _ A .
/ii:/ii+§(N+l—22), f@i70:§(N+1—22), (2.64)

which is interpreted as a generalized momentum including the interaction
effect. The eigenenergy E[x] (2.43) is written in a surprisingly simple form:

N

Elk] = (27#;/L)*. (2.65)

=1

The relation (2.64) between {/%z} and {k;} is rewritten as

Ri=kKi+ = Z sgn(k; — Rj), (2.66)
using the relation
i—1 N
> sgn(ki— )= (-1)+ Y (+1)=N-2i+1L (2.67)
(i) j=1 j=it1

Then (2.66) is written alternatively as

Ri = Kj + — Z 08 (ki — &j), (2.68)

which is analogous to a Bethe ansatz equation. The scattering phase shift
08 (k) = mAsgn(&)

is relevant to the two-particle scattering problem with the interaction in
(2.1). Hence the dispersion relation of elementary excitations and the thermo-
dynamic potential of the Sutherland model can be calculated with use of the
method developed in the Bethe ansatz theory.
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2.2.2 Interacting fermion description

We can rewrite (2.68) as
- 1 Frv =~
J(F)
in terms of the scattering phase shift
0¥ (&) = m(\ — 1)sgn(&)

relevant to the two (spinless) fermions. A set {I1, I ...} satisfying Iy > Iy - - -
of fermionic quantum numbers is given by

1

which satisfies
L — i1 =R —Kip1 +1 2> 1. (271)

By substituting (2.70) into (2.62), we can rewrite the energy as that of
interacting fermions:

N
El] =D [I7+ (A =1)(N+1-2i)I]
=1
_y . Li—1
—; i +22i:zj:’ i — 1]
=> (1) + %ZZM—I’WF(I)VF(I’). (2.72)
I I I

In the last equality, we have introduced the fermionic momentum distribu-
tion function v (I), which is either 0 or 1. Note that the parameter A — 1
appears in (2.72), in contrast with A in (2.60).

2.2.83 FExclusion statistics

We have seen that the energy spectrum can be described as that of interact-
ing bosons or fermions. Alternatively, the energy spectrum can be regarded
as that of free particles. The price for eliminating the interaction effect is paid
by the nontrivial exclusion rule for the rapidity {#1,%2,...,&n}. Namely,
the restriction is given by

Ri — Ritl = Kj — Kipl + A > A (273)
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This exclusion rule (2.73) can be regarded as an example of exclusion
statistics [79], which we will explain now.

Consider a many-particle system where the dimension G of the one-
particle Hilbert space is proportional to the volume of the system. Models
defined on a lattice are examples of these systems. Another example is given
by a Landau level of two-dimensional electrons in a magnetic field; the de-
generacy of each Landau level is proportional to the area of the system. Here
the dimension G is meant to be the number of available one-particle states
i the absence of other particles under the fixed boundary condition. If a
particle occupies a one-particle state, the number of available one-particle
states D for another particle depends on the statistics. Namely, if particles
are fermions, the occupied state is not available owing to the Pauli exclusion,
and hence D = G — 1. If particles are bosons, on the other hand, the occu-
pied state can accommodate another particle, and hence D = G for bosons.
Thus when N — 1 particles are present, the number of available states for
the Nth particle is given by

D_ { G, for bosons, (2.74)

G — N+1, for fermions.

Using D and N, the number of microscopic states for an IN-particle system
is written as
(D+ N —-1)!

V="Smoonr

(2.75)
for both bosons and fermions. Then (2.75) can also be regarded as the def-
inition of D for N-particle systems. Through the N-dependence of D, the
statistical parameter g is defined by

AD = —gAN. (2.76)

In this definition, g = 0 for bosons and g = 1 for fermions.

Beyond the conventional (i.e., Bose or Fermi) statistics, we consider the
generalized statistics for any positive value of g. Correlated electron systems
provide examples of elementary excitations obeying such statistics; spinon
excitations in an antiferromagnetic spin chain obey the statistics g = 1/2,
which will be discussed in Chapter 4. Quasi-particles in the quantum Hall
effect is another example. The statistical parameter g describes the strength
of exclusion. Thus, these new statistics are termed exclusion statistics by
Haldane [79].

In the case where particles have internal degrees of freedom such as spin or
color, we can easily generalize the above framework. Let N, be the number
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of particles with spin or color «, and D, be the number of available one-
particle states for a species in the presence of Ng particles with §(# «), in
addition to N, — 1 particles with «. The number of microscopic states with
N, fixed for all « is given by

W= H (Dq +N _i). (2.77)

The statistics is described by a matrix g,g defined by

ADo =~ gapAN;. (2.78)
B

The exclusion statistics can be generalized to that in the continuum model,
such as free Bose gas, free Fermi gas, and the Sutherland model. Let us
consider a d-dimensional free Bose or Fermi gas in the system with volume
V with periodic boundary condition. Divide the k-space (momentum space)
into regions with finite volume. Each region is labeled by a and has the
volume V,,. In the k-space, there is a one-particle state per cell with vol-
ume (27)¢/V. Hence in each region «, the number of one-particle states
is V/V4(2m)?, which is proportional to the volume of the system V. Thus,
the exclusion statistics can be defined in each region «. In the case of the
Sutherland model, the k-space is replaced by the rapidity space in the above
argument. We then find that the relation (2.73) is indeed an example of ex-
clusion statistics.

2.3 Elementary excitations

The low-energy excitation spectra in interacting systems can often be under-
stood in terms of a kind of nearly free particle even when the interaction ef-
fect is strong. These particles are called elementary excitations in condensed
matter physics. The Landau theory of Fermi liquids is the most successful
example. However, calculation of the spectra is sometimes out of reach in
the perturbation theory. Elementary excitations in the fractional quantum
Hall state are the best known example. Thus, exactly solvable models such
as the Sutherland model are very useful in understanding the concept of
elementary excitations.

The excitation energy AFE|[k] and momentum @, of a state specified by x
are given by

N
AE = (2W> Z K24+ AN + 1 - 20)k;] (2.79)
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AE

8712d? }

4r2d? |

0 2rd drd

Fig. 2.3. Low-energy excitation spectrum of the Sutherland model with A = 2 and
N = 7. The momentum and the energy are scaled by the density d = N/L and d?,
respectively.

and
21 N
Qr = <L> ;H (2.80)

where (2.62) has been used. The density of the particles is given by d = N/L.
Figure 2.3 shows the energy spectrum in the case of A = 2 and N = 7.
There is a similarity to the spectrum of free fermions in one dimension.
This observation suggests that the energy spectrum can be constructed from
particle-like and hole-like excitations, which we pursue in the present section.

2.3.1 Partitions

A combination of momenta «; specifying an eigenstate forms a set
L ={klk = (k1,...,kN) € Z;Kk1 >+ > KN}, (2.81)

where Z is the set of integers. The subset AE C Efv with non-negative
momentum is defined by

AN ={plp = (p1, .., puN) € Zso;pn > -+ > pn > 0}, (2.82)

where Z> is the set of non-negative integers. Any element in A} is called
a partition. The eigenstate specified by x € [,E is related to a partition pu
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(a) (b)

Fig. 2.4. Diagram of (a) a partition u = (5,4, 3,3,2) and (b) that of the conjugate
partition p' = (5,5,4,2,1).

via Galilean transformation by
p=(u1,....pn) = (K1 4n,...,6xy +n) €AY, neZ (2.83)

The partition u € A]J(, is easier to study than s € Ej\', because partitions are
graphically described by Young diagrams.

Let us introduce some notation for partitions and related Young diagrams.
We call the nonzero y; the parts of the partition u € AT, and call the number
of parts length I(n). We define the weight of p as

N
lul = Zuz\
i=1

The Young diagram of a partition p consists of squares, the coordinates of
which are (7,7) with 1 <7 <(u) and 1 < j < p;. The set of those (i,7) is
denoted by D(u). In drawing diagrams, the first coordinate ¢ (the row index)
increases as one goes downwards and the second coordinate j (the column
index) increases from left to right. In Fig. 2.4(a), we show the diagram of
the partition p = (5,4,3,3,2), where 5(= 1) squares are in the first row,
4(= pg) squares are in the second row, and so on. The conjugate partition
of a partition u is obtained by interchanging the rows and columns of the
diagram of . In Fig. 2.4(b), we show the diagram of the conjugate partition
w' =(5,5,4,2,1) of the partition u = (5,4, 3,3, 2).

For square s specified by the coordinate (i, j), we define arm length a(s),
leg length I(s) , arm colength a'(s), and leg colength I'(s) by

a(s)=pmi—j, d(s)=j—1, I(s)=pfj—i, U(s)=i—1, (2.84)

as shown in Fig. 2.5.
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() o
; [ ]
a'(s) e s > a(s)
| :
Zl ) I(s)

Fig. 2.5. An example is shown for the arm length a(s) = 3, leg length I(s) = 4, arm
colength a/(s) = 2, and leg colength I’(s) = 2 for the shaded square s = (3, 3).

Using the notation introduced above, we derive some formulae. Let us
start with the following relation:

Yo od(s)= Y U(s) (2.85)
s€D(p) seD(p')

This relation holds because the columns and rows are interchanged in D(u)
and D(y/). Both sides are written as

W) ps

LHS =) ) (j—-1) = E:sz ), (2.86)
=1 j=1
pr 1 H1

RHS =) > (j—1)=Y (i —1), (2.87)
j=1i=1 j=1

respectively. Equating (2.86) and (2.87) and using an obvious relation,

(1)

©1
Z i =y, (2.88)
j=1

we obtain

l(M 238

ZM—ZJ—W} (2.89)

7=1

(2.88) and (2.89) are useful if the energy is to be written in terms of {4}.
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Namely for a partition g = (p1, ..., un), (2.62) is written as

N N N
(17 + A (N 41— 26) ] Z“l A (20— D) pi + AN D i
1 i=1 =1

Hn1
DICRITEI WS WY

1=

Eu

1y (= + AN 425 — 1). (2.90)

<.
I
—

2.3.2 Quasi-particles

With the periodic boundary condition (2.2), we take N odd so that the
ground state is non-degenerate in both bosonic and fermionic systems. The
N-particle ground state is described by x; = 0 for all . Then we have
the rapidities for the ground state:

N+1
Rio= A (; — z> (2.91)

Namely, the rapidities are subject to the exclusion rule. Hence the distribu-
tion of K; is expressed in a way analogous to fermionic quantum numbers.
Figure 2.6(a) shows the rapidity distribution in the ground state for A = 2
and N = 7. The sequence element “1” stands for occupied rapidities, and “0”
for unoccupied. In the ground state (a), the rapidity distribution is given by
{6,4,2,0,—2,—4,—6}. The dashed lines represent the pseudo-Fermi points,
which correspond to the Fermi surface in one dimension, of this pseudo-
Fermi sea. These representations are called “motif” and frequently used in
the literature [73,78,125] relating to the Sutherland model. In the following,
we consider the one-particle addition spectrum for positive integer A.
When the original particles are bosons and A is an even integer, both {x;}
and {#;} are integers. In this case, an (N + 1)-particle state is possible with

Ri1>FRio+ A, Rig1 =R, 1€[1,N], (2.92)
or equivalently,
K1 2&2:'-- = KN+1 :>\/2. (2.93)

Note that ; for @ > 1 is shifted by A\/2 in order to make the rapidity {#}
remain the same. An example of (2.92) is shown in Fig. 2.6(b). The state
(2.92) consists of the Fermi sea for an N-particle system and an additional
particle. We call this particle outside the Fermi sea a quasi-particle.
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Fig. 2.6. Motif representation of eigenstates for A = 2 and N = 7: (a) the ground
state; (b) a one-particle addition state; (c) a one-particle removal state. In the se-
quence, “1” and “0” represent, respectively, occupied and empty rapidities. The
dotted lines represent the pseudo-Fermi point. In (c), A consecutive zeros corre-
spond to a quasi-hole with charge reduced to 1/A compared to that of the original
particles.

The excitation energy AE and momentum @ of the state (2.92) are given

by
o\ % 21\
AE = (L) K}%, Q == <L> K1, (294)

with &1 > AN/2. In addition to the dimensionless rapidity &1, we introduce
another rapidity

p=2nki/L, (2.95)

with the dimension of physical momentum. Taking the thermodynamic limit
N — oo with N/L = d fixed, we obtain

AE =ey(p) + 1, Q=p, (2.96)
with p > wAd, and
ep(p) = p* — T \2d% (2.97)

The chemical potential p is given by

T 8EO,N_ 212 12
,u—]\}gnoo 3N = m\d”. (2.98)

The ground-state energy Ey n has been derived in (2.12). The quasi-particle
in this state is right-moving.
We consider another (N + 1)-particle state with the rapidities

EnNy1 < Eno— A, FRi =FRio, 1€][l,N] (2.99)
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We have to shift k; by —A/2 in order to satisfy (2.99). Namely, we have
KN4l < KN =+ =K1 = —A\/2. (2.100)
In the thermodynamic limit, the energy spectrum of (2.99) tends to
AE =ep(p) + 1, Q=p, p<—7mAd, (2.101)

which represents a left-moving quasi-particle.

Quasi-particles obey the generalized statistics with the exclusion parame-
ter A. This can be understood by considering an (N + 2)-particle state with
rapidities

K1 > kKo > FR10+ A, R =FKi—20, 1€ 3, N + 2]. (2.102)

In this state, the rapidities <1 and ko of quasi-particle states are subject to
the exclusion rule

R > R+ A (2.103)

Let us now consider the one-particle addition spectrum of bosons for odd
A. Under the periodic boundary condition with N odd, &; for (N + 1)-
particle states is a half odd integer but &; o for the N-particle ground state
is an integer. As a result, the state given by (2.92) actually does not exist.
Alternatively, we consider a state with

K1 > K10+ A, Kip1 = Kio— i €[2,N]. (2.104)

57
In the state (2.104), the rapidities in the condensate of the Fermi sea are
shifted, which is called the backflow effect. Correspondingly, the spectrum
of (2.104) in the thermodynamic limit is given by

AE =¢€y(p)+p, Q=p—7mAd, p>mAd.

We note that the momentum in this spectrum is shifted compared to (2.96).
Thus the one-particle addition spectrum of the bosonic system for odd A is
more complicated than that for even A. As shown in Section 2.6, an exact
solution of the Green function of the Sutherland model for bosons has been
obtained only when X is even.

We next consider the case where the original particles are fermions; the
one-particle addition spectrum again depends on whether A is even or odd.
The N-particle ground state is given by ¥r, and the spectrum is given by
(2.91). When X is odd, «; for (N 4 1)-particle states is a half odd integer
in order that the total wave function ¥ satisfies the periodic boundary con-
dition. Rapidities #; = k; + AM(N + 2 — 24)/2 for (N + 1)-particle states are



2.8 Elementary excitations 43

thus integers. By taking {k;} as
A
mo>k=3, i€[2N], (2.105)

we obtain the state (2.92) with one quasi-particle and no backflow.

When the particles are fermions and A is an even integer, U§ for (N +
1)-particle states satisfies the periodic boundary condition. Hence k;’s for
(N + 1)-particle states are integers and rapidities are half odd integers. In
this case, one quasi-particle cannot be created without the momentum shift
of the condensate in the Fermi sea. When particles are fermions, an exact
solution of the Green function is available only for an odd integer A.

2.3.3 Quasi-holes

We calculate the spectrum of one-particle removal states from the N-particle
ground state. The particle number NV is taken to be odd so that the ground
state is non-degenerate under the periodic boundary condition. We focus
on the model for bosons with even integer A, or fermions with odd A for
simplicity.

When particles are bosons and A is even, both k; and &; are integers in
(N — 1)-particle states. The (N — 1)-particle states with the pseudo-Fermi
points fixed have rapidity distribution satisfying the condition

AN —1)
2

An example of the state with (2.106) is given in Fig. 2.6(c) for A = 2 and

N =7. When a particle is removed from the Fermi sea for A =2, two “00” are

created. This means that the states satisfying (2.106) are a two-parameter

Fi =R = Ve RN_1 = RN (2.106)

family parameterized by two quantum numbers.

For general even integer A, the states satisfying (2.106) are a A-parameter
family, as shown below. From (2.106), we obtain the largest (k1) and the
smallest (ky_1) momenta as

k1= —AN=3)/2=X/2, ky_1=FRN_1—-A1—N)/2=—)\/2. (2.107)

The momentum distribution

2 2

which is Galilean shifted by A/2 from (2.107), is described by Young di-
agrams with A columns. Each row has p; = k; + A\/2 squares. Obviously

A A
K1+ = shna1+ = ) = (U1, o, iN—1)s

such Young diagrams are equivalently parameterized by the set (u],. .., i)
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Yo ||

Fig. 2.7. Young diagram of a one-particle removal state for bosons with A\ = 4.

of lengths of each column. Figure 2.7 shows an example for A = 4. The
excitation energy of the (N — 1)-particle state is given by

e e |

=1 =1

2

- AN —1-20)12 LAV +1—2i)]?
g g
i=1 i=1
N—-1 2
AN —1
=N [+ AN —1—2i)p] - ((2)) . (2.108)
i=1
Using (2.90) in (2.108), we obtain
A
Lo 2 / / ,
£+ NN -1) = [~y + AN —2) +25 —1]. (2.109)
j=1
Let us introduce (dimensionless) rapidities by
_ N-1 A+1-2 . A+ 1—2j
) )= — 2.110
lu’j lu’] 2 + 2)\ ’ /’L]70 2)\ ) ( )
and write (2.109) as
1 A
£+ ZAQ(N —1)? ==X [F - i3] - (2.111)

j=1
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Using (2.110), the momentum of the quasi-hole state is expressed as

N—1 N-1
2 2w A
Q:fzfﬁ f (m—2>
=1 1=
27 A , 7 27 A .
zfzuj—zw—m:fzw. (2.112)
j=1 j=1

The spectrum in the thermodynamic limit is then given by

A A
AE+p=\>_ [Pd —-pf], Q=) (2.113)
j=1 j=1

where we have introduced the quasi-hole rapidity p; = (27/L)j; with
1P| < md.

We have thus found that a one-particle removal state is interpreted as
an excited state with the number A of quasi-holes. The exclusion rule is
given by

ftj = fuj1 + % (2.114)
It is clear that these quasi-holes obey the generalized statistics with a
parameter 1/A. Furthermore, (2.73) and (2.114) suggest that the Sutherland
model with a parameter \ is related to another with 1/\ via the particle—
hole transformation. This property is called duality. We note that in the
case of odd A, (2.113) is valid as the removal spectrum for the system with
N fermions.

2.3.4 Neutral excitations

Now we consider the spectrum of excited states where the number N of
particles remains the same as that in the ground state. In this case, rapidi-
ties {R;} of excited states are integers for both bosons and fermions with
integer A. As a result, one quasi-particle can be excited, keeping the pseudo-
Fermi points fixed (i.e., without shift of the Fermi sea). The set of rapidities
in this type of excited state has the form

F1>FRa+ A, K2 <FRio, RN >ERnNp, (2.115)
which is expressed in terms of momenta x; as

K1> A, ko <A kKy=>0. (2.116)
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Fig. 2.8. Young diagram of the states with a right-moving quasi-particle and
A quasi-holes.

Figure 2.8 shows an example of a Young diagram for partition s satisfy-
ing (2.116). This diagram consists of a quasi-particle, represented by shaded
squares, and quasi-holes, represented by unshaded squares. One quasi-particle
excitation accompanies A quasi-hole excitations. This is interpreted as the
charge conservation

(number of quasi-particles) X e, + (number of quasi-holes) x e, = AN,

~—
1 —1/A

(2.117)
where e, and e, denote the charge of a quasi-particle and a quasi-hole,
respectively. AN (= 0 in the present case) is the difference of the particle
numbers between excited states and the ground state. Excitation of one
quasi-particle and A quasi-holes is the minimum set of neutral excitation.

The excitation energy

2

2 N
AE = <L> ; (62 + AN + 1 — 2i)r;) (2.118)

is decomposed into two parts. First, the component i = 1 is the energy of
the quasi-particle:

27\2
<L> (51 + AN = D)r1] = pi = pi o, (2.119)
with

27 AN —-1) 27 AN —-1)
p1= 7 </€1+ 5 >7 PLo =7 : (2.120)
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The other terms with ¢ € [2, N] are rearranged as quasi-hole excitations:

2 N 2 N—1
=2 =1
A
= -\

j
with p; = kiyq for i € [1, N — 1] and

o N-1 T A+1-2
Pi=T (% - > P Plo= (2.122)

[ -] - (2.121)
1

L 2 L A

Definition of y} is shown in Fig. 2.7.
In summary, the excitation energy (2.118) is represented in terms of ele-
mentary excitations by

A
AE =pi—pho =AY [P - 0. (2.123)
j=1

TA(N +1) T 1
> AT <2 (N=2).
1> T \pj|_L<N /\>

The corresponding momentum is given by
A
Q=pi1+> 1) (2.124)
j=1

The excitation spectrum with one left-moving quasi-particle and A quasi-
holes can be obtained in a similar way.

Figure 2.9 shows an example with A = 2 and N = 7. There is a similarity
to the particle-hole excitation spectrum of free electrons in one dimension.
In the present case, however, the lower threshold consists of two arcs, instead
of one for free electrons. We note that multiple excitations of quasi-particles
and A times as many quasi-holes are necessary in order to reproduce the
spectrum in Fig. 2.3.

2.4 Thermodynamics

In Section 2.2, we have interpreted the energy spectrum of the Sutherland
model as either interacting bosons, interacting fermions, or free particles
obeying exclusion statistics. Correspondingly, the thermodynamic potential
can be derived in different ways. We shall give each description in this sec-
tion, together with another description in terms of elementary excitations.
Furthermore, thermodynamics of free anyons are discussed without taking
the Sutherland model.
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Fig. 2.9. Excitation spectrum with one quasi-particle and A(= 2) quasi-holes in the
case of N =7 and the density n = N/L.

2.4.1 Interacting boson picture

For the Hamiltonian (2.1), the eigenenergy (2.43) is given relative to the
ground-state energy o n by

2
AE[] = (22) S k() + % SN e - #lu(mu()|. (2.125)

We derive the thermodynamic potential

O=-TlnZ Z="Tre PE-1N) (2.126)

following the method of [177]. Here y is the chemical potential and g = 1/T.

First we take {#;} as an index of one-particle states. We divide the set of
one-particle states into many subsets which consist of a macroscopic number
of k; (see Fig. 2.10). We denote the subsets by « and a representative value
of one-particle state in o by k.. We take G, as the number of x; in a so
that the condition

1< Gy < N (2.127)

is satisfied. For a given eigenstate specified by {v(k)}52 , we introduce the
average of the distribution function
N,
Vo ==~ Na=> v(k). (2.128)

)
Ga KEa
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Fig. 2.10. Division of a set of one-particle states into many subsets «, o/, ... con-
sisting of a macroscopic number G, G/, ... of one-particle states.

In the thermodynamic limit, only the extensive part £ (oc L) is important in
(2.125). The energy E depends on {v(k)} only through N, and is expressed
relative to Eg n as

_ 21\ ?
AE = | —
(%)
The number of ways for N, (= 74G,) bosons to be distributed among G,
one-particle states is given by

> KIN. + gz Z ko — Kot | NaNgr |- (2.129)

(Ga + Ny — 1)1

Wo = TG —1Na

(2.130)

Using the Stirling formula, the extensive part S of the entropy is given by

S= [(Fa+ )In (7 + 1) — 7 In 7] Ga. (2.131)

o

From (2.129) and (2.131), the thermodynamic potential §2 can be obtained.

In the thermodynamic limit, 7, can be regarded as a function of the
continuous variable 27k, /L. When we rewrite 2nko/L — k, 217G, /L — dk,
and v, — v(k), the expression for /L becomes

Qv (k)]/L — 7N\2d3/3

1 o 2 i > Ry ' /
— 5 [k = i)+ /_Oodk:/_oodk\k: K v (k) ()
T o0

- — dk[(v(k) +1)In(v(k) + 1) — v(k) Inv(k)], (2.132)

27 J_
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where the second term on the LHS is the contribution from the ground state

with
dk
d= —uv(k).
!/zﬁu<>

The thermal equilibrium distribution function v(k) is given from the sta-
tionary condition for 2:

W = 0. (2.133)

The solution of (2.133) is given by
v(k) = {exp [((k) — p) /T] = 137", (2.134)
ék) =k* + A/Oo dk'|k — K| v (k). (2.135)

With use of these two equations and (2.132), the thermodynamic potential
and other thermodynamic quantities are obtained. Although (2.134) is of
the same form as the free boson distribution function, é(k) is obtained by
solving the self-consistent integral equation (2.135). Namely, €(k) includes
interaction effects, and is analogous to the dressed energy or renormalized
energy in the thermodynamic Bethe ansatz theory [118].

Calculation of thermodynamic quantities is simplified with the use of
rapidity (2.66), as shown in the next subsection.

2.4.2 Free anyon picture
Multiplying (2.66) by 27/L and setting p; = 27&;/L and k; = 27k;/L, we
obtain

A
pi = ki + T Z sgn(p; — pj)- (2.136)
J(#1)
Henceforth, we regard sgn(0) as 0. Introducing the rapidity distribution
function
() =750 o) (2137)
pPPp) = L2 b —Dpi), .
(2
we write (2.136) as
A

pi=ki+3 / dpsgn(p; — p')p(p"), (2.138)

which defines a continuous function p(k). Taking the derivative of both sides
of (2.138) with respect to p, we obtain

1:$+mw=ﬁg+mw, (2.139)
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where we have used the property
2ndN/L = p(p)dp = v(k)dk. (2.140)
Using (2.139), we obtain the relation between the distribution functions:

__rp __v(k)
v(k) = ma p(p) = m

The energy, including the ground-state contribution, is then written in a

(2.141)

compact form as

dp

E = 2=L | =p*p(p). 2.142
% p; / 5P P(P) (2.142)

The entropy S given by (2.131) is rewritten as
S=L [ o llptp)n(p+p")—plnp—p-np (2.143)

where p* is the hole distribution given by
1

* =1-\ = 2.144
p*(p) plp) = 5 ) (2.144)

The expression (2.143) is equivalent to InW in (2.75) and (2.76) in the
thermodynamic limit with p* = D/G, p = N/G, and g = . Thus (2.142)
and (2.143) describe thermodynamic quantities of the Sutherland model in
terms of free anyons.

2.4.3 Exclusion statistics and duality

In this subsection, we discuss the thermodynamics of free particles obeying
exclusion statistics in general. The dispersion relation is given by €(p) and
the statistical parameter g. The thermodynamic potential is given by

Q/L=(E—-TS—puN)/L
- /gi(e—u)p—T/Z;]: [(p+p")In(p+p*) — plnp—p*Inp*,
(2.145)

with p* = 1 — gp. We call p the rapidity also in the present case. In the
particular case of the Sutherland model, we have € = p? and g = \. The
distribution function p(p) is obtained from the stationary condition

Q2 /op(p) =0, (2.146)
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which gives
E— 1

ln(l—l—w)—l—gln(l—l—w_l) =7

In terms of the quantity
w=p"/p,
(2.147) is written alternatively as
exp [(e — p) /T) = w? (1 +w)' ™9
We further obtain
p=1/(w+g), p" =w/(w+yg).

Then the thermodynamic potential takes a simple form:

dp _
Q/L——T/%ln [1+w™].

(2.147)

(2.148)

(2.149)

(2.150)

(2.151)

In the present case, (2.149) and (2.151) determine thermodynamic quanti-

ties. For some special values of g, we can explicitly obtain the analytic form

of distribution functions. Let us consider these cases in the following.

Free bosons:
When g = 0, the solution of (2.149) is given by

w=exp (e —p) /T] -1,

which gives
P eplle—m/r-1 "7

and
d
Q- T/pln [ — exp|—(c — 1)/ T]].
27
Thus the thermodynamics of free bosons is reproduced.

Free fermions:
When g = 1, the solution of (2.149) is given by

w = expl(e - p) /1],
1 _ 1

P explle—m) /TI+ 1

and

0= -7 [P 11+ expl—(e - )]

(2.152)

(2.153)

(2.154)

(2.155)
(2.156)

(2.157)
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Thus the thermodynamics of free fermions is also reproduced.

Free semions and ultrafermions:
When g = 1/2, we obtain

1
-3 [_1 V14 4e2<ew>/T] , (2.158)
2 . 1
p= . pr=1-— ) (2.159)
1 + 4e2(e—m)/T 1 + 4e2(e=n)/T
These particles are called semions. For g = 2, on the other hand, we obtain
w— % [e<e—u>/T 4 /e2lew)/T 4e(6—u)/T] , (2.160)
1 1 1
p=-|1- , pr= . (2.161)
2 fe—(e=1)/T 41 4e—(e—p)/T 4+ 1

Since the exclusion is stronger than free fermions, these particles may be
called ultrafermions. The exclusion statistics is often called the fractional
exclusion statistics for a case where g is a fractional number between
0 and 1.

Figure 2.11 shows the distribution functions p for g = 1/2 and g = 2 as
functions of one-particle energy e at several temperatures. At zero temper-
ature, the solution of (2.149) is given by

w = { 0. e<m (2.162)
0, € > U,
which gives the particle distribution function
/g, e<up,
= 2.1
P { 0, € > L. (2.163)

We see from Fig. 2.11 that the profiles of p are similar to those of fermions.
This applies to arbitrary positive real g. Owing to this property, it is possible
to perform the Sommerfeld-type expansion at low temperatures [121]. Then
the specific heat tends to T' in the low-temperature limit. Another example
will be given in Section 4.10.3.

The relation between (2.161) and (2.159) is an example of a duality
between p* for g, and p for 1/g. The duality relation is written in the form

L [E— 1 1 fu—€e 1
g =— ;= 2.164
p<T,9> gp<gT,>7 (2.164)

which can be derived from (2.148), (2.149), and (2.150).
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Fig. 2.11. Distribution function for g = 1/2 (upper panel) and g = 2 (lower panel)
as a function of energy for different temperatures from T'= 0 to T/p = 0.5 with
the interval AT/u = 0.05.

2.4.4 Elementary excitation picture

Now let us return to the Sutherland model and rewrite the thermodynamics
in terms of elementary excitations. For this purpose, we first consider the
ground state. At T" = 0, the distributions of particles and holes are given by

{P(p) =1/\, p*(p)=0, for |p| < pr=pu'/?,

i} 2.165
p(p) =0,  p*(p)=1, for [p| > pr. ( )

From this result, we obtain y = p% = (7rd)\)2. The ground state is analogous
to the Fermi sea. There are two branches of excitations: quasi-particle for
|p| > pr and quasi-hole for |p| < pp.
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We introduce wy, = w for |p| > pr and wy, = w™! for [p| < pr. In terms of
wp, and wy, (2.147) is rewritten as

ep(p)/T = (p2 — ) /T =log (1 +wp) — gplog (1 + wgl) , (2.166)
en(p)/T = (1 —p®) /(AT) =log (1 + wy) — gnlog (L +wy '),  (2.167)

with g, = A and g, = 1/A. Using (2.166) and (2.167), the thermodynamic
potential is rewritten as

Q T
— = —T/ by, (T+wy') =< b, (T+wyt).  (2.168)
L Ipl>pe 27 A Jipl<pr 27

In the above equation, the first and second terms represent the contributions
of quasi-particles and quasi-holes, respectively.

The characters of elementary excitations are indexed by the charge, statis-
tics, and dispersion relation. The charge can be determined by the coefficient
of the chemical potential in the one-particle energy: €, and €y,. The charge e,
of quasi-particles is unity since the coefficient of i in €, is —1. Quasi-holes,
on the other hand, have the fractional charge e, = —1/X since the coefficient
of pin ey is 1/A. If we set A = 1, which is the free fermion case, all these
relations reduce to the trivial one. In Section 2.6, we shall discuss the propo-
sition that anyonic elementary excitations provide a natural interpretation
of dynamical correlation functions.

2.5 Introduction to Jack polynomials

In Section 2.1.3, we have seen that the eigenfunction @, specified by x € E}
is given by multiplication of a finite-dimensional matrix. In this subsection,
we discuss properties of eigenfunctions in more detail. In the following, we fo-
cus on eigenfunctions specified by k € AE. Otherwise, appropriate Galilean
boost realizes a partition p with = (k1 +n,...,kxy +n).

In Section 2.1.3, we have used ¢2 defined by (2.27) as the basis function.
From now on, we use another basis m,, called the monomial symmetric
functions. The functions m, are the sum of all distinct permutations of
the monomial 27?252 ---. For example, mg; = Zi# z2z;. Let us assume a
partition x which has part 1 with multiplicity /1, part 2 with multiplicity o,
and so on. Then m, is related to ¢2 by

B
O

= (2.169)
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Correspondingly, we consider the eigenfunction J,; normalized so that

@

Jn = »
11! - -

(2.170)

where ®5 has been defined in (2.41).
Following the procedure in Section 2.1.3, some examples of J, in terms
of m,, are listed below:

J1~-~1 =mj...1,

2\
Jo =ma + PUEALEE
J3 =m3 + imm + 6—)\2777,111
A+ 2 ArD)(A12)
6
J21 = mo1 + o1
Jy=my + ﬂmm AA+1) m22 12\° ma11
A+3 A+2)(A+3) A +2)(A+3)
243
T OT DO Ry
Je = 23 A(BA + 3) 12)2
31 = M31 + PR OTE ma11 + 012 1)27711111,
Jag = mao + 7)\771211 + 12)° mi111
At A+ DA+ 1)
Jo11 = mo11 + 3i2:\1m1111' (2.171)

These polynomials are called Jack polynomials [126,169], which in general
have the form

Je=mx+ > Vprmy. (2.172)
p<kK

The Jack polynomials are related to other symmetric polynomials (called
also functions) at a specific value of A. Obviously, J,; reduces to m, when
A =0. When A — 1, we obtain from (2.171)

Jo — ma + myqq,
J3 — ms + ma1 + mi11,

Jo1 — may1 + 2mq11.
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When A = 1, the Jack polynomials reduce to Schur functions [126], which
are defined by

" det (2 77)
—1
P _k1i+N—-1_kro+N—-2 K
- H(zii'zj) zp:(l) Zp(llJ)r Zp(QQJ)r '”ZP(AJIV)'
1<)

Here the summation with respect to P runs over the symmetric group Sy
of order N.

When A — oo, J,; reduces to elementary symmetric functions e, with
the conjugate partition ' of . Here e, is defined by [126]

€ = €x,€ry  +, With e = g Ziy Zig " B (2.173)
1<iy <ig<- - -<ip <N

For example, in the limit A — oo, Jo, J3 and J21 become

J3 — m3 + 3ma; + 6min = e11,
Jo1 — ma1 + 3mi11 = eoq,
J111 = my11 = e3.

As a basis set we can use symmetric functions other than m,. For example,
the power-sum symmetric functions

N
Dr = DriPrs -+, With k€AY, pp= sz” (2.174)
i=1

are often used as a basis in the theory of symmetric polynomials; every
symmetric function can be written as a linear combination of the power-
sum symmetric functions. Furthermore, we can introduce a scalar product
on the set of symmetric functions. We seek the scalar product under which
both p, and J, form orthogonal bases.

For a partition x having part 1 with multiplicity [y, part 2 with multiplicity
lo and so on, we define

(o= 10012200 (2.175)
Let us define a scalar product (-, ). by
<pmpu>c = 6H,MCI€)\_Z(R); (2.176)

where the suffix ¢ means ‘combinatorial’, as will be explained in more detail
in Section 7.3.6.
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The Jack symmetric functions with different partitions turn out to be
orthogonal with respect to (- ,-)c. Therefore, the Jack polynomials can also
be defined uniquely by the following two conditions [126,169]:

J. =my + Z Ve My (2.177)
p<rK
(Ji, Ju)e = 0 if K # pu. (2.178)
Actually, we can reproduce (2.171) for J,, from the definitions (2.177) and
(2.178).
Let us give a simple example. For k = 2,0,0, ..., we set
Jo = mo +vmaq, (2.179)

where the coefficient v is to be determined from the orthogonality condition
(J2, J11)e = (J2,m11)ec = 0. (2.180)
We note that mg = po and mq1 = (p11 — p2)/2 and

(P11 p11)e = 122072 (po,pade = 2" 1IN, (g, p11)e = 0. (2.181)

With these relations and (2.180), the coefficient v in (2.179) is found to be
— 2<p2)p2>c _ 2

(p2,p2)c + (P11, P11)e 1+ A

which yields the expression for J; in (2.171).
The norms of J1; and Jy with respect to (2.176) can be obtained as

(2.182)

1 1+ A
(i Juje = 7 ((prispin)e + (p2,p2)e) = ( I ) (2.183)
and
2\ 2\
<J27 J2>c = <m2 + mmllme + mm11>c
_ <p2 + Ap11 p2 + )\p11>
T+X 7 14X 7°
_ (p2,p2)c + N (p11, P11 )e _ 2
(14 X)2 A1+ A)
(2.184)

Generally, the norm of the Jack polynomials with respect to the inner prod-
uct (2.176) is given by

(o Te)e = rlzgg, (2.185)

seD(k) *
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(a) (b)
a(s) =0 a(s)=11 a(s)=0
I(s) =1 l(s)=0 | I(s)=0
a(s) =0
I(s) =0

Fig. 2.12. Young diagrams (a) for k = (1,1), (b) for k = (2,0), where the arm
length a(s) and leg length I(s) are inscribed.

which will be derived in Section 7.3.6. Here the upper A (s) and lower hf(s)
hook lengths are, respectively, defined as

a(s)+1

hils) = == +1s), hi(s) = “(;) +l(s)+1 (2.186)

in terms of arm length a(s) and leg length I(s), which have been introduced
in Section 2.3.1. With the help of Fig. 2.12, we obtain
H hi(s)  (I/A+1)(1/X) 14+

he (s) 2.1 A2

seD(k=(1,1))

h: (s 2/A) (1/A 2
1 (s) _ @2/NA/N)

RE(s)  (I/A+1)-1  X(1+N)

s€D(k=(2,0))

which agree with the earlier results (2.183) and (2.184).
The polynomials J, are also orthogonal to each other with respect to
another inner product. To define this, we quote the property

L L
/ dxl/ d:UNJ:(Zl,---)J'U,(ZI,---)‘\IJO,N(':Ul?"'?xN)F
0 0

L L
:/ dzy - / den i (21, ) (21, Az, -y 2n) )P o 0y (2.187)
0 0
with the Vandermonde determinant

A(z) = H (2 — 2j). (2.188)
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Fig. 2.13. Young diagrams (a) for k = (1,1), (b) for kK = (2,0), where the arm
colength a/(s) and leg colength !’(s) are inscribed.

Then we define the inner product (f,g)o for functions f(z) and g(z) in
complex variables z = (21,...,2n) by

H [f s AOPIEe, e

T1Z;

where f*(z) denotes the complex conjugation of f(z). The LHS of (2.187)
is then written as

LN (T, J)o- (2.190)
The orthogonality in this inner product is described as

(s Ju)o
(AN +a'(s) — Al'(s))

=@ 11 IvErnereurEn I
with
CT(NA+1)
en(N) = ST ST (2.192)

The formula (2.191) will be proven in Section 7.3.5. Applying this formula
to k = (1,1) and k = (2,0), we obtain with the help of Fig. 2.13

_ 1+A N(N — 1)\
(i, Judo = en(V) - 535 N DAt [N 231 (2.193)
(J2,J2)0 = en () - 2 NA(N = DA+ 1) (2.194)

MI+A) [(N=DA+1[(N=D)Ar+2]
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Owing to (2.191), the Jack symmetric polynomials can alternatively be
defined by the following two conditions:

Jo=mx+ Y Vpemy, (2.195)
U<k
(Jis Ju)o =0 if K # p. (2.196)

We emphasize that J.’s form an orthogonal basis set with respect to two
different inner products simultaneously. This observation leads to the ana-
lytical expression of dynamical correlation functions, as discussed next.

2.6 Dynamics in thermodynamic limit

In Section 2.4, we have seen that thermodynamic quantities are described
in terms of elementary excitations such as quasi-particles and quasi-holes,
which obey the exclusion statistics. We will see in this section that those
anyonic elementary excitations also provide an intuitive interpretation of
dynamical properties at zero temperature.

Let us remark on some historical aspects of the dynamical theory. In 1993,
Simons et al. [164,167] found that the dynamical density—density correlation
functions (p(z,t)p(0,0)) of the Sutherland model at couplings A = 1/2 and
A = 2 are identical to some parametric correlators in random systems. The
correlators can be obtained in terms of the so-called supermatrix method.
Using a similar method, Haldane and Zirnbauer calculated the hole propa-
gator ({1 (2, 1)1(0,0)) at A = 2 [81]. From these results together with knowl-
edge of the non-interacting case (A = 1), Haldane conjectured the expression
of the dynamical correlation functions at arbitrary rational couplings [83].
His argument is based on consideration of the selection rule for the interme-
diate states. Subsequently, this conjecture was proved by using the theory of
symmetric Jack polynomials [61,62,72,125], where the hole propagator and
density correlation functions were obtained. By another approach, which
used two-dimensional Yang—Mills theory, the dynamical density correlation
functions for rational value of A were also obtained in [133]. The particle
propagator (¢(x,t)1hT(0,0)) at A = 2 was calculated in [200] by the super-
matrix method. This result was extended to non-negative rational values of
A [160] with the use of symmetric Jack polynomials. The dynamical current—
current correlation function was also calculated in [186].

In the present section, we provide exact expressions for propagators and
dynamical density correlation functions in the thermodynamic limit. We
interpret these results in terms of elementary excitations obeying the exclu-
sion statistics. The derivation makes full use of the theory of Jack polynomials,
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and is somewhat lengthy. Therefore we relegate the details of derivation to
Section 2.7.

2.6.1 Hole propagator ('«,B‘L(a:,t)'zﬁ(o, 0))
In this subsection, we consider the hole propagator

(g N9 (x,£)(0,0) g, N)
(g, Nlg, N) ’
for an integer coupling A. Here |g, N) represents the ground state for an N-

particle system, and @T(x,t) denotes the Heisenberg representation of the
field operator

G (z,t) =

(2.197)

§l (1) = PO (0, 0)e 10T P2), (2.198)

When the original particles are bosons (fermions), an explicit expression for
(2.197) is known for even (odd) integer A. The expression in the thermo-
dynamic limit is given by [61,72,125]

A

i(Qz—Et) H1<] |Ui_vj‘2/
)\ _ )
[T, (1 )i/

which will be derived in the next section with use of symmetric Jack poly-
nomials. In (2.199), the constant ¢(\) is given by

G (z, dv ol (2.199)

A
L(1+1/X)
H La+1/3) (2.200)
o TG/
The excitation energy w = E + 1 and momentum are given by
A A
w=mA2Y (1-v)), Q=nd) v (2.201)
j=1 j=1
By Fourier transform, the spectral function A™(Q,w) is defined as
*d > d {Ox—i
G~ (z,t) = / faad / —QA’(Q,w)elQm"(”’“)t. (2.202)
oo 2T J_o 2T

In the case of electron systems in solids, the spectral function can be mea-
sured experimentally as the intensity in angle-resolved photo-emission
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(0]
20d? b
0
—nd 0 nd
Fig. 2.14. Dispersion of a quasi-hole.
spectroscopy. We obtain from (2.199) the result
a2/
— _ [T lvi — v
A (QaUJ) == 27T C (H/ H 1 U]Q')lfl/)\
A
x6|Q— wdzuj §lw—mAd?) (1—0})|.  (2.203)
j=1 J=1

In the trivial case of A = 1, the system reduces to that of free fermions and
the spectral function turns into

A (Quw) = 278 (w — (n2d? — Q) /2) O(wd — |Q)).

Here 6 is the Heaviside step function:

1, >0,
0(x) = {0’ <0 (2.204)
The delta-function peak implies that one-particle removal leaves one hole be-
hind, which has an infinite lifetime. Figure 2.14 shows the dispersion relation
of the hole excitation, which in fact applies to a quasi-hole with arbitrary A
according to (2.201).

In the simplest nontrivial case with A = 2, the double integrals in (2.203)
are performed analytically. The spectral function A, ,(Q,w) is derived as

0w — w(Q)0(wu(Q) —w)

Ai =
)\ZQ(Q7W) |w_|_QQ_271-dQ|1/2|W—|—Q2—|—27rdQ|1/27

(2.205)
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(0]

4m2d? |

272d? |

—2rd 0 2rd

Fig. 2.15. Compact support of the spectral function A} (Q,w) for A = 2.

with wy(Q) = 27%d? — Q?/2 and wy, = —Q? + 27d|Q|. We call such a
region “support” that has nonzero spectral function A, (Q,w). The support
of Ay_,(Q,w) is shown in Fig. 2.15. From (2.205) and Fig. 2.15, we observe
that the spectral intensity has a continuum instead of the delta function.
This feature and (2.201) suggest that one hole breaks into two fractionalized
particles, which are nothing but quasi-holes as discussed in Section 2.3.3.

Now we discuss (2.203) for the general integer A\. One hole breaks into A
quasi-holes. The repeated structure of the lower edge of the support can be
regarded as evidence for multiple excitations of quasi-holes, an example of
which is shown in Fig. 2.16 with A = 5. Inspection of (2.205) shows that
A} (Q,w) diverges at the lower edge as

WA, for |Q/(rd) = 1,2, ..., A — 2,
w — wp )M/, otherwise,

K@~

and is discontinuous at the upper edge wy(Q). The singularity of A} (Q,w)
comes either from the joint density of states of elementary excitations or
from the singularity of the integrand of (2.203). When the singularity of
spectral functions cannot be attributed to the joint density of states, this
singularity is evidence for statistical interaction between anyonic elementary
excitations.
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®
2572d? |
2072d? |
1572d? |
1072d2
S5m2d? |
0
—Srd —3rd —nd 0 nd 3rd Srd

Fig. 2.16. Support of the spectral function A, (Q,w) for A = 5.

2.6.2 Particle propagator (¢ (x,t)yt(0,0))

We next consider the particle propagator

O (o) = (g, N|¥(z, t)¢1(0,0)[g, N)

@ Nz, V) , (2.206)
which consists of two parts [160]
Gt (x,t) = Gf (x,t) + G5 (, ).
The first part is given by
o0 w— 1\M1 .
G (z,t) =\ /1 dw <w+1) cos(Qux)e Y (2.207)
where
E = 2d® ?w? Q = nd\w. (2.208)

This part is interpreted as the propagation of a single particle over the Fermi
sea. For A = 1, the result for the free fermions is recovered.

The second part G;(x,t) represents the contribution from one quasi-
particle and the minimal number of neutral excitations (A quasi-holes and
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a quasi-particle). It is given by

c 0o —1
G;r(x,t) = 2;?))\?2/1 dw. /_Oo dwyg

Al
X H/ldviF(w17w0§Ula..-7 vy) exp|—i(w + p)t +1iQz], (2.209)

where the constant ¢(\) is given by (2.200). The excitation energy and mo-
mentum are given by

A 1 A 1
w = m2d?\ <— > v+ Azw§>, Q=md (Z v; + )\Zwi> . (2.210)
i=1 i=0 i=1 i=0
The form factor F(wy,wo;v1,...,vy) is equal to

[Ti<icj<nlvi— v; [ wy — wol

T, (1 —v2) VA TT (w2 — 1)1 —K?, (2.211)

F(wy,wo;v1,...,05) =

where K is given by

1A
K=TTTI wr+o)* ] (o —w)™
k=01=1 <k
PO 1A
X o Oox {H (o0 —ve) [T TT (wr + vz)l_A}. (2.212)
U1 O U<k k=0 1=1

In the case of electrons in solids, the corresponding spectral function
AX(Q, w) can be measured as the intensity of angle-resolved inverse photo-
emission spectroscopy. The part A;\L’I(Q,w) coming from G consists of a
delta function

AT Q,w) = 27%d) (:g; - ”ij) § (w—@Q%2)0(|Q| — nd). (2.213)

Figure 2.17 shows by bold curves the location where A;\“l becomes nonzero.
With A > 1, the intensity on those curves vanishes at the two pseudo-Fermi
points |Q| = wAd, as seen from (2.213). Figure 2.17 shows the support of
A;\“Q(Q,w), which derives from G, as the shaded region. Contrary to the
spectral function of the hole propagator, the support is not compact; the
region with nonzero intensity extends infinitely.
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[0}

872d?

4m2d? |

—4drd —2rd 0 2rd Ard

Fig. 2.17. Support of G* for A = 2. Excitation content consists of four elementary
excitations: two quasi-holes and a right-moving quasi-particle and a left-moving
quasi-particle. The spectral function has the delta-function peak along the bold
curves.

2.6.3 Density correlation function

In the present subsection, we discuss the exact expression for the density
correlation function

(g, N|p(z, t)p(0,0)[g, N)
I(z,t) = @ Nz, N) (2.214)
of the density fluctuation operator
N
p,0) = bz — ;) —d. (2.215)
i=1

In the thermodynamic limit, II(x,¢) is given by [72,125]

2
1 1
(z,t) = 1dU1"'/1dv,\ <ZUi+)\w)
w2 — >\ 1 (1- v —1+1/A "
X H (vi + w) g v — vj|¥ e cos(Q),  (2.216)

where the constant ¢(\) is given by (2.200), and

A A

= (mAdw)? — A Z(dej)2, Q = mAdw + Wdz vj. (2.217)
j=1 j=1
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We introduce the spectral function Sy(Q,w) by the Fourier transform

H(x,t):/_ / —SA (Q,w)e ! cos(Qx). (2.218)

We then obtain

272 1
5,0, w) =) d / dw/ dvy -~ /dvA
1
) 1+1/A

v+ w | (W -] —A——
X<Z ) o TG

7

>

A
X 6 (Q — whdw + devZ) § | w— (mAdw)® = X (wdv;)?

i=1 j=1
(2.219)

In the trivial case A=1, the spectral function reduces to

S)\ZI(va)

[e) 1 A
— 2724 /1 dw /_1 dv16(Q — wdw + wdv1)d | w — w2d?w? + m2d? ;vf
= 5 70(@ — (e~ (@), (2.220)

where the lower and upper edges are given by

wi(Q) = [Q(27d — Q)]/2, wu(Q) =1Q(Q + 27d)|/2.

Figure 2.18 shows the support for A = 1, which reproduces the particle-hole
continuum of one-dimensional free fermions.

Now we consider the case for general positive integer A. The excitation
content relevant to S)(Q,w) consists of a quasi-particle plus A quasi-holes.
Figure 2.19 shows the support for the case A = 3. By comparing Figs 2.18
and 2.19, one can imagine how the support looks for general integer .

The upper edge

w=wu(Q) = Q(Q + 27Ad)/2

comes from excited states where A quasi-holes are located at a pseudo-Fermi
point v; = 1, and the momentum w of a quasi-particle takes a value in [1, 00).
Hence wy(Q) represents the momentum-shifted dispersion relation of quasi-
particle excitation. On the other hand, one of the lower edges w = wr,(Q)
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272d? ¢

m2d? |

0 2rd

Fig. 2.18. Support of the spectral function Sy—1(Q,w) of the density correlation
function for A = 1, that for one-dimensional free fermions.

1872d? |

1572d2? |

1272d2 |

on2d? |

6m2d? |

372d? |

0 2rd dnd 67d

Fig. 2.19. Support of the spectral function Sy—3(Q,w) of the density correlation
function for A = 3. Relevant excited states are one quasi-particle/three quasi-hole
states.

for Q > 2w Ad is given by

w=w(Q) = Q(Q - 2mAd) /2.

This energy corresponds to excited states where \ quasi-holes are located at
a pseudo-Fermi point v; = —1 and the momentum of a quasi-particle takes
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a value in [1,00). Hence wr,(Q) is another momentum-shifted dispersion
relation of quasi-particle excitation.
Other lower edges for 0 < @ < 2wAd are given by

wrL(Q) = %(Q—QW(A—T)d) 2r(A—r—1)d—-Q), (2.221)

for
2t A—r—-1)d<Q<2r(A—r)d, r=0,1,...,A—1.

This part of the lower edges comes from those excited states where the quasi-
particle w = 1 is at the pseudo-Fermi point, and all but one quasi-hole are
located at either of the two Fermi points. The A-fold repeated structure
with 0 < r < A — 1 is formed by the dispersion relation of a quasi-hole.
The repeated structure along the lower edge is evidence for fractionalized
particles working as elementary excitations.

The spectral function can become singular at the upper and lower edges;
the singularity is determined either by the joint density of states or by the
matrix elements of the density operator between the state and an excited
state. Near the upper edge, S)(Q,w) behaves as

S\ Qs w) ~ wu(Q) — w1

Near the lower edge S)(Q,w) behaves as

S)\(Q,U)) ~
w —wr (@)}, for Q > 2w \d,
|w — wi (Q)[PAAr=3+@r* 2+ )/A " for 2x(A—r — 1)d < Q < 27(\ — r)d,

with » = 0,1,..., A — 1. Those singularities with fractional exponents can
also be regarded as evidence of statistical interaction between elementary
excitations.

2.7 Derivation of dynamics for finite-sized systems

Throughout this section we take the periodic boundary condition. For sim-
plicity, we focus on bosons with even integer A\ as original particles in
the Hamiltonian. The final result is also applicable for fermions with odd
integer \.
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2.7.1 Hole propagator

In the present subsection, we derive (2.199) in Section 2.7.1. The state
¥(0,0)|g, N) is written as

3 |k, N — 1) (r, N — 1[4(0,0)|g, N)
(k, N — 1|k, N — 1) ’

(2.222)

KELE
where the wave function of the state |k, N — 1) is given by
Jo(z1, .. 2nv—1)Won—1(21,. .., 2N-1).
Then (2.197) has the decomposition

G (z,t) =

{5, N — 110, 0) |, M) —i(E[k]—Eo,n )t+iQxa
2 (5, N — 1|15, N — 1)(g, N|g, N} * . (2.223)

/{65}71

Here the ground state energy Ey n for an N-particle system has been given
in (2.12), and

o 2= AN — 2i) 2 2

E[k] = (L> ’ (m + 2) L Q=T Z ki (2.224)
i=1 i=1

The wave function of the state ¢(0,0)|g, N) is then written as

\/N‘I’O7N(O,.T1, ce ,QCN,l)

N-1
=VN (H (i — 1)&22.”2) Ton_1(21,. . TN_1). (2.225)
i=1
Here the factor [[¥"(z; — 1)* is decomposed with .J, as [94]
N-1
I[[GE-0'= > (1) N0 g, (2, 2n1), (2.226)
=1 M€A$,1
where

—d'(s)/A+1U(s)+1
b= ] . (2.227)
seD) (a(s) +1)/X+1(s)

The relation (2.226) with (2.227) is called the binomial formula and will be
derived in Section 7.3.7.
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From (2.225) and (2.226), we obtain

$(0,0)g, N) = VN > (=) VDM - N2, N 1), (2.228)
“GA?\—I—I

where the Galilean-shifted momentum is given by
m— )\/2 = (,u1 — )\/2,...,MN_1 — )\/2) S 'C]J'\_ffl‘

The Galilean shift is necessary since the physical momentum can become
negative, while p is a partition with pyny_1 > 0. The propagator is given in
terms of b, by

_ w, N —1|p, N —1
G@n=n y EN-ULN-D,

,N|g, N

went (g, Nlg, N)

X Z Oprtr/2 €xXp [—i(Ex — Eo n) +1Qkt] . (2.229)
H€£}71

Let us analyze the matrix elements b, in detail. The numerator of (2.227)
is rewritten as

1 (_“'§5)+l’(s)+1>= 11 (14—1;]) (2.230)

s€D(p) (4,9)€D(1)

which is nonzero only if

iy < A (2.231)

Therefore, only such excited states p that satisfy (2.231) contribute to the
summation in (2.229). A typical diagram of p is shown in Fig. 2.7. These
quasi-hole states are described in terms of rapidities fi1,..., 1) defined by
(2.110). When we write (2.230) in terms of fi;, it is convenient to decompose
D(p) into A columns as shown in Fig. 2.20(b). The decomposition is in
general useful when we calculate the product of expressions such as

[T (ad'(s)+80(s)+7) (2.232)

s€D(p)

over D(u) of the Young diagram of quasi-hole states.
We first calculate the relevant product within each column, and then take
the product of contributions from each column. Correspondingly, we rewrite
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1 (a) 1 (b) ()

Fig. 2.20. A quasi-hole state (a) is decomposed as (b) when a product containing
a'(s) and I'(s) is calculated, or as (c¢) when a product containing a(s) and I(s) is
calculated. Shaded squares represent D;, for (j, k) = (2,3).

(2.230) as

=11 : . (2.233)

In the last equality, we have used the following relations:

n2
_ I(ne+a+1)
ita)=——7-—""7, 2.234
l_[( ) T(n + ) (2.234)
i=n1
for n1 < ng € Z, and
A A
H (L= /0 =T]rG/A).
We introduce an auxiliary rapidity:
) N-1 X+1-2j N 1
=iy — =—— - — 2.235
R T W PR 2 2\ (2.235)

0
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which corresponds to the negative pseudo-Fermi point of quasi-holes. Then,
using (2.110), (2.233) is expressed equivalently as

A
H( ;) +1> H “Jj/’;l“. (2.236)

s€D(u) j=1

Next we represent the denominator of (2.227) in terms of f;. When we
calculate the product

H (ca(s) + Bl(s) +7), (2.237)

s€D(u)

for a partition satisfying (2.231), it is convenient to decompose D(u) as
shown in Fig. 2.20(c). Correspondingly, the product over s is rewritten as

A A
II (ca(s)+Bi(s) =TITI II (ea(s) +Bis) +~)  (2.238)
s€D () j=1k=j s€Dj
with
Dijr = {s = (i,5)i € [1+ ppqr, ]} (2.239)

An example of Djy, is shown in Fig. 2.20(c) by shaded squares. Since a(s) is
constant (= k — j) within Dy, it is possible to calculate the product with
respect to s € Dj. When av = v = 1/, 3 = 1, for example, we obtain

M .
a(s)+1 i—J+1 )
[T ("5 )= I (5 )
s€D g, i:l—‘,—u’H_k

P ((k =G+ /A + 125 = )
B r((k—jﬂ)/ﬂug—%)
_ Dy — fuera)
U (1 — fie +1/A)
We have used (2.234) in the second equality, while we used (2.110) in

the last equality. From (2.238) and (2.240), the denominator of (2.227) is
expressed as

a(s) +1 _ TGt — fan) o Tty — fue)
sel_IDjk< A +l(8)> - T (1/3)* EF(ﬂj—ﬂkﬂLl/)\)'

(2.241)

(2.240)
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Combining (2.236) and (2.241), we finally obtain

_ PNy D — s+ 1/0)
YOI TG/ E TR (2.242)

‘We now consider the norm written as
(s N =1, N = 1) = LN7NT, Judo 1, (2.243)

where the inner product (-, -)o,y—1 has been defined in (2.189). Here we have
included the number N — 1 of particles explicitly. Similarly we obtain

N
(g,Nlg,N) =LV (1,1)g = ex(\) = <f‘> [(NA+1), (2.244)

where ¢y (\) has been introduced by (2.192). Combining (2.243) and (2.244),
we obtain

(o, N —1p, N —1)
(g, Nlg, N)

_env-1(d) 11 [(a(s) +1) /A+1(s)][a’(s)/A = U'(s) + N —1]
Len(N) [a(s)/A+1(s) + 1] [(@(s) + 1) JA—U(s) + N — 2]

(2.245)

s€D(p)

where (2.191) has been used for norms of symmetric Jack polynomials.
By using the decompositions in Fig. 2.20(b) and (c), we further proceed
to express (2.245) in terms of the rapidity of quasi-holes as

(0, N =1, N —1) T (1+)\)
<g7N‘gaN> NL)\A (1/A)
< I (e — fue) T (g — fox + 1)
1<j<k<>\1_‘(/lj_“k+1/)‘) (f1j — fre +1—=1/A)
(f0 = f15) T (fj = fri42)
XHFMO_M]‘f‘l—l/)\) ( ﬂ1+)\+1_1/)\)' (2.246)

Here we have introduced another auxiliary rapidity

. N 1
o =+ +

5+ 3 (2.247)
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which corresponds to a positive pseudo-Fermi point of quasi-holes. Combining
(2.242), (2.246), (2.109), and (2.112), we obtain

_ Ae( . i

G (z,t) = I(/) Z exp[—i(Ex — Eon)t +1Qxx]

0<ph <- - -<pl <N -1
X Fox(fus .-y fin), (2.248)
where Fy x(fu1, ..., fun) is called the form factor, and is given by
o P (i — o+ N T iy — i+ 1)
Foalins i) = ][] 1‘(']47' T (i — ]+1f1/)\)
1<j<k<A My — Uk Ky — Kk
A . . . .
<11 T (5 — fu2) T (o — f1)
i Dl = o +1=1/N) T (o — Ay +1-1/A)

(2.249)

The constant ¢(A) in (2.248) has been defined in (2.200).
We now consider the thermodynamic limit (t.d.l.) by taking

t.dl: N —o00, L—o00, N/L=d (fixed).

Let us introduce the normalized rapidity v; = 2/;/N for quasi-holes j €
[1,A]. Then the main contribution to the summation in (2.248) comes only
from configurations satisfying

Vj — Vj41 = 0(1), je [0, )\] (2250)
For such configurations, we obtain
A A
lim (E[k] — Eon) = —wAd® > 07, lim Q. = md» v (2.251)
t.d.l.

t.d.L - -
Jj=1 Jj=1

and the form factor is drastically simplified as

N\ - 2\—1+1
_ N . SN _ 2y 141/ ]2/
3;53(2) FoaGits o) = T[T (L= 027+  T o = 2
=1 1<]
(2.252)
The result (2.252) is derived with use of the property
T

(M+0) | hab forns 1, (2.253)

I'(n+b) ’
which follows from the Stirling formula

L(n 4 1)|pooe ~ V2rn" /2 ¢, (2.254)
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In the thermodynamic limit, the summations over (u},..., ) in (2.248)
reduce to the following integrals:

< >MTZ;§:0 :il /dvl/ dvz - / Cdu (2255)

From (2.251), (2.252), and (2.255), we obtain

A)dAl [ v UA-1
lim G~ ( & / d’l)1 / dv2 s / dv,\
t.d.L 2 1 -1 -1

A
X exp iZ(ﬂ'dvjx - 7r2)\d2vj2~t) H (1 —o2)~1H1/A H(Ul - vj)2/>‘.

j i=1 i<j
(2.256)

We finally arrive at (2.199) by symmetrizing the integrand with respect to
vj, so that all integrals are to be performed for the range v; € [—1,1].

2.7.2 *Particle propagator

In the present subsection, we derive the particle propagator for finite-sized
systems. The action of the annihilation operator 1/3(0, 0) on wave functions is
easier to handle than that of the creation operator 4(0,0). Then in (2.206)
we deal with the matrix element

(g, N1 (0,0)|r, N + 1), (2.257)

where |k, N 4 1) is the (N 4 1)-particle state whose wave function is given
by JxWo n+1. Hence we obtain the wave function for ¢(0,0)|k, N + 1):

VN J(Zl,-- 2N, D)Wo ng1(L, 21,0, 28)
—VN H M2 Tz, e DU (21, 2n). (2.258)

The polynomial J,(z1,...,2n,1) is expanded with J,(z1,...,2x) as
Je(21,2n, 1) = Y fewdulz1, 0 2n), (2.259)
VEEJr

where the coefficient f , is given by

e | (ij) (Z:) (2.260)

SGCK]/U\RR/V

when both k and v are partitions.
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Fig. 2.21. An example of pu = (3,3,3,2,0) contributing to the summation (2.259)
where £ = (4,3,3,2,1). Cy/, is {2} and R,/ is {2,3}. The squares belonging to
Ci/u \ Ry, are marked by *.

Here upper and lower hook lengths are defined by (2.186), and the notation
A\ B means the complementary set which is sometimes written as A — B.

Namely, C,/, denotes the columns {j} where £} = v} and R/, denotes
the rows {i} where k; = v;. Actually f., is nonzero only when k/v is

a horizontal strip, where s’ — v/ is 0 or 1 for each column of the Young
diagram. Figure 2.21 shows an example where /v is a horizontal strip. We
shall derive (2.260) in Section 7.3.10.

When kny4+1 < 0, we use the relation

fH,V = fﬁ+n,u+n7 (2.261)

where n is an integer larger than —xy 41 and

K/+n2(H1+n7...,/€N+1+n)€AJ’A}+1,
v+n=(vi+n,...,uy +n) € A}.

The right-hand side of (2.261) is given by (2.260).
We rewrite the binomial expansion in (2.258) as

N N
[[E-0=a =Tl
i=1 =1
N
= (H zﬁ/2> S DMy (et Y, (2.262)
=1 VEA?\}

using (2.226). Combining (2.258), (2.260), and (2.262), we obtain

<gaN|¢(070)’K7N+ 1> =VN+1 Z <JV7JI/>O(_1)‘V|beI€,V7A/27 (2263)

+
veAy

where v — A/2 denotes (v1 —\/2,..., vy — A/2) € L};. Inserting (2.263) into
(2.257), we obtain the matrix element for G*(x,t) [160].
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As we have seen in Section 2.7.1, the factor b, is nonzero only if
A>v>--->uy >0. (2.264)

There is no upper limit on the magnitude of ;. Hence in the matrix element
in (2.257), the nonzero contribution comes only from x € L 41 With
A

*Z@Z-“ZRNZ—A, (2.265)
2 2

but without upper limit for x;. From (2.264), we obtain the condition
KN+1 < A/2, but without lower limit.

For the case —\/2 < kni+1 < A/2, we consider the skew Young diagram
k4 /v with K4 = k+)\/2. Here a skew Young diagram r /v for two partitions
K+ D v consists of cells s € k1 but s ¢ v. Figure 2.22 shows an example
for a case where k4 /v is a horizontal strip which does not have a column of
K4 /v with more than one square.

For another case ky+1 < —A/2, we perform a Galilean shift
Kyt =K—KN+1, Vi =V—KN+1— A/2,
in order to make both x4 and v partitions. The coefficient
Tow—ns2 = foiyws (2.266)

is zero unless v, is a partition, since x4 is a partition.

N +1

CRNLT /2

Fig. 2.22. Young diagram of k. for the case —A/2 < kyi1 < A/2. Unshaded
squares represent Young diagram of v.
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pA
I
N I 14
UN — KNt1 — A/2 E
K1 — KN+1

Fig. 2.23. The Young diagram of (k — ky4+1) when kyi1 < A/2 is satisfied.
Unshaded squares represent the Young diagram of v — k41 — A/2.

In this case we consider the skew Young diagram where k. /vy is the
horizontal strip. Figure 2.23 shows an example.
In this way the states k with (2.265) are classified into:

(i) One right-moving quasi-particle state specified by x with
K1 > Ky =""=KNt1 = )\/2, (2.267)

as discussed in Section 2.3.2.

(ii) One left-moving quasi-particle state specified by x with
Kl1=++=KN=—A2>KN}1. (2.268)

(iii) The states with one right-moving quasi-particle, one left-moving quasi-
particle, and A quasi-holes with k where

K> A2> kg > > EN > —A/2 > Kyl (2.269)

(iv) Other states of xk with

A A A A
KN+1 S |:—2,2>7 or K1 € <—2,2:| (2270)
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States (i) and (ii) yield G{ (z,t) and states (iii) give G5 (v,t), as we show
below. Other states (iv) do not contribute in the thermodynamic limit; the
contribution to G*(x,t) from the states with x satisfying

A
HN+1:§—p, p:{lvzaaA}

can be shown to be zero for A =1 or (’)(N*pQ/A) for A # 1, in a way similar
to the derivation of GJ (z,1).

For one right-moving quasi-particle state (i), only v = AN = (),...,\)
contributes to (2.263). Then both b, and f, /2, become unity. The exci-
tation spectrum has already been given in (2.94). The norm (J, J,)o can
be derived from (2.191). The term on the RHS of (2.263) coming from the
one right-moving quasi-particle state is given by

s T (i1 — 1) T (Rr — g + 1
Glalr) = 1 3 e Pl R0 P D
Bey® (R1 — F10 )T (F1 — Rno+ A)
27y ) 2R
X exp [—i < 7;'%1> t+i < 7;/{1> l‘], (2.271)
where
Ry =K1+ AN/2, o= —fno= AN —1)/2. (2.272)
Similarly, the contribution G (z,t) to (2.263) from one left-moving quasi-
particle state (ii) comes only from v = 0" = (0,...,0), and we obtain
Y

Gh== S T (fno — fine1) T (Fno — finver + 1)
1L L I (Rno — fAng1+1—AN)T (Eno — Rn1 + A)

KN41=—00

2R 2 o
X exp [—i( ”’ZN“) t+i< MLN“>:U], (2.273)

with Ay4+1 = KN4+1 — )\N/Q.
In (2.271) and (2.273), we put

2k 2RN41
AN AN

=w

and take the thermodynamic limit. We then obtain (2.207) for G{ (z,t) in
Section 2.6.2.
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For a state belonging to (iii), the energy E[x] is given under the condition
(2.269) by

(sz) B =N§ (’“ # 50V 2 2“)2

i=1

+ A%+ Z </@Z S(N+2- 2z)> 2. (2.274)

We introduce pu € A}, | as
p= (ke +X/2,....,68 +)/2) (2.275)

and the quasi-hole rapidity as

. N—1 A4+1-2j
R TR (2.276)

for j € [1, A]. Then the excitation energy £ is rewritten from (2.274) as
E=R+R, — )\Zu A Z (A2 -1). (2.277)
+ J 12

Next we consider the matrix element. Let I be the subset of [1,2,..., ]
such that

, .
u]’.:{“j+1’ Jel, (2.278)

i, jeJ=[1,2... N\I,

where A\ B is the complementary set of B in A. For example, Fig. 2.23
shows the case where A\ = 4 and I = {1,3} (and hence J = {2,4}). In the
expression

Z <Ju; Ju>0(_1)|u|bl/fl~t+)\/2,w (2’279)

+
veEAR

the summation over v can be expressed as that over all subsets I of
[1,2,...,A]. The quantity f.y)/2, in (2.279) is obtained from (2.260). Namely,

we make the product of h¥ SRy TN and hy VLT /\/2/h

KR—KN+1 V—KN4+1— )\/2
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A :
/ /
N S NEEEREEE R ERERE: * H1 Ha
AEAERERERERERE:
VN—HN+1—)\/2'
K1 — KN+1

Fig. 2.24. The same Young diagram as that shown in Fig. 2.23. The squares marked
by * represent those squares that should be evaluated in the calculation of f. /2.,

the squares marked by * in Fig. 2.24. The result is given by

Tran/2w
CT(NA+ D)D(Fr — fner + 1= NT(F1 — Rvo + N (Rro — v+ A)
TN+ D)NT(R1 — Rns1)T(R1 — Rno + DT (R10 — fngr + 1)
<11 (F1+Mu+ (1 =X)/2)(fu — fusr+1-1/X)
Y (F1+ Mu+ (A =1)/2)(fu — fr142)
<11 (Fne1+ M+ (A=1)/2) (0 — fu+1—1/X)
(Fn+1+ M+ (1= A)/2)(fo — fu)

leJ
1 — [ 1/ ) (fy — [ 1-1/A
e (= fue) (fu — fu + 1)
s.t.l<k
The binomial coefficient b, is given by
T (1/A) T — i+ 1

A . . .
[T G/ ey TE—m)
where 7, and 7 are obtained from the conjugate partition v/ by
, N—-1 X4+1-2j

=i — 5+ ST for j € [1, A]. (2.282)
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For practical calculation, we write (2.281) in terms of quasi-hole rapidities
fij. It is convenient to divide the product in (2.281) into a combination of
blocks I, J according to whether ji; belongs to I or J. Namely, we have

__rawt L (= fui+1/3)
H;\:lr(j/)‘) l,keforli,keJ U (fu — fuk)
1<
1+1/A (g — i, —14+1/X
< II° k++/)H Un — i —1H /N -5 ogs)
lel,keJ ,Uk- + 1) leJ,kel F(lu’l _lu’k? - 1)
1<k 1<k

Expressing the norm (J,, J,)o in terms of j; and combining the resultant
expression with (2.280) and (2.283), we write (2.279) as

D Jos T )o(=1)y frinj, = (~D)M LM, (2.284)

with
CN()\) F(E)l — I%Np + /\)P(/NQLO — KEN41 + )\)
MU T(i/A) T(R1 = R + D (Ryo — Ay + 1)

K —

I(fu — frux)T(foo — fu)

X : : ; ;
L — faan +1=1/ND (o — fu +1—1/X)

>

=1

A ~ . ~ . . .
<11 (F1 4+ M) (Fn+1 + Au) I U(fu — jue +1)
oy (v + M) (R + A+ (1= X2)/2) 25 Tl — fue +1 = 1/X)
(2.285)
and
- A 1—A
o B e i) (i
Il Y, 2(R1 + Mu) 2(Fn+1 + M)
1 A—1
X 1+ 1+ —-
11;[, < 2(F1 + /\Mz)> ( 2(FN41 + /\Mz)>
1 1
ZGIHM; ( Al — fur) IGHW; Al = fur)
s.t.l<k s.t.l<k
Here |I| is the number of elements in I.
Let us introduce notations wi, wg, vi, ..., vy through the following
relations:
2K 2K 2[
wy = 2 gy = ENHL -, = PR (2.287)

N)\ N) ' N
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forl =1,..., A, and consider the thermodynamic limit. The factor (Jx, Jx)o
can be expressed in terms of A1, Ky41, and fi; in a way similar to Section
2.7.1. The expression

L2
<me Jn>0<17 1>0

has the asymptotic behavior

o <N>A_1 (w} =)™ (wf = 1) (g = wg)™ Y

(N+DT(A+1) \ 2

A
CTT =) T e — ) +0 (L), (2.288)
[[0 )" T w0 ()

where the notation ¢(\) has been given by (2.200). The asymptotic behavior
of M, is given by

v < 2 > D { i (o0 = 00) T Ty (w0 + 00" om0

NAJ S Mt (o= o) T T (i)'}

NA
where Dy = 0*/0vy - - - Qvy. In the following, we derive (2.289).
The expression (2.286) for M, is rewritten as

M= Y o Y <Hal>/\4,€(;‘;;‘;) (2.290)

a;=1,—1 ay=1,—1 \l=1

(2.291)

By setting oy = +1 depending on [ € I or [ € J, we can confirm the
equivalence between (2.290) and (2.286). M, is a polynomial of (a1, ..., a))
and hence it can be expanded as

M,i<0z1, ce ,Ck)\) = ch(fﬂ, /%N-i—l;/lh “e ,/l)\)oz?l e O&D‘, (2.292)
n
where n = (nq,...,ny) is the set of integers. We then express M, as
My=2% > o > @) MRy, A, o), (2:293)
n1=1,3,... nx=1,3,...

where n; are positive odd integers. The symbol |n| denotes Zl’\zl ny.
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For the rapidities with

ﬂj—ﬂjJrl > 1, ,LL]+/%1/)\>> 1, ‘ﬂj+’%N+1/)“ > 1, (2294)
the leading contribution in (2.293) comes from the term with n = (1,...,1):
My~ N1y (R Bngs i, - fi)- (2.295)
In order to obtain ¢ 1)(F1, RN+1;fi1,- - -, f1r), We introduce
W (i) = [ [ (= ), (2:296)
<k
A
W (R, fvg; s -0 i) = [ [ G+ R /22 + Fva /2 (2.297)
=1

Then each factor in M, is written as

o] — O 1 0 62
1+~ - =— |1+ o + g+ | W,
H( Ml—uk) w ( EZ: "oy Z R 0o,

<k

A Ay (1 - Nay
1 (1 o) (1 wmm)
W (1 + Z ali + Z Omﬁuk ) W (2299)

From (2.298) and (2.299), it follows that

1 oOwWwW
WW' Oy -+ Oy
Combining (2.295) and (2.300) and using the notations (2.287), we obtain
the relation (2.289).

In the thermodynamic limit, we use (2.288), (2.289), and

ANZ /dwh ANZ / duwp, NZ /dvl, (2.301)

KN+1

C(1,1) (B1 EN1 (5 - ooy fi2) = (2.300)

for I =1,...,A. Then we finally arrive at (2.209)—(2.212) for G5 (,1)

2.7.3 Density correlation function

In this subsection, we derive the dynamical density correlation function for a
finite-size system; the resultant expression reduces to (2.216) in the thermo-
dynamic limit. In contrast with the propagator, the results for the density
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correlation function apply to both bosons and fermions with non-negative
integer A.
The expression (2.214) is written as

_ (1, N[p(0,0)|g, N)|? —i(E[k]—Eo,n )t+iQx
Hiat) = g (i, Nlw, N) (g, Nlg, N) (2302)
REL N

by inserting the complete set of N-particle states

|5, N) (K, N| N|
Z TN N (2.303)

+

Here |k, N) represents the N-particle state whose wave function is given by

Ju(z1, .. 2n) Vo N (21, .-, 2N).

Owing to the symmetry with respect to spatial inversion I, the energy,
momentum, and matrix element of the state |Ix, N) with

Ik = (—KN,...,—K1)
are given by

Er = E[’K&]? an = _Qm </€7N’ﬁ(070)|g7 N> = <IHvN|ﬁ(070)|g7N>'
(2.304)

Using (2.304), the density correlation function (2.302) is given only by the
non-negative momentum .. Namely, writing such a summation as Z;, we
obtain

(k, N|p(0,0)[g, N)|? —i(Elx]—Eo,n )t
t)=2 0,N 3 . 2.305
e, Z (K, N|r, N) (g, N|g, N) cos Q- )

Under the periodic boundary condition, the density fluctuation operator
(2.215) is expanded in a Fourier series:

plz,0) =+ Z —2minz/L Zz , (2.306)
n#0

with z; = exp(2miz;/L). Then we obtain

p(0,0) an ({zi}) + complex conjugate. (2.307)
n>0
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Here p,({z}) is the power-sum symmetric function defined in Section 2.5.
The function p,({z;}) is expanded in terms of the symmetric Jack polyno-
mials as [84]

p({zi}) = Z O (Je({z}) (2.308)

H€A+
s4tA|n\=n

with

) H(ngfff) (a'(s)/A=1(s)) ,
R Wy e (2.309)

Here the upper hook length h}(s) has been defined in (2.186). The property
(2.308) will be derived in Section 7.3.8.

Owing to (2.307) and (2.308), only x € A} contributes to the summation
n (2.305) and hence (2.305) becomes

N|k, N) .
H .’L‘ t )\2L2 K/ NK/ ’ ‘20ie—l(E[ﬁ]_EO,N)t cos Q’ix’ (2310)
(g,

where the norm part is given by

b N, N) hi(s) (@ (5)/A = I'(s) + N)
m_ H he(s) ((a(s) + D)/A—U(s)+ N — 1) (2.311)

s€D(k)

from (2.191).

In (2.310), ¥,; vanishes if x contains (7, j) = (2, A\+1), as seen from (2.309).
A typical diagram for partition & contributing to the summation in (2.310)
is shown in Fig. 2.8. Other factors in (2.310) have the forms

H (ad/(s) + BU'(s) + ), (2.312)
seD(k)
I (ca(s)+Bits) + ), (2.313)
s€D(k)
which are given in terms of rapidities (K1, fi1,..., /). They have been

defined in (2.64) and (2.110) as

AN-1) | N—1 A+1-2

/’%1:/’?14_77 M]:M;_ 9 2\

5 (2.314)
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Fig. 2.25. Decomposition of Young diagram of partition contributing to the density
correlation function.

In evaluating (2.312), we decompose D(k) into blocks as shown in Fig. 2.25(a)
and rewrite (2.312) as

II (ed'(s)+ B (s)+7)
s€D(k)

ARy

H ad'(1,7) + Bl'(1, j)—i—'y)HH(aa’(s)+ﬁl’(s)+7).

j=1i=1

In evaluating (2.313), on the other hand, we decompose D(k) into blocks as
shown in Fig. 2.25(b) and rewrite (2.313) as

I (ea(s)+Bi(s) +)

s€D(k)
=[] (ea(t,5) +8i(1,5) +7) J] (cals)+Bi(s)+7),  (2.315)
j=1 s€D(u)

with g = (g1 -+~ un—1) = (k2 - - - Kn). Then the second product in (2.315) is
evaluated as in (2.238).
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Using these decompositions, (2.310) is rewritten as

Ti(z, ) 2)\'0 Z Z

k1= )\O<;/< <,u,1<N—1
exp[—i(Ex; — Eo,N)t +1Qxx])FiA(R1; 11, - - -, f1), (2.316)

with ¢(A) defined in (2.200). The form factor Fy x(R1; f1,- -, f1z) is given by

Fia(R; s - fn) = Fo(foa, -, fix)
A
- . 1~ . 1
X H (R1+ My + (1= N)/2)7" (R + Mg + (A= 1)/2)
=1
(k1 + 2?21 (1;)°T (R1 — Fno + A) T (R — R1y0)
F(I%l —I~€N,0+1)F(FL1 —I~'€1,0+1 —)\)

, (2.317)

with F07)\(IL'L1, cee ,[L)\) defined in (2249) Here 1%170 = —I%N,g = )\(N - 1)/2
has been used.

We take the thermodynamic limit in a way similar to that used in Section
2.7.1 by setting
2k 215 .
= — = =[1, A]. 2.318
w )\N, v] N ’ J [ ’ ] ( )

Then we finally arrive at (2.216).

2.8 *Reduction to Tomonaga—Luttinger liquid

In this section, low-energy properties of the Sutherland model are described
as a Tomonaga—Luttinger liquid (TLL). The TLL is a typical one-dimensional
quantum system where the excitation spectrum is linear with respect to
momentum. Many systems of interacting bosons or fermions in one dimen-
sion have the excitation spectrum linear with respect to momentum at low
energy. The TLL is the effective theory of those various models at low
energy. The single-component Sutherland model is the simplest model of
the TLL in the sense that various physical quantities are derived explicitly.

In Section 2.8.1, we derive the long-distance or long-time asymptotic form
of dynamical correlation functions from the exact results in Section 2.6. In
Section 2.8.2, we consider the finite-size spectrum in the TLL and the Suther-
land model. It is shown that the parameters in the TLL are determined by
the asymptotic behavior derived in Section 2.8.1.
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2.8.1 Asymptotic behavior of correlation functions

We shall show that the long-distance and long-time asymptotics of the hole
propagator (2.199) are given by

2 Ay exp [i27drz]
G (z,t) ~ exp [—imAdx + ipt] Z ?A—T)Q/A Y
r=0 XR XL

(2.319)

Here A, is a constant and p = 72A\2d? is the chemical potential, and we have
introduced

X1, =x 4 2ndit, Xgr =1z —2mwd)t.

The result (2.319) has a typical form of correlation functions in the TLL.

In the asymptotic behavior of correlation functions, the main contribu-
tions come from the low-energy excited states where all quasi-holes have the
rapidity v; ~ £1. For the hole propagator (2.199), low-energy states are
classified into A + 1 sectors. Each sector is specified by an integer r € [0, \],
and the rapidities {v;} in the rth sector are distributed as

, L, jellr]

Figure 2.26 illustrates the distribution. We calculate the contribution from
the rth sector (2.320) to the asymptotics (2.319). Introducing variables

v;j—1 jelr]
dvj~<Q 7 ’ ’ 2.321
“ {Uj+17 Jelr+1,A 7 (2.521)

A—1r{

Fig. 2.26. Graphical description of the distribution of the {v;} in rth sector of
low-energy states for A = 5 and r = 2. Solid circles represent quasi-holes.
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we rewrite as follows:

A
Qr — Et = Z(dejac - 7r2/\d2v]2-t)
j=1

r A
= (2r — N)wdzx + put + WXLdZ 0vj + mXRrd Z dvj, (2.322)
=1 j=rt1

with the correction of O((6v;)?). Other factors in (2.199) are replaced as

IT lwi—olP?~ II lee—wl* T o=l

1<i<j<A 1<i<j<r rH1<i<j<A
A r A

2\—1+1/X —14+1/A —141/X
[Ta—o)) 7 ~ [T (=00~ T (o)1,
j=1 j=1 j=r+1

T

1 1 0
/ dv1-~/ dvANH/ ddv;
-1 1 j=17—%°

A 0o
11 / dow;. (2.323)
0

j=r+1

We change the variables as

. lelévﬁ ] S [1,7’],

Then we obtain the contribution to (2.319) from the rth sector.
The asymptotic form

11 A 1\
H(x,t):A<X%+X§> > A, (XLXR) cos [2mdrz]  (2.325)

r=1

of the density correlation function is obtained in a similar way. Here A and
A, are constants. The main contributions come from low-energy excited
states, which are classified into A + 1 sectors. In the rth sector, the quasi-
particle has w ~ 1, and the distribution of {v;} is given by (2.320). In terms
of 0w = w — 1 and dv; in (2.321), we obtain

T A
—wt + Qu ~ 2mdAz + wd | AXrdw + XY ov; — X Y v
j=1 j=r+1

r A
wt + Qu ~ 2rda + md | AXLow + Xg Y _dv; — X1, Y dvj |. (2.326)
j=1 j=r+1
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In the r(3 0)th sector, we rewrite each factor in (2.216) as

/ dw ~ / dow, (w? — DM~ (dw)r 1, (2.327)
1 0

A A A

[Twj+w) 2~ I] Gvj+ow)™ | D vj+iw]| ~1 (2328
Jj=1 j=r+1 j=1

Other factors are rewritten as (2.323). We rewrite
exp(—iwt) cos(Qz) = [exp(—iwt + iQx) + exp(—iwt — 1Qx)] /2,

and change the variables w — X 6w as in (2.324). Then the contribution
from the part containing exp(—iwt + iQx) in the rth sector is given in the
form

exp(i2mdAz)

constant X .
(XRXL)TQ/)\

(2.329)

On the other hand, the contribution from the part containing exp(—iwt —
iQz) in the rth sector has the form
exp(—i2md\x)

constant x .
(XRXL)’"Z//\

(2.330)

Here we have changed the variables as dw — X Lsw and

[ XRlev,  jelly],
5“J_>{XL15vj, jEr+1,A. (2.331)

The constant factors in (2.329) and (2.330) are common. Thus these two
terms give the summand for  # 0 in (2.325). The non-oscillating term on
the RHS of (2.325) can be obtained similarly. The only exception is that

2 2

A A
S vj+dw | o~ | o+ Adw (2.332)
j=1 j=1

causes a singular contribution to either 1/X2 or 1/X2. Hence we arrive at
(2.325).

2.8.2 Finite-size corrections

In the TLL, each eigenstate is specified by a set of quantum numbers
(AN,AD,N* /N7). The ground state is specified by (0,0,0,0). AN is the
difference in particle number between the ground state and excited states
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5 | 5
(1000 00eee0e®ee®0000
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(100000 e®é®®eeo0o0
@W0000eee¢e®e0e000
OFe XXX HoX X X X X X X JeRoRe

Fig. 2.27. Energy spectrum for fermions with N = 7. Dashed line and dotted lines
represent zero momentum and Fermi points, respectively. Solid circles represent
occupied one-particle states and open circles vacant one-particle states. (a) The
ground state (AN = 0,AD = 0,NT = 0,N~ = 0), (b) a current excited state
(AN =0,AD =1,Nt =0,N~ =0), and (c) a charge excitation (AN =1,AD =
1/2,N* = 0, N~ = 0). These three are primary states. (d) (AN = 0,AD = 0,
Nt =1,N" =0) and (e¢) (AN =0,AD =0,NT =0, N~ = 1) describe particle-
hole excitations or descendant states above the ground state.

and AD is the number of differences between right-moving particles and
left-moving particles For bosons, AD and AN satisfy

AD = integer AN = integer, (2.333)
while for fermions, we obtain
AD = AN/2 + integer. (2.334)

A non-negative integer Nt (N7) is the quantum number of right (left)-
moving particle-hole excitations which carry small energy and small
momentum. Some examples of excited states for fermions are given in Fig. 2.27.

The excitation energy and momentum of excited states are given by

2 AN)?
AE = uAN + %” ( 462) +¢3(AD)* + Nt + N~ (2.335)
and
2
Q =27dAD + == (ANAD+N* = N7). (2.336)

Here d = N/L and the parameter & is called dressed charge, which de-
scribes interaction effects between original particles. The spectrum (2.335)
and (2.336) of the TLL is shown in Fig. 2.28.
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AE

2rwvd e o o o o o o o o o|e o o o o o o o o o

vd + e o o o e o o o

—6rvd —4nvd -2mvd 0 27mvd 4rvd 67vd

Fig. 2.28. Energy spectrum of Tomonaga—Luttinger liquid described by (2.336)
and (2.335) for & = 1/v/2, N = 7, and AN = 0. The unit of the vertical scale
is 2rvN/L, and that of the horizontal scale is 2rN/L. Solid circles correspond to

primary states N* = N~ = 0 in conformal field theory. Dots represent descendant
states NT #£ 0 or N~ # 0.

Using an analogy to free fermions, the excitations with AD =1 have the
momentum 27d = 2kg and describe the transition from left pseudo-Fermi
point to the other pseudo-Fermi point. The spectrum (2.335) and (2.336) is

expressed as
AE = 2%” (A* 4+ A7)+ uAN, Q= 2% (A% — A7) +27dAD (2.337)

in terms of

AT = A*(AN,AD,N* ,N7) = 1 <AN

2 \ 26,
The quantities (2.338) are called conformal weights of the compactified
Gaussian model in CFT. The state (AN, AD,0,0) corresponds to the pri-
mary state and the states (AN, AD, Nt N~) with NT#0 or N~ #0 cor-
respond to the descendant states. We see in Fig. 2.28 that excited states
with common values of AN, AD form a tower structure, which is called a

conformal tower in CFT. R
The dynamical correlation function of a local operator O in the TLL is
expressed in the following form:

2
igCAD> +N*. (2.338)

Z A(AN,AD,N*",N™)exp [-ipANt + i2rdA Dx)

(0,100, 0) ~ 3
AN,AD,N+ ,N— (x — Ut)2A+ (z+ vt)2A

(2.339)
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Note that the asymptotic forms of (2.325) and (2.319) have the form
of (2.339).

The spectrum shown in Fig. 2.3 of the Sutherland model is similar to that
in the TLL shown in Fig. 2.28. Indeed, the Sutherland model is equivalent
to the TLL with v = 2rd\ and & = 1/A/2 as seen from its finite-size
energy spectrum. We take, for example, a right-moving quasi-particle state
discussed in Section 2.3.2. The excitation spectrum (2.94) is expressed as

om\ 2 AN 2
AE = (L> <m + 2) : (2.340)
27 AN 271',%1
Q=7 (m + 2) = mAd+ = (2.341)
in terms of an integer k1 (> A\/2). Comparing (2.341) with (2.337), we obtain
AN =1, AD:%, 51:%+N+—N_. (2.342)

The excitation energy (2.340) for k1 = O(1) becomes

AE = m\2d? + 2%” (; + Nt — N‘) +O(L7?), (2.343)

with v = 2w Ad. In order for (2.343) to coincide with (2.337), we need & =
A2,

In the case where O(x,0) = j(z,0), excited states contribute to I(z, )
only if AN = 0. Then AD is an integer regardless of bosons or fermions from

the selection rules (2.333) and (2.334). Owing to the inversion symmetry
II(z,t) = II(—=x,t), we have the relation

A(0,AD,NT,N7) = A(0,-AD,N~,N*).
Thus we obtain [74]

Z A(0,AD,N*,N7)cos[2rdADx]

H(l‘, t) ~ (:L’ — vt)(AD)2/)\+2N+ (37 + Ut)(AD)z//\—i-QN*

AD,N+ N-
_ A(0,0,1,0)  A(0,0,0,1) = A(0,1,0,0) cos [2mdzx]
(x — vt)? (z+ov0)2 " (z— o)A@ +ot) /A
(2.344)

where the sums are taken over integers. Comparing (2.325) with (2.344), we
see that AD corresponds to the number r of quasi-holes with rapidity v; close
to unity. Further we see that the oscillating terms in (2.325) come from the
primary states. The non-oscillating terms come from the descendant states
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whose primary state is the ground state. Although the TLL has an infinite
number of primary states, only the states with AD € [0, A] contribute to
(2.325). This selection rule is specific to the Sutherland model with integer A.

Next we consider the asymptotic form of the hole propagator. The field
operator 1[1(0, 0) annihilates a particle, and hence AN = —1 for states rele-
vant to the hole propagator. We obtain

A(-1,AD,N* N~ i2rdAD
G e t)~ > (-1, AD, N7, N7)exp [i2ndADa]
(.’E - Ut))\(ifAD/)\)2+2N+ (.’L’ + /Ut)/\(§+AD/)\)2+2N
(2.345)
For bosons, AD is an integer from the selection rule (2.333). We then obtain

G (z,t) = Gg(x,t)

AD,N+,N-

A(~1,0,0,0) A(~1,0,1,0)
(z —ot)™* (z+ o)Vt (@ — o)V (2 4 0t)NA
A(~1,0,0,1) A(~1,1,0,0) exp [i2ndz]

(x — vt))‘/4 (x+ vt))‘/4+2 (z — mg)k(%*l/)\)2 (z + mj)k(%ﬂ//\)2
A(—1,-1,0,0) exp [—i27dz]

2.34
(z— vt)’\(%ﬂ/)\)2 (z+ vlt)’\(%—l//\)2 ’ (2:346)

which is consistent with (2.319) for even A since AD = r —\/2 is an integer.
When particles are fermions, the selection rule (2.334) requires that AD
is a half odd integer. The hole propagator G~ (z,t) = G (x,t) then has the
form
A(-1,1/2,0,0) exp [irdz]
(J? - vt))\(lfl/)\)Q/4 (l‘ + Ut))\(1+1/)\)2/4
A(—1,3/2,0,0) exp [i37dz]
(.’E _ Ut))\(173/)\)2/4 (33 + Ut)/\(1+3/)\)2/4

G (x,t) =G (x,t) ~

Feeel o (2.347)

Note that there are no non-oscillating terms. This is consistent with (2.319)
for odd A. In the fermion models, AD corresponds to r — A/2 which is a half
odd integer. We thus confirm the consistency of the dynamical correlation
functions with the TLL.
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Multi-component Sutherland model

The Sutherland model has a number of variants. One of them is the U(K)
Sutherland model [71,85,86,132]. This model describes N particles moving
along a circle of perimeter L, and each particle possesses an internal degree
of freedom with K possible values. This corresponds to spin with K = 2,
and more generally a color. In the U(K) Sutherland model, all particles
obey common statistics: bosonic or fermionic. We can generalize the model
further. The U(Kp, KF) Sutherland model [177] consists of bosons having
Kp possible colors and fermions having Ky colors.

The multi-component Sutherland model has a degeneracy in energy levels
which is described in terms of a Yangian. The Yangian is an algebra related
to quantum groups [43,44]. The Yangian is nicely realized by variants of Jack
polynomials which are modified so as to conform to the internal symmetry.
Elementary excitations in the multi-component Sutherland model are de-
scribed in a few alternative ways: interacting bosonic or fermionic particles,
or non-interacting particles obeying generalized exclusion statistics. Further-
more, the lattice models such as the Haldane—Shastry models [77,161] and
1/r? supersymmetric ¢-J model [119] are obtained in the strong coupling
limit of U(2) and U(2,1) Sutherland models, respectively. The Sutherland
models in the continuum space are much more tractable mathematically
than the corresponding lattice models. Hence, the mapping to lattice mod-
els turns out to be useful to derive the explicit results on thermodynamics
and dynamics in lattice models.

In the present chapter, we extend our treatment for the single-component
Sutherland model in order to include the internal degrees of freedom. We
shall discuss the energy spectrum, thermodynamics, and dynamical correla-
tion functions. In the course of the discussion, we introduce non-symmetric
Jack polynomials, which turn out to be the most fundamental quantity in
the family of Jack polynomials.

98
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3.1 Triangular form of Hamiltonian

We consider N quantum particles with internal degrees of freedom in the
continuum one-dimensional space. The particles can either be fermions or
bosons, or even their mixtures. The Fock condition for the wave function is

given by
\I/(...,xi,O'i,...,:Bj,O'j,...)
[ =Y(...,zj,04,...,24,04...), (exchange of two fermions), (3.1)
I U G I R . S B (otherwise). ’

Here x; and o; are, respectively, spatial and spin coordinates of the ith
particle. When the ith particle has SU(K) internal degrees of freedom, o;
takes a value in [1, K]. If the ith particle is a fermion and the jth one is
a boson, the wave function is symmetric under their exchange according to
(3.1). Note that we can fix the mutual statistics between bosons and fermions
without loss of generality. In order to deal with the mixtures of fermions and
bosons, we use the graded permutation operator ]5” The grading means the
following:

By — {—Pij, (spin exchange of two fermions), (3.2)
P;j, (otherwise),
where P;; is the spin exchange operator:
PV(... 25,04, ...,25,05,...) =Y(...,x505,...,25,04...).
We now introduce the coordinate exchange operator Kj;:
K V(... ,xi,04,...,25,05,...) =V(...,x5,0,...,2,0j,...).
The Fock condition is then represented as
PyK;j=1 (3.3)

for any combination of fermions and bosons. Throughout this chapter, we
take the periodic boundary condition

\I/(...,xi—i-L,O'i,...):\I/(...,IIZZ‘,O'Z‘,...) (34)

regardless of (, A, IV, and the statistics of the original particles. The Suther-
land model for the multi-component system is written in two different but
equivalent forms in this Fock space. The first form is given by

() T w09

o 9.2 )
i=1 8.1‘2 1<i<j<N (7‘(’(%% - mj)/L)

N
82
Hp =




100 Multi-component Sutherland model

where ( = +1 is chosen according to the statistics of the original particles.
Under condition (3.1), the Hamiltonian (3.5) is equivalent to

N 92 2 A — CK;;
Hi =~ ; 87;312 2 (E) Z sin? [Er(xl - a:jg/L] (3.6)

1<i<j<N

With ¢ = 1in (3.6), the bosonic single-component model (2.1) is reproduced
since K;; = 1 in this case. With ¢ = —1, on the other hand, the fermionic
single-component model (2.1) with the same parameter X\ is reproduced.
Therefore, Jastrow-type wave functions U and ¥}, which have been defined
by (2.5) and (2.15), respectively, are the eigenfunction of (3.6) with eigen-
value Ey n (2.12).

Following Chapter 2, we seek eigenfunctions of (3.6) of the form

B (I)({J:i,di})\pB7 (C = 1)7
U({z;,0:}) = {(I)({l'uo'i})\ll%a (¢ =-1). (3.7)

We call U8 and W§ the absolute ground states, since they have the low-
est energy of (3.6) if no conditions are imposed for the symmetry of wave
functions and spins. The multiplying function ® describes not only the
excitations in the system, but is necessary to fulfill the Fock condition (3.1).
In some cases, the periodic boundary condition also needs ®. For example,
® in the U(K) fermionic Sutherland model should obey the conditions

<I>(...,xi,ai,...,xj,aj,...) = —C@(...,$j,0’j,...,£€i,(7i,...) (38)

and
‘I’( o, x;+ Lo, .. ) = CN_l(I)(. ey Ly O . ) (39)

in order that W satisfies the Fock condition (3.1) and the periodic boundary
condition (3.4). When we have ( = —1 and N even, ® should satisfy the
anti-periodic boundary condition since the absolute ground state \IJOF in this
case obeys the antiperiodic boundary condition.

Let us first assume ¢ = 1. Following an argument similar to that in Section
2.1.1, the eigenvalue problem for ® is derived. We note that the Hamiltonian
(3.6) is written as

T\ 2 A1 — K;j)
s <Z> 1<i<Zj<N sin® (7 (a; —x;) /L) (3.10)

The first term H on the RHS is the Hamiltonian for the single-component
model defined by (2.1). The second term on the RHS is rewritten as
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27/ L)?AH®) with

HO =2 Y TH 0Ky, (3.11)
1<i<j<N (2 ZJ)

in terms of z; = exp(2wix;/L). Then we obtain
Hp®UP = HOUP + (21/L)*AUEHP) @ (3.12)
The first term on the RHS has been written as

HoUb = uB [EO, N® + (21/L)? (H<1> + AH(2)> @} (3.13)

n (2.1). Here HM and H have been defined in (2.26). From (3.12) and
(3.13), the eigenvalue problem for ® is written as

Ho = [HO + AHE +HD)| 0 = g0, (3.14)

with
€= (L/(2m))*(E — Eo,n). (3.15)

For later convenience, we rewrite H as [22,99]

o \? B,
H:Z<zjaz> +)\(N—1)sz£+2>\27i;k, (3.16)
j J j 7 j<k

with

y 22k 0 0 1

. = - — ——— — ]_ - K . 3.17

L 2j — 2k [8,2]- Oz, 2zj — 2k ( i#) ( )
Here we have used the relation

N
0 Zi%; 0 0
2 (N -1 19 = - —=). 1
H ( ) im1 zi 8Zi + Zj: 2 — Zj 8ZZ‘ 8zj (3 8)

Since the Hamiltonian (3.16) does not contain spin variables, we neglect the
Fock condition for the moment, and look for a wave function of the form

®({zi,0i}) = ({zi})p({oi}). (3.19)

Eigenfunctions of (3.14) satisfying the Fock condition (3.1) can be recovered
by symmetrization or antisymmetrization of ®¢ in (3.19) with respect to
particle exchanges.

Since @ obeys the periodic boundary condition, we take plane waves as a
basis,

n =21 29" ... 23, (3.20)



102 Multi-component Sutherland model

| R I | ]
H ~ + + + o+

Fig. 3.1. Graphical representation of (3.23). The action of H' on ¢, generates ¢,
only if " is obtained by moving a square (squares) from a row j to another row k.
The dotted squares and shaded ones represent removed and added squares, respec-
tively.

where n = (91,72, ...,nn) is a set of integers. Note that we are dealing with
non-symmetric functions. If every 7; is non-negative, the set 7 is called a
composition. A partition, which we have used extensively in Chapter 2, is a
special case of a composition with the condition 7y > 1y > --- > nn.

The action of H on ¢, is given by

N

Hon =D [17 + AN = 1)) by + 20 Hipby. (3.21)

i=1 i<k

After some calculation, we obtain

H'kzm Z*
—np—1
—mz) A + Z = D2 2 <y,
Mk — m 1
- —W"”ZZk + Z (e —m — )ZUJHZZ'“ g n; +2 < ng,
—nkzmz,’zk, nj = Nk Mk + 1,
—UJZ;]]ZZka n; =nk — L.

(3.22)

Let us consider the case with N = 4 and n = (3,2, 2,0), for example. Writing
H' =37, Hy, we obtain

H p3220=—643220+ 202221 + d1222 + P3121 + P321.1, (3.23)

which is described graphically in Fig. 3.1.

The action of H' on ¢, generates ¢,y only if 7’ is obtained from 7 by
squeezing, as in the case (2.39) with K;; = 1. Then the operation of H (3.16)
on the basis (3.20) can be arranged in the form of a triangular matrix, which
displays eigenvalues as its diagonal elements. An example of the action of H
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for the three-particle system is given by

$2,0,0 4+4X  2X 2\ $2,0,0
H ¢1,1,0 = 0 2+ 4\ 0 ¢1’1,0 (3.24)
®1,0,1 0 0 244\ $1,01

using (3.21) and (3.22). Following the method in Section 2.5, we obtain
D2,0,0 = 92,00 T A(P1,1,0 + P1,01) 5

D110 = $1,1,0
D101 = P1,01

as eigenfunctions of H. The eigenvalues 4 4+ 4X,2 + 4\, 2 + 4\ are obtained
from (3.24). Generally, we define @, as the eigenfunction of H of the form

By =¢y+ Y aydy, (3.25)
o
where the summation is taken over 7’ generated by successive squeezing of 7.
The function (3.25) yields an eigenfunction of (3.6) through (3.19).
In order to describe the diagonal elements of the action of H;k in (3.22),
we introduce the following notation:

Ki=t{je{l...;i= 1}y =mi}, K =4{je{i+1,....N}n; >mni},
(3.26)
where #{-} represents a number of elements in the set {-}. For example, k]
and k! are given by

(k1, Ky, k5) = (0,1,2), (K, k5, k5) = (0,0,0), for n=(2,1,0)
and
( llvkévké) = (07072)7 ( Ill7kgvkg) = (17070)7 for n= (17270)'

The sum k] + k] represents the ranking of 7; when counted from the longest
row.
Let us now express the eigenvalue of (3.14) as

N N
E=>"m+AY (N —1—2k—2k)n,. (3.27)
=1 i=1

The energy (3.27) for another composition 7 is the same as that for 7,
provided 7 can be obtained by sorting 7. For example, we can easily confirm

that the sum
3

> (ki + kD m;

i=1
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takes the same value (= 1) for both n = (2,1,0) and (1,2,0). Let

nt =l mk) € £F
be a Galilean-shifted partition n” > n > ... > nj\}, which is the rearrange-
ment of 7. Then we obtain

N N
e=Y"(n) + 2D (N +1-2i)n. (3.28)
=1

i=1
This expression is the same as that for the single-component Sutherland
model (2.62). The argument from (3.16) to (3.28) is applicable when ¢ = 1.
When ¢ = —1, the argument is still applicable with the following modifica-
tions:

e We replace the absolute ground state ¥§ by W in (3.16). Then we obtain
the same H given by (3.16).
e When N is even, 7); should be taken to be a half odd integer.

From the result in the present subsection, we observe the following:
(i) There is a one-to-one correspondence between @, and ¢,,.
(ii) Both @, and ¢, are invariant under the action of K;;1 when n;, =
Mi41-
Owing to these properties, we can construct the eigenstates of the multi-
component Sutherland model from &, in a way similar to the construction

of eigenstates of multi-component free particles from ¢,. The procedure will
be shown in the next section.

3.2 Energy spectrum of multi-component fermionic model
3.2.1 Figenstates of identical particles

Now we consider the solution of (3.14) satisfying the Fock condition (3.1).
First we consider the case ( = 1, where ® satisfies the fermionic Fock con-
dition. We introduce a basis of the one-particle spin wave function

Vo(0) = 000, € [1,K]. (3.29)
A basis of the N-particle spin wave function is introduced as

va({0i}) = valo1,...,0N)

= Va1 (01)Vay (02) - - Vay (ON), (3.30)

with a € [1, K]V,
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Let us start from the case with A = 0, i.e., U(K) free fermions. The energy
eigenfunction is given by

Asym ¢, vq, (3.31)

where “Asym” represents the antisymmetrization with respect to particle
exchange. Namely, we define

Asym VU(zy,01,...,2N,0N)
= Z sen (D)W (2p(1)5 Op(1)s - - - s Zp(N)» Tp(N) ) (3.32)
PeSn

where sgn(p) denotes the sign of the permutation P in the symmetry group
Sn. In the U(K) free fermions, a momentum state accommodates at most
K particles. Hence & in (3.31) is restricted to the elements of L’} x» Which
is defined as 7

[,},K = {k = (K1, K2,...,6N) € LY|#{Kri | ki =Vs} <K} . (3.33)

In E} x> at most K elements can take a common value. For a given set of

momentum x € Cﬁ x» €ach spin configuration is specified by the element of
W.. defined as

W, = {a = (a1,...,an) € [l,K]N|ozi < ayy if Kk = I'QH_l}. (3.34)
For N =3 and k = (k1, ko, k3) satisfying k1 = ko > k3, W, is given by
(1,2,1), (1,2,2) (3.35)

for K =2 and

2,1
3,1), (1,3,2), (1,3,3), (3.36)
3,1

for K = 3, respectively.
For non-negative A (and ¢ = 1), the eigenfunction ® of (3.14) satisfying
(3.8) is then given by

Asym P v,, kK€ EEK and o € W,.. (3.37)

The corresponding eigenvalue &£ is given by

N N
E=> (k) + A (N +1-2i)r;, (3.38)
=1 =1
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with use of (3.28). Note that (3.38) has the same form as (2.63) for the
single-component model, and is rewritten as

N A N N
E=) (k) + o) SN ki — sl (3.39)
i=1

i=1 j=1

using (2.61). The energy spectrum of the U(K) model is, however, different
from that of the single-component model in the following sense. First, the set
of momenta k = (k1,k2,...,kn) in (3.38) and (3.39) is restricted to L},
while each eigenstate of the single-component model is specified uniquély
by k in E}. Second, for a given x € EX,’ x» various spin configurations are
allowed. The corresponding degeneracy is given by #W.

Each state specified by (k,a) € (LE,Kv W) is uniquely specified also by

the momentum distribution function of particles with spin o(=1,..., K):
N
ve(k) = 80, 04)8(k,m), (3.40)
i=1
which is either 1 or 0. We can rewrite (3.28) as
&= i K2 (k) + A i i |k — &' lv(k)v(K) (3.41)
K=—00 2 K=—00 K/'=—00 ’
in terms of the component sum
K
(k) = vo(k). (3.42)
o=1

Namely, the eigenenergy depends on v,(x) only through v(k). Thus the
eigenenergy (3.41) of the U(K) fermionic Sutherland model has the same
form as (2.125) for the single-component bosonic Sutherland model. In
the present fermionic model, however, v(k) takes an integer value among
0,1,2,..., K, while in the single-component bosonic Sutherland model, v(k)
takes arbitrary non-negative integer values.

It is often useful to specify each eigenfunction of the U(K) fermionic
Sutherland model with the number N, of particles with spin o fixed. We
define a subset ,C]J\? of E} as

Ly ={k=(k1,...,6Nn) € LN|K1 > K2 > > KN} (3.43)

Each eigenfunction of the U(K') fermionic Sutherland model is specified by
the set of momenta of particles with spin (color) o

KO = (w7, k) € LE. (3.44)



3.2 Energy spectrum of multi-component fermionic model 107

The wave function of the state is given by

Asym D,,v,, (3.45)
with
k= kW, kE)
1 H (2 2 K K
= (ng ),...,K,Evl),lig),...7I{,§V;,...,I€g ),...,ﬁgvK))
€Ly ®- LY, (3.46)
N1 N2 NK
—— —
a=(1,...,1,2,...,2,.. ., K,...,K). (3.47)

In summary, the eigenstates of the U(K') fermionic Sutherland model with
¢ =1 are specified in the following three equivalent ways:

(i) (k,a), KE€ E;{I’K, a € Wy
(i) {vs(k)}, K€EZ, o€[l,K], v,(k)=0,1;
(iii) (N1, Na,..., Nk, k), K€LY @ QL.

Each description of an eigenstate has advantages: (i) it is useful for calcu-
lation of eigenenergy, and hence for discussion of the spectrum of elemen-
tary excitations in Section 3.4. We use (i) to construct an orthogonal set of
eigenstates (Yangian Gelfand—Zetlin basis) in Chapter 8. On the other hand,
(ii) it is useful to discuss thermodynamic properties at finite temperatures
as shown in Section 3.5. Finally, (iii) it is useful to derive the wave function
of the ground state, and is related to the U(2) Jack polynomial, which will
appear in Section 3.6.2. We use (iii) to calculate the dynamical correlation
functions presented in Section 3.7.

3.2.2 Wave function of ground state

Let us construct the wave function of the ground state. Under the condition
Z Vy(K) = Ny (3.48)
K

with odd integers N, we take the eigenstate corresponding to
Vo () = (N /2 — |1, (3.49)

where (k) is the step function

1, Kk >0,
br) = {0 K < 0.
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It is obvious that (3.49) yields the minimum for both the first and second
terms in (3.41). Thus, (3.49) describes the ground state of the U(K) Suther-
land model as well as the U(K) free fermion under a given set of {NN,}. The
wave function of the state (3.49) is given by (3.45), with

Ny—1 Ny—3  —N,+3 —N, +1
ﬁ(a>:< Skl NN ;*, ‘;* )e[,;j (3.50)

and « given by (3.47). We consider the wave function of the ground state.
As an example, we take a simple case K = 2, N = 6, N1 = Ny = 3. By
squeezing £ = (k) k®) = (1,0,—1,1,0, —1), the following are generated:
77/: (0505071707_]—)7 (1707070707_1)7
(0,0,-1,1,0,0), (1,0,—1,0,0,0).

The second squeezing generates 1’ = (0,0,0,0,0). Therefore, the function
®,. is in the form

@,{ = ¢l€ + Z an/d)n/ + a??”¢?7”' (351)
n/

We then multiply @, by the spin function
vo(01,09,08,04,05,06), a=(1,1,1,2,2,2)
and antisymmetrize the resultant wave function. We then see
Asym ¢,yvo =0, Asym ¢prvg =0, (3.52)

because 1’ and 7" involve the same momentum in the same spin. Hence we
obtain

Asym @,v, = Asym ¢xv,. (3.53)

Namely, in the antisymmetrization of @,v,, all terms but ¢, vanish.
The property illustrated above holds for a general case of N, = N (o). We
define the sets

Il = [1,2,...,N(0’1)],
12:[N(O’l)—|-1,N(O’1)+2,...,N(O’1)+N(O’2)],...,

K-1
Ig=|> N(o)+1,....,N|. (3.54)

We write @, as the sum of the ¢, and the squeezed terms ¢,,. The latter al-

/
i
)

ways contains a factor z z;?j with n} = n; for i,j € I,. Then all ¢,/ vanish by
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antisymmetrization of spatial coordinates within each spin species o. After
antisymmetrization within each species, the wave function ¢,v, becomes

K
M= 11 -2, (3.55)

o=1i€l, (i<j)els
which is equivalently written as
vop= ] 2™ I @) (356)
1<i<N 1<i<j<N

This wave function is antisymmetric against particle exchange with the same
spin, and symmetric against exchange with different spins. Thus, we multiply
(3.56) by a spin function

w=P(V) doh) T] e | Jomtoi-op|. (357
1<i<N

where the first factor is the projection to a given spin polarization N,
given by

K N
P({Na} ’ {Jz}) = H J (Noa 26(0a Uz)) . (3'58)
o=1

i=1
Note that xo is antisymmetric for o; # o0;, and symmetric for o; = 0;. As a

result, we obtain the fermionic ground state [71,99]

Wy r = UG5 PorXo- (3.59)

3.2.3 FEigenstates with bosonic Fock condition

When ¢ = —1, the Fock condition (3.8) for ® is bosonic. In the present
case, the eigenstates are specified in a way similar to those of the U(K) free
bosons. Then ® obeys the periodic (antiperiodic) boundary condition when
N is odd (even).

When N is odd, each eigenstate of the U(K) fermionic Sutherland model
with ¢ = —1 can be specified by (k, @) with k € £}, and o € WE, where

W,]j = {a = (Oq, . ,OéN) S [1,K]N\ai < Q41 if R; = Iﬁi_:,_l} . (360)
For N = 3 and k = (k1, ko, k3) With k1 = kg > k3, WP is given by

(1,1,1),(1,1,2),(1,2,1),(1,2,2),(2,2,1),(2,2,2) (3.61)
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for K = 2 and
(1,1,1), (1,1,2), (1,1,3),
(1,2,1), (1,2,2), (1,2,3),
(1,3,1), (1,3,2), (1,3,3),
(2,2,1), (2,2,2), (2,2,3), (3.62)
(2,3.1), (2,3,2), (2,3,3),
(3,3,1), (3,3,2), (3.3,3)

for K = 3, respectively.
The wave function of a state specified by (x,a) € L3, ® W2 is given by

® = Sym (Px({zi})val{oi})), (3.63)

where “Sym” is the symmetrization operator defined by

Sym (I’(Zl,O'l, ce 92N, UN) = Z q)(zp(l),ap(l), ceey Zp(N)7Up(N))' (364)
PESN

The eigenenergy is given by (3.38) or (3.39). The degeneracy for a given s
is the number of elements in W2.

The eigenstates of the U(K') fermionic model with ( = —1 are specified in
another way. There is a one-to-one correspondence between (k,a) € E?{, ®
WEB and the momentum distribution {v,(x)} for x € Z, o € [1, K], and
ve(k) = 0,1,2... In terms of {v,(k)}, the eigenenergy of (3.63) for (3.6)
is given by the same expression as (3.41), but the momentum distribution
function v, (k) with species o can take arbitrary integer values.

With the number of particles N, fixed for o € [1, K], the eigenstates are
uniquely specified by

k= (kW,... k), ke ﬁ}a. (3.65)

The wave function of the eigenstate is given by

® = Sym (Px({zi})val{0i})), (3.66)
Ny No Ng
with « = (1,...,1,2,...,2,...,K,..., K). The ground state is specified by

k=1(0,...,0) € Z" or
Vs(k) = Ny0(k,0), o€ [l,K]. (3.67)

So far we have considered the case with N being odd. As a result of
the antiperiodic boundary condition on ®, the eigenstates for even N are
described in the following three ways:
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(i) The wave function is given by (3.63) and the eigenvalue & for (3.6) is
given by (3.38). Here k +1/2 = (k1 +1/2,...,kn + 1/2) belongs to
E} and a € W,.
(ii) Each eigenstate is specified by {v,(k)} with k € 1/24+Z, 0 € [1, K]
and v,(k) = 0,1,2,... The eigenenergy for H (3.6) is given by
[e.e]

&= Z I€2I/(I€)+% Z Z |k — K |v(k)v(K).

K=—00 K=—00 g/'=—00

Here k is a half-odd integer.
(iii) The wave function is given by (3.66) with k+1/2 € [Z]J(,l ®® E;(,K.

In the ground state, all particles have momentum either 1/2 or —1/2.

3.3 Energy spectrum with most general internal symmetry

In the case where particles are U(K) bosonic models, the eigenstates can
be discussed in a way similar to that in Section 3.2. In the present section,
therefore, we consider the most general U(Kp, K¥) model.

First we consider the model with ( = 1, where the absolute ground state
is \IIOB and ® obeys the Fock condition

(I)( sy Ljy Ogy - - .,a:j,aj,...)
[ =®(...,xj,04,...,24,04,...), (exchange of two fermions), (3.68)
B K G 2 ST P I (otherwise) '

and the periodic boundary condition. The energy eigenstate of U(Kp,KF)
is specified uniquely by

{VB(r)}, for k€ Z, o€[l,Kp], v2(k)=0,1,2,... (3.69)
and

{VE(r)}, for k €Z, o€ [l,Kg|, vi(k)=0,1. (3.70)

o

The eigenvalue for (3.6) is given by (3.41) but v(x) should read

Kg Kp
() =Y vl(k)+ > vE (k). (3.71)
o=1 o=1

Alternatively, we can specify the energy eigenstate of the U(Kp,Ky) model
by the set of momenta for each species

K= (H(B’l), .. 7/~§(B’KB), H(F’l), R K}(F’KF))
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with

(B o) c £+

NB.o) H(F’J) c Lt>

N(F.0)" (3.72)
Here N(X,0) = NX for X = B, F.

In order to construct the wave function that is symmetric with respect
to exchange between bosons and fermions, we introduce a one-particle wave

function for an internal symmetry as
[ 1, (r=0), [0, (1=0),
= (Zh wo={1 20 (373
where 7 = 0 corresponds to a boson and 7 = 1 to a fermion. A basis of
N-particle wave functions with internal symmetry is introduced as
wg({m}) = wg(m1,...,7n)
= wg, (T1)wp,(12) - - - way (Tv) (3.74)
with 8 € {B,F}®V.
The wave function satisfying the condition (3.68) is derived in two steps.

First we construct the wave function ® symmetric with respect to the ex-
change of two bosons and antisymmetric with respect to two fermions:

B({)) = SympAsymp &({z1))ve({01) (3.75)
with
o= (1N(B,1)’2N(B,2) .

LA

K]]_D,V(B’KB); 1N(F,1)7 . e ’KéV(F’KF)) (376)

N(B,1)

Here we have used the notation v; = (z;, 0;), and 1N®B.D stands for 1,..., 1,

for example. In (3.75), Symp denotes the symmetrization operator with

respect to the variables ; for i € [1, Ng|, and Asymp donotes the antisym-

metrization operator with respect to the variables v; for i € [Ng + 1, N].
Let I be the subset of [1, N] defined as

I={3(1),i(2),...,i(Ng)) € ZVB|1 < i(1) < i(2)--- <i(Ng) < N} (3.77)
and J be the complementary set of I in [1,N] (i.e., J =[1,N]\ I):
J={((1),3(2),---,i(Np) € Z¥[1 < j(1) < j(2) - < j(Np) <N} (3.78)

We define the wave function ®({v;,7;}) as

o ({vi,mi}) = Z‘I’ Yi(1 '-'a%(NB)a'Yj(l)a---a'Yj(NF))

X wg (Ti(l)a <o Ti(Ng)» Tj(1)s - - - 7Ti(NF)) (3.79)
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with
Ng N
—~ —
3=@B--BF - F) (3.80)

This function has the required property
q)(...,’yi,o,...,’yj,l,...) = (I)(...,’yj,l,...,’yi,o,...) (381)

with respect to exchange (v;,7; = 0) < (v;,77 = 1). When N} is odd for
o € [1, K], the ground state under a given set of ({NB},{NF}) is non-
degenerate, and is given by

[

vB(k) = N26(k,0), vE(k)=0(NE/2 - |k|). (3.82)

The ground state is also specified by

N(B,0)
PRV
k(Bo) — 0,...,0), foroe[l,Kg] (3.83)
and
NF_1 NF_ —NJ+3 —N; +1
o) = (No =1 No =3 =Ny +3 —Ny + (3.84)
2 2 2 2

for o € [1, K¥]. It is convenient to use ® given by (3.75) instead of (3.79)
to express the wave function of the ground state. We change the complex
spatial coordinates as

&=z, 1€ [1,NB], Wi = Zi+Ng, S [1,NF], (385)

and write the absolute ground state as

Np Np
W= [ 1E-& T[] lwi—wl[]]]1&—wsl*- (3.86)
1<j<k<Np 1<j<k<Np j=lk=1
The corresponding ground state is obtained as
Vg pir = VG0 = U5 (&, w)Por(w)xo(a™) PN}, {o7}). (3.87)

The eigenstate and eigenenergy of the U(Kp, Kr) Sutherland model with
¢ = —1 can be derived similarly. In the model with ( = —1, the absolute
ground state is antisymmetric with respect to particle exchange and, as a
result, the spectrum of the U(Kp, Ky) model with ( = —1 is similar to that
of the U(Ky, Kg) model with ¢ = 1.
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3.4 Elementary excitations
3.4.1 Quasi-particles

We consider the U(2) Sutherland model with fermions for even X and ( =1,
or bosons for odd A and ( = —1. The boundary condition on W is taken to
be periodic. We take N/2 = M to be odd (even) for even (odd) A, so that
the ground state is non-degenerate. The set of momenta in the N-particle
ground state is described by

M+1
2

The distribution of k; is the same as that in the ground state of the free
fermions with spin 1/2.

A quasi-particle state is constructed by adding a particle outside the Fermi
sea with the Fermi momenta fixed. The right-moving quasi-particle state has

K2i—1,0 = K2i,0 = i, i€ [1,M]. (3.88)

rapidities (&1,...,Rn+1) satisfying
Rit1 = Ro4, 1€ [1,N], (3.89)
where the rapidities are related to momenta through
Ri0 = Ki0 + %(N +1-2i), i€][l,N], (3.90)
/%i:/fi—i—%(N—i-Q—Qé), i€[l,N+1]. (3.91)

The excitation energy AE = E[x] — E; v = (L/27)?€ and the momentum
Q = (L/2m)Q of the quasi-particle state are given by

N+1 N
=) K- (Rio)=F, Q=r (3.92)
i=1 i—1

with

- 1 A

R1>=-(M—-14)X)+=N.

2 2
We demonstrate that the statistical interaction between quasi-particles
depends on spin. Let us consider (N + 2)-particle states with momenta sat-
isfying
Ri-ﬁ-? = ROJ’; (XS []-7N]7

which are identified with two (right-moving) quasi-particle states. When the
particle with ; (¢ = 1 or 2) has the spin o;, we obtain

K1 2> Ko + (5(0’1,0'2).
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From this inequality, the relation
R1 > FRa+ A+ 6(01,02) (3.93)
follows. The statistical interaction g5, », between quasi-particles is then
given by
951,00 = A+ 6(01,02). (3.94)

We interpret the second term as the extra exclusion originating from the
fermionic Pauli principle.

3.4.2 Quasi-holes

A quasi-hole state is obtained by removing one particle while keeping the
Fermi surface fixed. We shall show in this subsection that the statistical
interaction between quasi-holes is given by

A
142X\

oo = 0(0,0") = (3.95)

The result can be written in the matrix form
mo

(9 9 _ 1 A+1 =X _ 1 396
e (4 ) (5 ) e
where g, is the matrix form of (3.94). Hence, the duality relation g, = g, Lis
naturally generalized to the U(2) case. Note that the single-component case
has been discussed in Section 2.4.3. In the following we shall derive (3.95).
Let us consider redistribution of rapidities after the removal of a particle

at Ro,; with ¢ ~ O(N/2) from the N-particle ground state. The rapidity &;
for j ~ 1 or j ~ O(N) has the following asymptotics:

R1=F10, FR2=FR20,...,AN-2=FKN-10, KN-1=FKNp- (3.97)

Using the relation &; = k; + A\(N/2 — i) and (3.88), we rewrite (3.97) as

K1 = K10+ Ko = K20 +

57.-.7
A A

KN—-2 = KN-1,0 — 57 KN—-1 = KN,0 — 5 (398)

57

Namely, the momentum «; is shifted by A/2 if k; is much larger than the
removed momentum, while it is shifted by —\/2 if much smaller.
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M+
Fig. 3.2. An example of the set of momenta satisfying (3.98) for M = N/2 = 6,
A =1, and ( = —1 under the periodic boundary condition. The number of vacancies

is 2A + 1(=3 in the present example).

We shall show that (N — 1)-particle states satisfying (3.98) are character-
ized by 2A+1 quasi-holes. An example of the states (3.98) for N = 12, A =1,
and ¢ = —1 is shown in Fig. 3.2. The solid circles in the upper (lower) row
represent the momenta occupied by particles with spin up (down). The open
circles represent unoccupied momenta. The state given by (3.98) is obtained
by making 2\ + 1 vacancies in the one-particle states with momentum in the
range [—(M — 1+ X\)/2,(M — 1+ \)/2] with M = N/2.

It is convenient to study the quasi-hole states in terms of Young diagrams.
Let us introduce the partition u € Aj(,_l defined by the Galilean shift

1
,LLi:Iii+§(M+)\+1). (3.99)

Then the Young diagram D(u) for p, which is related to (3.98) through
(3.99), is constructed in the following way.

;r( M+2) that corresponds to

the singlet ground state of N + 2\ fermions. Namely, we have here

(i) Prepare a Young diagram D(y) of v € A

Yoici =Y =M+ AN+1—4, 1€[l,M+\]. (3.100)
(ii) Select a set of rows r(1),7(2),...,7(2A 4+ 1) such that
1<r(l)<r2)<---<rA+1) <2(M+\). (3.101)
(iii) Assign the momentum (; and spin o; to the jth quasi-hole so that
G =) forje[L,1+2)], a;=|(1)

when 7(j) is odd (even).

(iv) Remove the 2\ + 1 rows corresponding to ¢; from D(7).

(v) Push the remaining rows upward so that all vacant rows are elimi-
nated except for the lowest one. As a result, a new Young diagram
D(p) with N — 1 rows appears.
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1
1
2
1
2
1
2
31
- | 2|
L L1]
(a) (b)

Fig. 3.3. Hlustration of how to construct the Young diagram D(u) of shifted
momenta p from D(y) for M = 6 and A = 1. (a) Young diagram D(y) for =
n (3.100). Unshaded squares represent the rows to be removed. Here ({1, (2,(3) =
(6,4,1) and (01,02,03) = ({,1,1). (b) Young diagram D(u) as shown by shaded
squares. Inscribed squares belonging to D(v) \ D(u) are also shown.

Figure 3.3 shows an example of D(u) and D(). Then the quasi-hole state,
or equivalently p, is parameterized by

(C17C27"'7C2)\+1) € Z2/\+1? (0-170—27"'10—2/\-&-1)7
where Z~q is the set of positive integers. The relation
G 2 Gj+1+6(0j,0541) (3.102)
is related to the exclusion between quasi-holes, as shown below.
The energy E[x] = (27/L)?E[k] of the (N — 1)-particle state is
given by
N-1
= > [k + AN = 20) 5] + Eo -1, (3.103)
=1

where & y_1 = A2N (N — 1)(N —2)/12 is given from & y = (L/(2m))*Eo N
defined by (2.12) with replacement of N by N — 1. We want to rewrite E[x]
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in terms of quasi-holes. For this purpose, we first represent the energy in
terms of arm and leg colengths of D(u). Namely, we use the relation

N-1 N-1
2 3 ds) =D (w—m) D, V)= ((—Dm.  (3.104)
seD(u) i=1 s€D(u) i=1
Then (3.103) is rewritten as
=2 > [a ()] + [(N = 3)x = M] |ul (3.105)
seD(u)
+1(M+/\+1)2(N—1)+80,N_1. (3.106)

In order to keep track of the quasi-hole momenta ¢, with r € [1,2A+1], we
inscribe r in such squares s that they fulfill the condition s = (v; — 7 +1, )
for j € [1,¢], as shown in Fig. 3.3. We denote by Z(r) the set of squares
inscribed by r. The first term on the RHS of (3.105) is then rewritten as

22+1
ST [d )= N(s)] = D [d(s)=MN(s)] = D D [al(s) - M(s)] .
SED(p) s€D(v) r=1 seZ(r)
(3.107)
The first term on the RHS is calculated as
> [d(s) = A'(s)]
s€D(7)
M-+ 2M+2X
Z (=1 = A Z i— 1)y,
7j=1
M-+ M+X M+A
=D Gy = A D @i— e+ D> (20— 22
j=1 i=1 i=1
M+
=) (2j—2-4N+3N)M + A+ 1)
j=1
é(M+)\)(M+/\+1)(2—3)\+4/\2—2M+4M)\), (3.108)
where
Vi =2(M+X+1-) (3.109)

denotes the length of the jth column in D(v) with j € [1, M + )]. Each
summand with respect to r in the second term on the RHS of (3.107) is
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rewritten as

G G
; [/ (s) — N'(s)] 1) Z:: j—1) = A5 -7)].  (3.110)
Substituting (3.109) into (3.110), it follows that
&
2 ) [d(s) = M(s)] =D [(1+20)j + A(r — 2M — 23 — 2) — 1]
s€Z(r) j=1
=(1 4202 — [1 + 22 2M +2X + 1 —7)] ¢ (3.111)

The term ((N — 3)A — M)|u| in (3.105) is also written as the sum of (.-
dependent terms and a constant:

2241
(N =3)A = M]|p| = (N = 3)A = M) (!7\ Z Q«)

2241

=[(N=3)A = M] |[(M+A\)(M+A+1) = > gr] .

) (3.112)
We then obtain £[x] in the form
& AN+1—7)
_ 2

5[’€] - _(1 + 2)‘) szl |:Cr - <(M +A+ 1) + 1+2)\> Cr:| + gconst-

(3.113)

The constant term on the RHS is the sum of constants obtained so far, which
is given by

const—2 Z )]+80N 1+<M+)‘+ )(N_1>/4
seD(7)
+ (N =3)A=M](M+X)(M+Xx+1). (3.114)

The excitation energy A& is the difference between £[k] and the ground-
state energy & Ny = (L/(2m))2Eg . The latter in the U(2) system is given
by

N . 2
AMN +1-2¢
eg,N:z@,oH))

; 2
=1

1 1
=1+ 222 (M? - 1)M + §A2M, (3.115)
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which can be obtained from (3.88). By a straightforward calculation, the
excitation energy of the quasi-hole state is calculated as

22+1 ~ 1
AE=—(1+2)) > G+ A+ 1), (3.116)

r=1

where we have introduced the notation

ETZCT_%(M—F)\—Fl)— ()\—l—l—r). (3117)

142X\
From this expression, we interpret Q:T as the rapidity of a quasi-hole. The
negative curvature of the spectrum in (3.116) is a hallmark of hole-like exci-
tations. By comparing with (2.90), the prefactor —(1+2\) in (3.116) shows
that a quasi-hole has the charge —1/(1+2\) compared with the unit charge
of the original particles. From (3.102) and (3.117), the inequality

A
1+2)

é:r > 67‘-&-1 + 6(UT5 Ur+l) - (3.118)

follows. Hence we obtain (3.95).

3.5 Thermodynamics
The thermodynamics of multi-component Sutherland models can be for-
mulated in a way parallel to that of the single-component model. The
multi-component Sutherland model describes free particles obeying multi-
component exclusion statistics. In this section we assume ( = 1, but the
model with ( = —1 can be discussed in a similar way.

3.5.1 Multi-component bosons and fermions

Here we derive thermodynamics for the most general case: the U(Kp, Kr)
model [163]. First we start with the energy functional (3.41). For the U(Kg,
Kr) model, the distribution function should read

Kgp Kpg
v(r) =Y g (8)+ Y vy (),
o=1 o=1

where v2(k) = 0,1,2,... and vY (k) = 0,1. Then the thermodynamic

potential is given by

KB KF
Q:E—TS—LZMEVE’(KJ) —Lz,ugug(ﬁ). (3.119)
o=1

o=1
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Here 42 and ¥ are chemical potentials of bosons or fermions with species .
In the thermodynamic limit, it is convenient to use the momentum
k = 27k/L and then we write VE(F)(H) — Vg (F)(k). We obtain from (3.119)
the following:

Qv (k)]/L

[ee] o0 K, a
B - =1
, , , 2)\2d3
+/ dk/ Akl = v (R)v (k) + —5—

_ 577 Z /Oo dk [(v2 (k) + 1) In (v (k) + 1) — v2 (k) Inv2 (k)]
o=1Y ">

T &8 oo
WZ/_ dk [(1 —vi (k) In (1 — vg (k) + ve (k) Invg (k)] (3.120)

which should be minimized with respect to variations of v2(k) and v (k).
The solution of the stationary conditions

o 0 O 0
ovp(k) 7 ovg(k)
is given by
-1
vy (k) = {exp [(e(k) — py) /T] -1}, (3.121)
-1
vp (k) = {exp [(e(k) — pgy) /T] + 1}, (3.122)
where €(k) is self-consistently determined by
e(k) = k* + A/ dK' |k — K'|v(K') + 72 \2d>. (3.123)

For a given set of k, T, {u2} , {u'}, we determine v} (k) and v2 (k) by insert-
ing €(k) into (3.121) and (3.122). In Chapter 2, we have already discussed
e(k) in (2.135).

Let us introduce the rapidity

1 Oe(k) B A, , ,
=5 ok —k+2/oodksgn(k K v(k'). (3.124)
Further differentiation of (3.124) with k gives
Op(k)

o = LT w(k). (3.125)
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By multiplying both sides of (3.125) by v(k) and integrating them over k,
we obtain

Kp Kg
PP=e—TAn> (1+vF)+TAY In(1-vf) + e, (3.126)
o=1 o=1

where ¢ is a constant which should be determined.

In order to determine cp, we consider the limit & — oo of (3.123) and
(3.126). Using the fact that v(k) is an even function of k, we rewrite (3.123)
for k> 0 as

k o)
e(k) = K2+ \k / dE'v(K') 4+ 2) / dE'E'v(k') + 72 X\2d2. (3.127)
—k k

In the limit & — oo, the third term on the RHS of (3.127) vanishes and we
obtain the asymptotic form
e(k) ~ k> + \k / dkv(k) +m2X2d? = (k + nAd)%. (3.128)

S —
2rd

In the limit & — oo, (3.126) becomes

—00

k 0
p=Fk+ ;\/ dk'v (k') —;\/ dk'v(K') ~ k + mAd. (3.129)
k

~~

—2md —0

From these results and v(o0) = 0, we obtain ¢y = 0.
We introduce the distribution function p2(p), pt(p) as

VB l/F
po(p) = H"A(i()k) ph(p) = H"A(f()k) (3.130)

so that the density of each species X = B, F is given by

aX = / TR X = / T, ) = / Y RRCRETY

oo 21 oo 217 oo 2m

The internal energy is rewritten in terms of p as

¥ Ky Ky
E/L= / %pQ (Z HOEDY p?(m) : (3.132)
- o=1 o=1

as a generalization of the single-component result given by (2.142).
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Each contribution to the entropy is given by

< dk
Sp =/_OO o [(1+v2)In (1 +v2) — vy Inv?] (3.133)
:/ gip}f [(1+wg) In (1 +wg) — wi Inw?] (3.134)
for bosons, and
SF:_/ %[(1_”5)111(1—V5)+V51n£] (3.135)
>* q
Ty ) uBf] G

for fermions. Here we have defined

we (p) = 1/v (k). wy(p) = 1/vg (k) - 1. (3.137)

If we set Ky = 1 and K = 0, the above results reduce to the thermodynam-
ics of free particles with statistical parameter g = X. If we set Ky = 0 and
Kr = 1, the above results reduce to the thermodynamics of free particles
with statistical parameter g = A + 1.

3.5.2 Explicit results for U(2) anyons

So far we have regarded the system as multi-component interacting bosons
and fermions. Instead, we can formulate the thermodynamics of those sys-
tems in terms of multi-component free particles obeying exclusion statis-
tics. We use the notation « as the index of species (B,o) or (F,o). From
(3.126) and (3.137), w, is given as the positive real solution of the following
equation:

wer O\ 9ea
exp [(p° — pa) /T] = (1 4 wa) H < = > , (3.138)

Wo + 1

a/

where the statistical parameter g,/ is given by

| baar + A, foraord €F,
Jala = { A, otherwise. (3.139)
The thermodynamic potential is expressed as
T [ 1
Q/L:_%/_Oodpzajln(uwa ). (3.140)

Thus the thermodynamics of the multi-component Sutherland model are
equivalent to those of free particles with the statistical parameter g,/. From
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(3.138), (3.139), and (3.140), we can calculate all the thermodynamic quan-
tities such as heat capacity and particle density for each species as the
derivatives of the thermodynamic potential.

We now consider the system of particles with SU(2) spin. The U(Ky = 2)
model with coupling parameter A\, and the U(Kp = 2) model with A+ 1 are
equivalent in thermodynamics. We can therefore take the original particles
as fermions without loss of generality. The chemical potential for particles
with spin ¢ = %1 is rewritten as

p=p—h, p=p+h

in terms of magnetic field A and chemical potential y. The thermodynamic
potential is given by

o0 dp B
Q:—T/_oo% ;lln(l—i—wal), (3.141)

where w, is the real solution of the following equations:

epo(p)/T = (p* —p—oh) /T
=In(1+wy) — Y g7 In(1+w,'), (3.142)

OJ

where gg’gl is the statistical interaction given by (3.94). Let us see the effect
of internal symmetry on thermodynamics. When h = 0, (3.142) reduces to
a single equation
2

p)\TM _ 1_;2)\11&(1—1—10)— 14+ A
for w = wy = w,. This equation describes free particles with statistical
parameter 2 + 1/\ and energy (p?> — u)/A. Thus, provided that the mag-
netic field is much weaker than the temperature 7', the thermodynamic
properties are described in terms of an approximate single-component pic-
ture. Figure 3.4 shows the rapidity distribution of p;(p) = p|(p) of the U(2)
fermionic model with A = 1 without a magnetic field (h = 0) for various 7.
We see that p;, p| are bounded by 1/(1 +2X) =1/3.

Next we consider the case h > T. For that case, Fig. 3.5 shows the
profile of p1(p) and p|(p). We see that there are two pseudo-Fermi momenta
py = /7 and p; = /py. The presence of one component renormalizes
the statistics of the other component of particles. The distribution function
p)(p) for the minor component looks similar to Fig. 3.4. This means that

In(1+w™), (3.143)

the distribution can be approximated by a single-component particle obeying
exclusion statistics. The distribution p;(p) of the major component behaves
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pPr=py

05t

04 ¢

03¢

0.2 ¢

0.1 ¢

0
Fig. 3.4. The distribution function p;(p) = p, (p) for the U(2) fermionic Sutherland

model with A = 1 in the absence of magnetic field. Each curve corresponds to
temperatures T/ = 0.01,0.02,...,0.1.

in an intriguing way. For energy lower than the chemical potential for the
minor component, pi(p) ~ 1/(1+ 2X) for sufficiently low temperatures. For
energy p] < € < i1, pr(p) ~ 1/(14X), the exclusion effect on p; in an energy
region becomes weak when the particles of the minor component are absent
in that energy region. For sufficiently low temperatures, the distributions
near p1 and p) do not affect each other. For those temperature regions, a
single-component free-particle description, which is different from (3.143),
gives a good approximation of the thermodynamics of the U(2) Sutherland
model [100].

In Section 2.4, we have seen that there is a duality between the particles
and the holes in the single-component anyons. In order to see the duality
in thermodynamics explicitly, we write (3.142) in the two-component vector
form and multiply

Mmool
N S N . A+l —A 3.144
gh_<g}ij gli> Sp 2)\+1< -A A+1 ) (3.144)

Then we obtain

eho (p)/T = 1In (1 + whe) — Z g7 I (1+w ), (3.145)



126 Multi-component Sutherland model

pL

0.5 ¢

04 ¢

- - 2
0 U 2u P

Fig. 3.5. The distribution functions p;(p) (upper panel) and p (p) (lower panel) for
the U(2) fermionic Sutherland model with A = 1 in the presence of a magnetic field

h/p = 0.2. The horizontal axis is €/u — 1. Each curve corresponds to temperature
T/u=0.01,0.02,...,0.1.

with
2
p—p -
“ong1 T h Whe = W,

€no (D) (3.146)

The above relation shows that the duality relation of exclusion statistics
leads to the duality of thermodynamics of the U(2) Sutherland model with
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Table 3.1. Elementary excitations of the U(2) Sutherland model with
o = 1. The quasi-particle is written as qp, and the quasi-hole as qh.

Species Charge Spin Energy Momentum  Statistics
qp 1 o P’ —p—oh p gp
qgh —1/@A+1) o (u—p)/C@r+1)+oh —p/(2A+1) gn

coupling parameter A and —A/(1+2)). Similar duality is available to multi-
component Sutherland models in general.

Now we consider excitations from the ground state in the unpolarized case
(h =0). At T = 0, the distributions of particles and holes are given by

po(p) = 1/(2/\ + 1)7 pf,(p)
pa(p) =0, 5 (p)

(3.147)

0, for |p|<pp=p'r?
1,  for |p| > pr.

The pseudo-Fermi momentum prg is given as
prp =7d(2A+1) /2,

by the condition

/OO dp > e (p) = % =d. (3.148)

o0 2T 27

For |p| > pr, excitations are particle-like; quasi-particles with energy e,
charge e, = +1, spin o, = o, and statistics g,. For |p| < pp, on the other
hand, excitations are hole-like; quasi-holes with energy ey, charge ey, =
—1/(2XA + 1), spin o = o, and statistics gn. The charge of quasi-holes is
renormalized to be fractional, while spin remains the same as that of quasi-
particles. Table 3.1 summarizes these results on the elementary excitations.

3.5.3 Generalization to U(K ) symmetry
We can straightforwardly generalize the results to the U(K) Sutherland
model. The thermodynamic potential of the U(K) model is given by

0o K

dp _
Q_—T/ %Zln(l—i—wal), (3.149)

- o=1
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where w, is the real solution of the following equations:

K
epo/T = (0° = o) /T =In(1+we) — > g57 m(1+w,'),  (3.150)
o'=1
foroc =1,2,..., K. Here u, represents the chemical potential of each species.
The statistical interaction is given by
937 =00 + A, (3.151)

which can be summarized by a K x K matrix: g, = (gg"/).
The quasi-hole spectrum is described as

p2
€ho = —m — Hho
K !
=Tl (1+w,") =T g07 In(1+we), (3.152)
o'=1
\ K
= — R e— ! -1

Hho MU+ KA+ 1 ,Zl,uav (3 53)
o'=

977 = b5r — M (KX + 1), (3.154)

where the statistical interaction for holes gf‘l"/ makes the K x K matrix
gh = 8p L If each species takes the same chemical potential y, = p, the
rapidity distribution functions at T' = 0 are given by

po(p) = 1/(KA+1), p5(p) =0,  for lpl <pp=(m"", 5 50
ps(p) =0, py(p) =1,  for [p| > pr,

where the pseudo-Fermi momentum is given by
pp=7d(KA+1) /K.

For |p| > pr, excitations are particle-like; quasi-particles with energy ey,
charge +1, spin (color) o, and statistics gp. For [p| < pp, on the other hand,
excitations are quasi-holes with energy ey,, charge —1/(K\ + 1), color o,
and statistics gp. Table 3.2 summarizes these elementary excitations.

Table 3.2. Elementary excitations of the U(K ) Sutherland model.

Species Charge Energy Statistics

qp 1 P* — o gp
¢h —1/(KX+1) p*/(KX+1) — e 8gh
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3.6 Eigenfunctions
3.6.1 Non-symmetric Jack polynomials

The non-symmetric eigenfunction @ (3.25) of H (3.14) is useful to derive the
ground-state wave function of the multi-component Sutherland model. The
wave functions @, and &,y are orthogonal with respect to the integral norm
(-,-)0, which has been defined in (2.189) for n™ # (n')*. These two wave
functions are, however, not necessarily orthogonal when 7 is a rearrangement
of n’. For example, we consider a composition

Zl P DY ...
n't = (0 10,1,0 0) (3.156)
— N—1

for i € [1, N]. Then @,i1 = 2; is obviously an eigenfunction of (3.16) because
there are no ways to squeeze 1. However, these functions are not orthogonal:

(zi,zj)0 # 0.

Non-orthogonality of @, is due to the degeneracy of eigenvalues; the eigen-
value of @, for (3.16) is the same as that of ®,, when 7’ is a rearrangement
of n. For derivation of dynamical correlation functions, orthogonality of the
basis is desirable. In the following, we discuss an orthogonal basis of non-
symmetric eigenfunctions of (3.16).

First we introduce an ordering of 1,7 € Z" satisfying n* = (7')* € L},
as 7’ < n when Zle n, < Zle n; for all k =1,..., N. An example is given
as

(0,1,2) < (0,2,1) < (1,0,2) < (1,2,0) < (2,0,1) < (2,1,0) (3.157)
for N = 3. We then consider the eigenfunction of (3.16) satisfying

Ey=3p+ > oDy (3.158)
' (<), (') t=n"*

(Ep, Eyy)o =0 when n #17'. (3.159)

These two conditions uniquely determine the orthogonal set {£,} resulting
from {®, }. We generalize the definition of the ordering < asv < nif v < gt
or if v = 5T and Zle v < Zle n; for all k = 1,..., N. An example is
given as

(1,1,1) < (0,2,1) < (1,2,0) < (0,3,0) (3.160)

for N = 3.
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From the property (3.25) of @ and (3.158), the wave function E, can be
defined alternatively as the function satisfying

Ey=¢g+ Y oy (3.161)
)

n'(<n
(Ep,Ey)o =0 whenn#17'.

Note that the summation in (3.161) is not restricted to 7’ satisfying
()t = nT. When 7 is a composition, i.e., n; > 0 for i € [1, N], the wave
function E, coincides with the so-called non-symmetric Jack polynomial
[127, 147]. Even when 7 is not a composition, the wave function E, is writ-
ten as (z1--- zN)JEn/ with an integer J and a composition n’. We can thus
concentrate on £, with composition 1 without loss of generality.

To define the non-symmetric Jack polynomials, we introduce a set of
operators {dy,...,dy} satisfying

(i) mutual commutativity [d;, d;] = 0;
(ii) non-degeneracy of the set of the spectrum of {dl, e ,JN};
(iii) self-adjointness with respect to (-, -)o;
(iv) commutativity [d;, H] = 0 with Hamiltonian (3.16);
(v) triangularity cflqbn = iy + Dy <y Cy Gy With 7; defined below.

The following set of operators satisfies the above conditions:

i—1

“ Z5 8 zZi
di =2~ 1 - Ky
) Aazi‘i‘j:l Zi_zj( Z])
N 5
+ I (1- Kyj) —i+1, (3.162)
R &y
Jj=i+1 J

for 1 < i < N. The action of d; on the constant gives —i + 1, which ranges
from 0 to —N + 1. These operators are called Cherednik—Dunkl operators
[38,45], and their properties will be discussed at length in Chapter 7. A more
compact expression is obtained in terms of the step function 6(i — j) =
[1+ sgn(i — j)]/2, together with a similarity transformation generated by
O =1Lz — z;|*. Namely, we obtain

0d;0~" = Yot > 10 —i) - 0;] Kij + N — 1, (3.163)
L)

where 6;; = z;/(2; — #;). The latter form will be used in Chapter 9.
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The property (i) guarantees the existence of simultaneous eigenfunctions
of {afl, .. ,CZN} and those eigenfunctions are uniquely determined owing
to (ii). Those eigenfunctions being polynomials are called non-symmetric
Jack polynomials. It follows from (iii) that non-symmetric Jack polynomials
are mutually orthogonal with respect to (-,)g. From (iv), non-symmetric
Jack polynomials are eigenfunctions of the Hamiltonian (3.16). From (v),
the non-symmetric Jack polynomials have the form of (3.161) up to overall
factor. Thus we can identify F), as non-symmetric Jack polynomials. The
property (iv) comes from the relation

N 2 . 2
. N-1 N-2i+1
H=2S <d,~+ > > ! 42+ ) (3.164)
i=1

The division of summation in (3.162) leads to the triangularity (v) of the
matrix representation of d;. We have already encountered such triangularity
for the three-particle Hamiltonian in (3.23). The eigenvalue of d; is given by

i = % — (K + ), (3.165)

where k] and £} have been defined in (3.26). From (3.164) and (3.165), we
can confirm that the eigenvalue &£[n] of E, for H coincides with (3.27).

The non-symmetric Jack polynomials E,(z1,...,2n), can be generated
successively from the initial condition

Ey.0=1.
We introduce the following generating operators [114]:

(i) The operator © is defined for any polynomial f(z1,...,2y) and any
composition 7 by
Of(z1,...,28) = 2nf(zN, 215 -y 2N-1), (3.166)
on=my,...,nn,m +1). (3.167)
Then we obtain
Fo, = OF,. (3.168)

(ii) Another generating operator is the coordinate exchange operator
K; = K; ;1. This operator acts on Ej, as

GE,+ (1 - &) Exuy, Mi > Mit1,
Kiliy = § B, Ni = Nit1, (3.169)
&Ey + Ery, ni < Mit1,
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where
& =1/ (0 — Mit1) - (3.170)

The details on generators will be given in Section 7.1.5. Let us derive some
simplest cases of £, explicitly in the following.

Examples:
(i) Using (3.168) for n =0---0, we obtain
Eo...01 — ZN- (3171)

(ii) Using (3.171) and (3.169) for n = 0---01, we obtain
A

FEy..o10 = 2n— —————2N. 172
0--010 = ZN 1+1+(N_1))\ZN (3.172)
(iii) Using (3.171) and successive use of (3.169), we obtain
A
Enil :Zi+m(2i+1+“'+ZN), (3173)

where 1! has been defined in (3.156).
(iv) With use of (3.173) for i = 1, i.e.,, n = (10---0), and (3.168), we
obtain

A N-1
EO...02 = ZJQV + mZN Z Zi.
=1

The non-symmetric Jack polynomials F, have non-negative integers for all
n; [127,147]. The symmetric Jack polynomials J,; are obtained from F, with
nT = k by symmetrization. For example, we can easily confirm that
Sym Ey..00 = mo + 1i_/\)\Tnn = Jo.

Further, the mathematical formulae given below can be derived with use
of the theory of non-symmetric Jack polynomials, as discussed fully in
Chapter 7. From the above examples, we see that £, contains the mono-
mial ¢, with a coefficient of unity. This property of the polynomial is called
“monic”. Further, the eigenvalue of E, for (3.16) is the same as that of &,,.
These two facts will be used to construct an orthogonal basis of eigenfunc-
tions of the multi-component Sutherland model.
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N 1]

Fig. 3.6. The diagram of (k',x!) = (5,4,2,1,6,3,2) for N = 7, N; = 4,
N, =3.

3.6.2 Jack polynomials with U(2) symmetry
Using E,), we reconstruct eigenfunctions of (3.16) related to the U(2) fermionic
Sutherland model with ¢ = 1 and the U(2) bosonic Sutherland model with
¢ = —1. Let N, be the number of particles having spin o(=T, |). As we have
seen in Section 3.2.1, each eigenfunction of the U(2) fermionic Sutherland
model is specified by (Nt, N|, k) with x = (k!,xl) € E}? ® Cj(,f As the
wave function of the state k = (k!, k'), we take
Ny N,
—N— —

® = Asym Ev,, a=(1,...,1,2,...,2) (3.174)

instead of (3.45). It is often useful to have the wave function with spin

configuration fixed. Let o be the spin configuration (1V1,2M1). The wave
function (3.174) reduces to

®({zi},{0i} = 00) = Asym;Asym| E, (3.175)

where we introduce Asym; as the antisymmetrization operator with respect
to the variables z; in [1, Ny], and Asym| to the variables z; in [Ny + 1, N].
Now we define A}> as

A+> = {ﬁ|f€ = (/ﬂ, .. .,HN) S ZZQ;/il > > KN > O}, (3176)

where Z> is the set of non-negative integers. Figure 3.6 shows a typical
example of a composition (x!,k!) € (A%:,A}f) When k € Aﬁf ® A}f

the RHS of (3.175) is proportional to the U(2) Jack polynomial J ) defined
by the following two conditions [18,46,105]:

(i) The polynomial J

(__ H Z nT nl nT nt (Z)7 (3'177)

o=T,1 (n7) =k

) for 1 = (k! k) € (AJJ\FI?,A}T) has the form
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with the normalization

as = 1.

(ii) Under the action of the transposition K;, the polynomial J (__)(z)
for k = (kl,Kk!) € (AE?,A}T) is transformed as

KiJm(z) = =I5 (), (3.178)
forie [, Ny —1]orie [Ny +1,N —1].

Every term on the RHS of (3.178) is an eigenfunction of (3.16) with common
eigenenergy. Hence the function J, (=) is also an eigenfunction of (3.16).
Owing to the partial antisymmetric property (ii), the function J,g__) is
related to an eigenfunction of the U(2) fermionic Sutherland model. Thus
we call it the U(2) Jack polynomial. We use JS ) to derive the exact

expression for the hole propagator of the U(2) Sutherland model [102,105].

Let us consider two simple cases: First, when x! = §(N;) =
(Ny —1,N; —2,...,1,0) and ! = §(N|) = (N, — 1, N, — 2,...,1,0), the

function .J (NS, becomes the product of the Vandermonde determinants
(2.188)

Jg(NTgﬁ(Nl) = A2ty 20 AN 41, 2N)- (3.179)

Second, we consider the case A = 0 where the function E, reduces to the

)

monomial ¢,. Then J ( | becomes a product of the free fermion functions

k1K
SRT(Zl, .- '7ZNT)S/~{T(ZNT+17 .. ‘7ZN)A(217 e ‘7ZNT)A(ZNT+17 .. '72N)7

where sizo is the Schur function. The latter has been defined in (2.173) for
a partition

R

7 =K% —§(Ny).

For two general compositions (x!, x!), (u!, ut) € (AE?, A]J(,f), the orthog-
onality

<J,£r_,;¢)a J,(f,;f)o OC O b, (b (3.180)

holds owing to the orthogonality of E,. The norm of the U(2) Jack polyno-
mial is given in (7.356) as a product of combinatorial quantities. Further-
more, the expansion formula (called the binomial formula) corresponding to
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(2.226) is given as

NT N
[Ta-z2" T @—z)"" Az, ..., 28) AN 415 -5 28)
i=1 i=N;+1

> bn;;} wa, (3.181)

nT€A+> Kl €A+>
Ny Ny

which will be derived in Section 7.4.6. The formula for the expansion co-
efficient b( 1 also has a product-type expression. The LHS of (3.181) ap-
pears as a result of annihilating a particle in the ground state of the U(2)
Sutherland model. Therefore, the function J ; (- f plays a central role in the
U(2) Sutherland model, as do the symmetric J ack polynomials in the single-
component model.

3.7 Dynamics of U(2) Sutherland model

The results on the thermodynamics suggest anyonic elementary excitations
in the multi-component Sutherland model. It is interesting to see how any-
onic elementary excitations obeying exclusion statistics are reflected in the
dynamics in the multi-component model. Exact results on the dynamics of
the multi-component Sutherland model are important also in the sense that
some of these results can be converted to dynamical correlation functions
of the SU(K) Haldane-Shastry model and the supersymmetric t—J model
with long-range interactions.

For the U(2) Sutherland model, the expression for the hole propagator was
conjectured in [102] relying on finite-size calculations. Uglov derived the ex-
act expression for dynamical density and spin density correlation functions
by developing a novel isomorphism between the Yangian Gelfand—Zetlin ba-
sis and a degenerate limit of Macdonald symmetric polynomials [189]. The
resultant expressions in the thermodynamic limit were naturally interpreted
in terms of anyonic elementary excitations [103]. The conjecture in [102] for
the hole propagator was proved to be exact in [105]. In [198,199], dynamical
density and color correlation functions of the Sutherland model with SU(K)
internal symmetry were derived exactly on the basis of the theory of [189].
Dynamical density correlation functions for the U(1,1) Sutherland model
[7,8,10,11] were obtained in the course of calculation of dynamical correla-
tion functions of the supersymmetric t—J model with long-range interactions.



136 Multi-component Sutherland model

a-h T

. < .
g-h 7 PRIPETEE ST
hl =
S

Fig. 3.7. Schematic description of minimum bubble for the U(2) Sutherland model
with A = 1.

3.7.1 Hole propagator <1ﬂ1(m,t)1/3l(0,0)>
For simplicity, we consider the fermionic U(2) model for ( = 1 and even A,
and the bosonic U(2) model for ( = —1 and odd A. The boundary condition
is taken to be periodic. We take N to be even, and assume N/2 = M to
be odd (even) for odd (even) A, so that the N-particle ground state is non-
degenerate. The hole propagator for the singlet ground state in the U(2)
Sutherland model is independent of the spin species, and is given by

(2, Nlﬂ(% £)1(0,0)lg, N)
(g, N|g, N)

G (x,t) =

-y {11, N = 1[3,(0,0)|g, N)? o~ (B[]~ Bo)t+i(Pu—Po)r
</L7N - 1|KaN - 1><g7N|g> N>

(3.182)

Here |pu, N — 1) denotes the excited state specified by p € (EEZ, E;{,ﬁ_l).
E[u) and P, denote the energy and momentum, respectively, associated with
the state p, while Ey and Py denote those in the ground state.

First we discuss the excitation contents of excited states p. Only those
excited states with N — 1 particles and S, = 1 are relevant to (3.182). From
results on thermodynamics, we expect that each excited state is described as
multiple excitations of quasi-holes and quasi-particles. The charge of quasi-
holes is —1/(2A+1) of that for original particles, while the spin of a quasi-hole
is the same as that of an original particle. Namely, the following excitation:

one quasi-particle with o, = o,
A + 1 quasi-holes with o, = —o, (3.183)
A quasi-holes with o, = o

is the minimum excitation with zero-charge and zero-spin. This set of exci-
tations is called the minimum bubble, as illustrated in Fig. 3.7.
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Fig. 3.8. Schematic description of the process of one hole — three quasi-holes in
the U(2) Sutherland model with A = 1.

The charge and spin neutralities are verified by
ep+(A+1)ep+Aep =0 (3.184)

and

o+ A+1)(—o)+ Ao =0, (3.185)
respectively. The relevant excited states should therefore be in the form of
(2X\ + 1) quasi-holes + multiple excitation of minimum bubbles.

An explicit exact calculation, however, reveals that only 2A + 1 quasi-holes
without additional bubbles are relevant to the hole propagator. This fact
suggests an underlying strong selection rule. Figure 3.8 illustrates the situ-
ation.

The explicit expression for the hole propagator in the thermodynamic
limit is given by [102,103,105]

A 1 A1
G (x,t) =c(N) H/ duy H/ do
k=171 =171
x| F(u,v)|* exp [—i (E(u, v)t — Q(u,v)z)] . (3.186)
Here u = (u1,...,uy), v = (v1,...,vxy1) represent normalized velocities of

quasi-holes with up and down spins, respectively. In (3.186), the form factor
F' is given, as will be derived in the next section, by

F(u,v) =

A A+1
H1§k<l§)\ (up, — ug)% H1§k<l§>\+1 (vg — vp)% szl Hl:ﬁ (up — v)¥

szl (1 - “i)(l_gdw Hz/\:+11 (1 - U?)(l_gdw

)

(3.187)

where g9 = (A+1) /(2A+1) and gf = —A\/(2A + 1). The momentum () and
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energy E in (3.186) are respectively given by

A+1
Q(u (Z up, + sz) (3.188)
A+1
E(u,v) = —(2A + 1 < ) (Z uj + Zvl ) (3.189)

where d = N/L is the density of particles. Finally, the constant ¢(\) in
(3.186) is given by

T (A1) /@A + 1))

5 II
42 + 1) T (A +2) i T(k/(2A+1))°

The support of the spectral function, which has been defined by (2.202), is
similar to that of the single-component Sutherland model with replacement
of the coupling constant A\ — 1+ 2\. For example, the support for the U(2)
model with A = 0 has the same form as that shown in Fig. 2.14. The support
for the U(2) model with A = 2 has the same form as that shown in Fig. 2.16.
From the shape of the support, we easily see that only 2\ + 1 quasi-hole
states contribute to the hole propagator for the U(2) model.

c(\) =

(3.190)

We should, however, note that there is no correspondence between the
weights of the two spectral functions As y(w, P) for the U(2) model and
Aiy9a(w, P) for the single-component model. The singularity of the spec-
tral function is determined by the joint density of states and the singularity
of the form factor F'(u,v). The latter is determined by the exponents gq
and g¢. These two exponents have already appeared in thermodynamics as
describing statistical interactions between quasi-holes with the same spins
and opposite spins, respectively. Quasi-holes with exclusion statistics behave
as free particles in the dynamics and thermodynamics. However, the statisti-
cal interaction between them yields the nontrivial singularity of the spectral
function, and nontrivial entropy in thermodynamics. In this way, anyonic
elementary excitations yield a natural interpretation of physical properties
of the U(2) Sutherland model.

3.7.2 Unified description of correlation functions

In addition to the hole propagator, we shall now present and interpret the
exact expression for the density p(x,t) and the spin density S,(x,t) correl-
ation functions

(p(z,1)p(0,0)), (S:(x,1)5:(0,0)) (3.191)
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for the U(2) model. The outline of derivation of ((z,t)5(0,0)) is given in
the next section. The derivation of (p(z,t)/(0,0)) and (S.(x,t)S.(0,0)) will
be given via Uglov’s method in Chapter 10. We shall first see that in these
correlation functions, only the minimal bubble contributes. Second, the form
factors are similar in these correlation functions, and also in the hole prop-
agator. Third, the singularity of the form factor is determined by the statis-
tical interactions between elementary excitations.

Scaling the pseudo-Fermi momenta to unity, the spectra of a quasi-particle
and a quasi-hole are given by

2
o) = 2+ 17 () 07 - ) (3.192)
2
en(y) = (2A+1) (”;l) (1—9%). (3.193)

For a compact description of the dynamics, we introduce the following no-
tation [197] with non-negative integers a, b and ¢:

a

b c
E(u,v,w;a,b,c) = Zep w;) + Zeh vj) + Zeh(wk), (3.194)
7j=1 k=1

i=1

P(u,v,w;a,b, c) = 7;d { 2A+1 Z u; + Z vj + Z wk} (3.195)

I(a,b,c)| H/ dqu/ dfu]H/ dwy, ()| Fx(u, v, w; a, b, ¢)|?,
(3.196)

where d is the density of particles, and [#] is a certain function. The vari-
ables u = (u,...,uq), v = (v1,...,), and w = (wy,...,w.) represent the
normalized momenta of a quasi-particle with spin o, and quasi-holes with
spin —o and o, respectively (¢ = £1). The hole propagator in the previous
subsection, for example, corresponds to the case I(0, A+1, ) in (3.196). The
most important quantity for correlation functions is the form factor, which
has the following general form:

H1§i<j§b(vi — v;)%
b )
ITim Hj=1(ui — ;) [T (uf - 1)(1-9a)/2
b
o H1§¢<j<c(wi —w;)% [ i, H; 1 (Vi —w;)%

15—, (1 — v3)=e0)/2 5 (1 — w})(-9a)/2

F)\('U,, v, w; a, b7 C) =

(3.197)
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Table 3.3. Exponents for combinations of rapidities in the form factor.

Quasi-hole —o  Quasi-hole ¢ Pseudo-Fermi points

Quasi-particle & -1 * (g5 —1)/2
Quasi-hole —¢ 9d gt (9a —1)/2
Quasi-hole o gt gd (9ga—1)/2

where we use the convention H?Zl(*)zl for any quantity (*), and
ga=A+1)/(2x+1), gr=-A/(2A+1), g =1+ 1. (3.198)

These exponents are precisely the same as the statistical interaction param-
eters in thermodynamics. In fact, comparison with (3.94) and (3.95) shows
that

e g4: quasi-hole interaction with the same spin,
e g¢: quasi-hole interaction with different spins,

° gg : quasi-particle interaction with the same spin.

With this identification, the exponents in F)\ can also be interpreted
intuitively. Namely, two quasi-hole factors with the same spin have g4 as
in (v; — v;)9%, while those with different spins have gr as in (v; — w;)%.
Furthermore, quasi-hole and quasi-particle factors with different spins have
—1 as in (u; — vj)_l, while those with the same spin do not appear. We
proceed to interpret the factor v? — 1 = (v; — 1)(v; + 1) as the interaction
of the rapidity of a quasi-particle and pseudo-Fermi momenta +1. Then
the exponent (gq — 1)/2 follows because the particle at the pseudo-Fermi
momentum is the average of a quasi-particle and a quasi-hole. Similarly, the
factor u? — 1 = (u; — 1)(u; + 1), involving the quasi-particle rapidity u;,
has the exponent (g} —1)/2 by interaction with the pseudo-Fermi momenta.
Table 3.3 summarizes the exponents of these factors.

Using the notation (3.196) introduced above, the hole propagator as well
as the density and spin—density correlation functions can be described in a
unified manner [197]. First, the hole propagator, given by (3.187), is rewrit-
ten as

(] (2, )95(0,0))
=ANI(0, A+ 1, N)[(wd/2)elPOAFLN2=(EOAFLA) =p)t)] (3.199)

where = ((2\ + 1)7d)? is the chemical potential. The proportionality
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constant is written as
B 1
Cr(2A+1)A
DY) = 2ﬁ1 r(A+1)/2r+1))
- : 2
FA+2) <0 r(j/@ea+1)
We now quote the results for the density correlation function:
(p(x,1)p(0,0))

=BNI(1,A+ 1L, NP1, A+ 1,02 cos(P(1, A+ 1, Na)e EEAFLAY
(3.202)

AN D), (3.200)

(3.201)

B()) = wp(x). (3.203)

The intensity factor I(1, \+1, A) in (3.202) shows that relevant excited states
correspond to the minimal bubble in (3.183).

Finally we quote the exact result for the spin—density correlation function.
The z-component of the spin density operator Sz(x) is given by

. 1| N
S.(z) = 3 g O(x —xy) — g 0(x —xy) |- (3.204)
i=1

i=Nj+1

Since we are dealing with the singlet ground state of the U(2) Sutherland
model, the correlation function is independent of the spin component. The
spin correlation function is given by [197]

(S.(x,1)5.(0,0))
= C1(A)I(1, A\, A+ 1)[(7d/2)% cos(P(1, A\, A + 1)z)e €AY
+ Cr(MNI(1, A4 2, X — 1)[(7d/2)? cos(P(1, A + 2, A — 1)z)e €IAF2A=1)1],

(3.205)

where
Ci(\) = 47r2(2>\1+ DOV (3.206)
Cui() = ! A Do, (3.207)

AT2(2A + 1) =1 X 42

We shall discuss the derivation of (S,(z,t)S,(0,0)) in Section 10.5. Note
that in (3.205), I(1,\,\ + 1) corresponds to the minimal bubble, while
I(1,A4+2,\ — 1) contains a spin flip in the quasi-particle and quasi-holes.
Then we have S, = 0 also in excited states.
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3.8 Derivation of dynamics for finite-sized systems
3.8.1 Hole propagator

In deriving the hole propagator, we first consider the fermion systems and
take ¢ = 1 in (3.6). We take the periodic boundary condition with N even
and N/2 odd, so that the ground state is non-degenerate. Then we obtain
W, in (3.59) as the ground state. If A is even, the absolute ground state U8
involved becomes the same as Wy y given by (2.18). Then we seek a general
eigenfunction ¥ in the form of

V(z1,01,...,2Nn,0N) = ®(x1,01,...,2N,0N) Yo N (3.208)
where ® satisfies the fermionic Fock condition
K;;j®=—-P;;®. (3.209)

We do not consider the case of odd A in the fermion case, where the absolute
ground state is not a Galilean-shifted polynomial. As a result, the exact
result for the hole propagator has not yet been derived.

In the case of bosons as original particles, we take odd A with ¢ = —1 for
an N-particle system with N being twice an even integer. Then the abso-
lute ground state again becomes ¥ n given by (2.18). Here @ is chosen to
obey the antiperiodic boundary condition so that ¥(x1,01,...,2N,0N) sat-
isfies the periodic boundary condition. Except for this change of the bound-
ary condition, we have the same conditions (3.208) and (3.209) for general
eigenfunctions.

Let us begin with the norm (g, N|g, N) in (3.182), which is expressed as

L L
ENEN = 3 o X [Cdn [ do (o P

o1==%1 on==1
(3.210)
The number of spin configurations that contribute to the summation is
N!/((N/2))2. Since the contribution from each spin configuration is the
same, we can fix on any spin configuration and multiply the summand by
N!/((N/2)")2. If we fix the spin variables as

{O'()}E(O'l:'-‘:O'N/Q:]., O'N/2+1:"':O'N:—].), (3211)

we obtain

oop({zi} {oo) = [ (si—2) 11 (21— 2zm), (3.212)

1<i<j<N/2 N/241<l<m<N
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apart from a phase factor. As mentioned in (3.179) and fully discussed in

Section 3.6.2, this function corresponds to a U(2) Jack polynomial J,(f*)
with the particular case of p = pg with

fo = (6(N/2),6(N/2))
= (N/2—1,N/2—2,...,0,N/2—1,N/2—2,...,0).

Consequently, the norm of the ground-state wave function is given by
NILN
[(N/2)2

Next we consider the matrix element in (3.182). When the annihilation
operator ¢ (0,0) acts on the wave function ¥({z;},{o;}) of an N-particle
state |¥), the result is given by

({zi} {0} [$1(0,0)[g, N) = (=1)" 'VNU({zi}, {0} ey =0.0w=—1-
(3.214)
Namely, the annihilation fixes the spatial and spin coordinates of the Nth
particle. Then we obtain

(g, NI | (@, )5, (0,0)]g, Ny = N 3~ o Y- /da /de_1
o1=+1 on_1=%1

X ‘I’Z,N({%} ) {O'i})‘xN:O,UN:—l €xp [—i (HK — Eg,N) t+ iPl‘]
x W n({zi}, {oi})lay=0.0n=-1, (3.215)

(g, Nlg,N) = O/ S ST (3.213)

where we have replaced Hp in (3.5) by Hx since we can then fix the spin
variables to a configuration and multiply (N —1)!/[(N/2)!(N/2—1)!]. When
the spin variables are fixed as oy given by (3.211), we obtain

Uy N({zi} {0} len=0.0n=—1 = €*®(21,. .., 2n_1)Ton_1 (3.216)

with a phase factor el®. Here the function ® is defined by

N-1 N/2 N—-1

H £]H M (-1

i=1 i=1 i=N/2+1

< ] z-2) 11 (zi — 2j), (3.217)
1<i<j<N/2 N/2+1<i<j<N-1

with J = —A/2 — (N/2 —1)/2 and the function ¥o,y—1 in (3.216) obtained
from (2.19) by replacement N — N — 1. We can expand ® as a linear
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combination of the eigenfunctions of Hy (3.6). Using the binomial formula
(3.181) for U(2) Jack polynomials, we obtain

N-1 N
v B B
3= (H) S )<)\+2> S Baw)
=1 ,U«E(A+> A+>

N/2 N/271)

Substituting (3.218) into (3.215), we obtain

N b (0,0)|g, N A
% > (I, T o N1l N+ NJ2) P exp (—iwyt + iPua)
+> A+>

ME(AN/Q’ N/271)
(3.219)

where the excitation energy and momentum are given by
Wy = E[M"— J] - Eg,N
or\ 2! A 2
S SN T S
i=1

P, = 2% (] + (N — 1)) (3.221)

From (3.219) and (3.213), we obtain the hole propagator in a finite size:

. d I8 Do N
G (33775):5 Z < H H >0,N 1’6/8 )<)\+2> |2

(Juos T )0
+ + HO> < HO
“E(AN72’AN/>2—1)

X exp (—iw,t +iP,x) . (3.222)

All factors on the RHS are available in Chapter 7; the norm of the U(2)
Jack polynomial is given in (7.356) and the coefficients bft__) (A4 N/2) of
the binomial formula are given in (7.384).

We can derive (3.186) from (3.222) in the same way as in Section 2.7.1.
First we find the condition that an excited state p has non-vanishing con-
tribution (3.222). According to (7.384), the matrix element b,(f_)()\ + N/2)
contains the factor (A + N/2 — (u")1). Therefore the Young diagram of
pt containing the cell (i,7) = (1,\A + N/2) does not contribute to the
sum in (3.222). Figure 3.9 shows for A = 1 a typical Young diagram of
NS (AE/>2,AE/>2_1) which contributes to the sum in (3.222). With A = 1,
the compositions p relevant to (3.222) can be parameterized by (p1,q1,q2)-
These three numbers are (dimensionless) momenta of quasi-holes.
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Fig. 3.9. A typical Young diagram of pu € (A;/>2’A}72*1)’ which contributes to

the sum in (3.222). Here we take A = 1 and N = 12. Unshaded squares represent
the diagram of (6§(N/2),5(IN/2 — 1)) corresponding to the ground state. Shaded
squares are parameterized by three non-negative integers pi1, q1, and go, which are
proportional to the momenta of quasi-holes.

For a general non-negative integer A, the compositions p relevant to
(3.222) can be parameterized by

(pla-"ap)\vq17"'7Q)\+l)- (3223)
Here p1,...,p) are momenta of quasi-holes with spin | and qi,...,q\t1
with spin T. This interpretation is consistent with the selection rule in
Section 3.7.1. The set of parameters (3.223) corresponds to (x},...,x)) in

Section 2.6.1. The RHS can be expressed in terms of (3.223) and N, L, \.

Now we consider the thermodynamic limit with d = N/L fixed. In this
limit, it turns out that only the configurations with py, qi, |pr — 21|, |ax — @l
and |pr — qi| ~ O(N) give finite contributions to the hole propagator. Intro-
ducing the velocities of quasi-holes

4

wp= lim 1— 28 fork=1,... A (3.224)
— 00 N

o= lim 1= 20 g A (3.225)
N*)OO N7 ) )

and using the Stirling formula, for |z] — oo, we arrive at the final expression
(3.186) for the hole propagator in the thermodynamic limit.
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3.8.2 Density correlation function
We derive the expression for the dynamical density correlation function

(g, N|p(z,)p(0,0)|g, N)
(g, Nlg, N)

(3.226)

for finite-sized systems. The theory by Uglov [189,197] requires knowledge
of the Yangian Gelfand—Zetlin basis and the Macdonald symmetric polyno-
mials. Hence, Uglov’s theory will be discussed in Chapter 10 after a math-
ematical introduction to the Yangian Gelfand—Zetlin basis in Chapter 8. In
this subsection, we present another derivation for the dynamical density cor-
relation function using the U(2) Jack polynomials. Here we make use of the
power-sum decomposition formula for the U(2) Jack polynomials [12].

We set A to be a non-negative integer. The original particles are taken to
be fermions when ¢ = 1. In this case, the absolute ground state is symmetric
with respect to particle exchange and obeys the periodic boundary condition.
Hence @ is antisymmetric and obeys the periodic boundary condition. The
particle number N is taken to be twice an odd integer so that the ground
state has no degeneracy.

We remark that the following derivation is essentially applicable to the
case where the original particles are taken as bosons when A is an integer,
( = —1 and N is twice an even integer.

Since p(0, 0) does not act on the spin variables, we can fix the spin variables
to {00} given by (3.211). We first rewrite ¥, y as

N
1N2/4 H Z;;]/ H (Zi - Z]) H (Z’i —_ Z]) \I}O’N7 (3227)
=1

1<i<j<N/2 N/24+1<i<j<N

with J" = —(N/2 — 1)/2. According to (2.307), the action of the density
operator p(0,0) on the wave function is equivalent to multiplying the sum
of the power-sum symmetric functions p,(z1,. .., 2N).

Further, using (7.404), we can decompose the power-sum symmetric poly-
nomials into the linear combination of J(~=)(zy, ..., zy). Combining (3.227),
(2.307), and (7.404), we obtain

p(0,0)Vg N({zi}, {oi})

0'1:...:0-N/2:1’ Q'N/2+1:...:a'N:—1

ME(A+> A+>) AL
N/27*N/2
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where we denote, by u + J',
p+J =+, oun+J). (3.229)
When P acts on (3.228), the two terms
TG e BN, T (B E) o (3.230)
in (3.228) yield the opposite eigenvalues
2l + NI/, —2m(lul + NJ)/L

for P. The two terms (3.230) in (3.228), on the other hand, are eigenfunc-
tions H' with a common eigenenergy; the expression for eigenenergy is given
below. Using the similarity transformation (3.16), we can rewrite (3.228) as

(g N|p(x,)p(0,0)[g, N) (3.231)

NN mlew\* | =) )
- (N/2))?2 ; N 2( AL > <Ju+J”Ju+J’>0
“e(AN727AN72)

x cos (2m(|u| + NJ' )z /L) exp (—iwyt) .

(3.232)
Here w,, is given by
wy, = Elu+ J] = Egn, (3.233)
with
21\ 2 & A 2
Elp+J1= (L> > ((;ﬁ)i +J + 5 (N+1- 2@)) (3.234)

i=1
and the ground-state energy FE, y given in (3.115). With this result and

(3.213), we obtain the expression for the dynamical density correlation func-
tion in finite-sized systems:

(g, Nlp(z,t)p(0,0)|g, N)

(g Nlg, N)
_ oy ()
AL <J(**) (*7)>
“e(A1+\r/>2’AJ+\172) Ho RO 0
x exp (—iwyt) cos (2w (|pu| + NJ')z/L) . (3.235)

The norms of the Jack polynomials appearing in (3.235) are available in
Section 7.4.2. The matrix element c, can be given by (7.405). With this
knowledge, we can obtain the expression (3.202) for the thermodynamic
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limit. The procedure is the same as that used in Section 2.6 for the single-
component model and the hole propagator in Section 3.8.1. The summation
with respect to p in (3.235) can be simplified; the number of parameters
is that of the excited quasi-particles and quasi-holes as shown below. The
expression for the matrix element ¢, contains the factor

b = I1 (=R p

s/ (#(1,N/2))eD(u+)\D(ug)

which is derived in Section 7.4.7. The expression in {-} becomes zero when
s = (2, \+ N/2) and nonzero otherwise. The condition for x to contribute
to the sum in (3.235) is thus s = (2, A\+ N/2) ¢ D(u™), which is followed by

(ut)a <A+ NJ/2 (3.236)

Fig. 3.10. A typical Young diagram of ;1 € (AEZ, AE/>2) contributes to the sum in
(3.235). Here we take A =1 and N = 14. Unshaded squares represent the diagram
of ug corresponding to the ground state. Shaded squares are parameterized by four
non-negative integers v, p1, p2, and ¢q;. These are, respectively, proportional to the

momentum of a quasi-particle or a quasi-hole.
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while (1) is unbounded. (p+); comes from either ul or pi in
p= et w e, o=11.

We consider the case (u*); = ,U,I; the other case can be considered in the
same way. ()2 comes from either ,u; or ,uf The condition (3.236) then
becomes

max(ud, pt) < A+ NJ2. (3.237)

A typical diagram of p* for p € (AEZ,AE?Q) for N =14 and A = 1 is
shown in Fig. 3.10. We see that when a quasi-particle with spin T is excited,
two quasi-holes with spin | and a quasi-hole with spin T are accompanied.
In this figure, u, p1, p2, q1 are, respectively, integers proportional to the
momenta of quasi-particle or quasi-holes. For general non-negative integers

A, p in (3.235) can be parameterized by

(N7p17"'7p)\+17q17“'7q)\)' (3238)

This result describes the selection rule in the density correlation function
for the U(2) model. By the action of p on the singlet ground state, a quasi-
particle with spin o, A + 1 quasi-holes with spin —o, and A + 1 quasi-holes
with spin o are excited. In terms of (3.238), the expression (3.235) can be
rewritten. With use of the parameterization (3.225) and

v w—1

@A+ )N 4 (3.239)

and the Stirling formula, we arrive at the expression (3.202) for the dynam-
ical density correlation in the thermodynamic limit.
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Spin chain with 1/7% interactions

In this chapter, we discuss the static and dynamic properties of the spin
chain which is often referred to as the Haldane—Shastry model [77,161]. In
contrast with more familiar spin chains with the nearest-neighbor exchange
interaction, the Haldane-Shastry model has a particular form of the long-
range exchange interaction. In spite of its peculiar shape, it has turned out
that the Haldane—Shastry model is the most fundamental one-dimensional
spin system. We shall start with a discussion of how the model is solved
for the ground state in Sections 4.1 to 4.3, and proceed to static correlation
functions in Sections 4.4 and 4.5. The excitation spectrum is interpreted by
magnons in Section 4.6, and by spinons in Section 4.7. The spinon picture
gives the correct degeneracy of the energy levels in Section 4.8, and leads to
the derivation of thermodynamics in Section 2.4, and the dynamical correla-
tion function in Section 4.11. Most results have been obtained in an analytic
form without any approximation.

There is a close connection between the spectrum of the spin chain and
that of the Sutherland model. The most remarkable fact is that the spin
chain has a correspondence with two different values of the coupling para-
meter A in the Sutherland model. Namely, the spectrum is mapped to the
case with either A = 2 or A = oco. In the latter case, particles crystallize
with equal spacing, and a small oscillation from the equilibrium, as well as
exchange interactions, make up the spectrum. In both cases of A, however,
the degeneracy of each level in the spin chain is not reproduced. Hence,
the mapping as it stands cannot be used for thermodynamics. We discuss
how the degeneracy is related to the basic symmetry in the model, which
is identified with the Yangian as in the multi-component Sutherland model.
In the present case, however, the relevant Yangian is not Y (gls), but Y (slz)
without the U(1) degrees of freedom.

150
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4.1 Mapping to hard-core bosons

Let us consider a spin chain

Hys = Z J,-jSZ- . Sj, (4.1)

1<j
where S; denotes the spin operator with S = 1/2 at site 7, and the exchange
interaction J;; decays as the inverse square of the distance. We consider
the N-site system with unit lattice spacing. With the periodic boundary
condition, the distance is replaced by the cord distance |D(i — j)| of a ring,

where
N s
pii =Ny [7‘_.}.
(i=j)=_sin| ()
Namely, J;; is given by
Jij = JD(i—j)2

The Hamiltonian Hyg is often called the Haldane-Shastry model [77,161].
Unless otherwise stated, we consider the case of even number N for the
lattice site.

Let us take the hard-core boson representation, which is generally valid for

spin chains, and is especially suitable to derive eigenstates of the Haldane—
Shastry model. We introduce a creation operator of a hard-core boson:

b;f = c;flcn =5;.
It is evident from the properties of spin operators that
bzbi + bibz = 1.

Namely, the hard-core boson obeys the fermion commutation rule for the
same site, and the boson commutation rule for different sites. The hard-core
boson may be called a magnon since it describes a spin flip from the fully
polarized reference state. The z-component of the spin operator is given by

where n; = b;fbi is the number operator of the boson at site 7. In terms of
hard-core boson (or magnon) operators, Hyg is written as

N
1 J(O) 1
_ E (b, . E .
Hys = 5 — JZ](bibj + nmj) + 9 1 <4 nz> , (4.2)
i#£j i=

with J(0) being the ¢ = 0 component of the Fourier transform J(q) of J;;.
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In order to make explicit calculations using the specific property of the
model, it is most convenient to take the complex coordinate representation.
We introduce z; = exp(27iz;/N) with x; € [1, N], and Z; = exp(2wij/N).
Note that we distinguish between Z; and z;. The exchange interaction is
then represented as

or\*> 1 2m\* —ZiZ;
i = R _— — —_— e ——— 4.
Y J<N> Z; — Z;? J(N> (Zi — Z;)? (43)

where the Fourier transform is given by [176]
N

L J 72 J 2
Ia) =3 Ayesplali - 1] = yla - = T (14 5 ) . @)
j=2
where 0 < ¢ < 27 with the spacing of the adjacent ¢ being 27/N. The
constant term makes the sum of J(g) vanish, which is related to the absence
of the diagonal term J;;. For reference purposes, we quote the case ¢ = 0:
n2J 1
J(0) =) Ji(1 - i) = = <1 - N2> . (4.5)
J

We represent the wave function ¥({z}) of the system, taking the fully
up-polarized state as the reference. Let us first consider the one-body wave
function. Since z]' withn = 0,1, ..., N —1 spans a complete set for one-body
states, one may restrict the degree of the polynomial to less than N for each
z;. For the case of ¥(x) = 2", the boson-transfer term acts as

(] Y Tigblbs @) = D Je 27
i#] J#T 9
= U(z) Z Jujexp[2min(j — ) /N] = J (—iax) ().
Jj#w

Here we have replaced ¢ = 27n/N in J(q) by —i0/0z when acting on 2".
A remarkable feature, as apparent in (4.4), is that J(q) is a quadratic func-
tion of ¢ [176]. In other words, the spectrum of the magnon has a strong
resemblance to that of free particles in continuum space. The difference ap-

pears first as the presence of the cut-off in the momentum, and second as
the shift 7 of the origin of gq.

4.2 Gutzwiller-Jastrow wave function
4.2.1 Hole representation of lattice fermions

We shall discuss the coordinate representation of lattice particles in more
detail. As the simplest example, we first take the case of non-interacting
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spinless fermions. Let M be the number of fermions, and N the total number
of lattice sites. With lattice constant unity, N also represents the length
of the system. We take N to be even and impose the periodic boundary
condition.

Let us first consider the wave function of the ground state:

0) =Y o (a1, zar)ct (@1)cl (22) -+ ¢f (2ar) vacuum), (4.6)
{z}

where cf(z;) creates an electron at position ;. We assume that the spectrum
€r is a monotonically increasing function of |k| < m. Then the electrons
occupy the states with consecutive momentum k; with ¢ = 1,..., M given
by

ki = —kp +2(i — 1)w/N.

We take M odd, and obtain the minimum k; = —kyr and the maximum

of momenta where kp is the Fermi momentum with M = 2Ng + 1. The wave
function corresponding to the Slater determinant is given by

M
Uo(z1,...,2y) = det{exp(ikiz;)} = [ [z ™ [[ (2 — ). (4.7)
i=1 i<j
where we have introduced the notation z; = exp(2wiz;/N), and used the

property of the Vandermonde determinant. Note that ZZN = 1 for any integer
x;. By using the relation

i 1
Zi — zj = exp [;(92 + 9]-)] 2isin {2(92- - «9]')}
with 0; = 27z; /N, the wave function is also written as
1
Uo(z1,...,xy) = (20)MD/2 T sin [2(@- — 9]-)] : (4.8)
1<J

The wave function carries no current or momentum, since it is essentially
real except for the constant factor.

In later discussions it is necessary to work with an alternative represen-
tation which starts from the fully occupied state:

|F) = c];cg - c},\vacuum},
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where c{ is the same as ¢f(z; = 1). In the momentum representation, |F)

has all momentum in the Brillouin zone filled. The consecutive momenta k;
of holes in the ground state are given as follows:

k; = kp + 27j /N,

where j =1,2,...,Q with Q = N — M. The crystal momentum k is equiva-
lent to k£ —27. Hence, if k; is larger than the right boundary of the Brillouin
zone 7, such k; is considered to belong to the negative side (—m,0] of the
first Brillouin zone. Then the ground state can also be written, apart from
a normalization factor, as

0) = @01, -, yQ)c(yQ)c(yo-1) - - c(y)|F). (4.9)
{v}
We refer to the wave function ®¢(y1,...,yqg) as the hole representation. In

accordance with the anticommuting property of fermion operators c(y;), the
wave function ®o(y1,...,yq) should be antisymmetric against exchange of
two coordinates. By the same procedure as that for U({z}) one obtains

Qo(y1,...,yq) = det{exp(ikiym)} = H zi(NFH) H(ZZ - 2j), (4.10)

i<j

where z; = exp(2wiy;/N). Alternatively, it is also written as

det{exp(ikiym)} = [] = [] 2isin B(qsi - @-)] (4.11)
7 1<)
with ¢; = 27y; /N.

With N/2 being odd, the state (4.11) may appear to have a finite momen-
tum because of the complex part le /2 In other words, the total momentum
associated with ®¢({y}) may appear to be m. However, the total crystal
momentum of the state should vanish, to be consistent with (4.8). The mo-
mentum 7 associated with ®o({y}) is actually relative to the reference state
|F), which also has the momentum 7. Hence there is no contradiction. It is
useful to remember that the center of momentum distribution of holes is at
the edge of the Brillouin zone.

If the electron number M is even, the ground state of the Fermi gas is

two-fold degenerate, and the maximum of the occupied momentum krp =
27 Nr/N is characterized by

Np = (M —1)/2+1/2.

The ground state has a finite momentum in this case.
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4.2.2 Gutzwiller wave function in Jastrow form

Now we include spin of electrons. Let us consider the situation where the
hard-core repulsion between the electrons prohibits the occupancy of any
site by two electrons, but otherwise the wave function is the same as for
free electrons. This wave function is represented by a limiting case of the
Gutzwiller wave function, which in general allows for finite double occupa-
tion. In the particle representation, the limiting case is represented by

|\IIG ZZ\DO xlTa"'axNT)\IIO(xlla"')le)
{21} {1}

X H CIT H c;r.l|vacuum>, (4.12)

ic{z1}  jefzl}

where the prime (') in the summation over {z |} means that none of the
coordinates in {z T} and {z |} should coincide. It is understood that the
creation operators are ordered so that ¢ and j increase from the left.

By using the hole representation, one can neatly avoid the hard-core re-
striction on the site summation [4]. Namely, one starts from the fully up-
polarized state |F 1) and uses the hole representation for up spins. The
hard-core constraint is satisfied automatically provided one creates down-
spin electrons only among the hole sites. In the case of spin chain, the number
of electrons N = N} + N| is the same as the number L of lattice sites. Then
the hole sites {y} for the up spin and the electron sites {z |} for the down
spin are identical to each other. Thus we represent both sites by {z} and
obtain

[Wa) =" wo({zh)@o({z}) [] eljealF 1).
{z} ie{z}
Here {z} denotes the set of coordinates for M = N| down-spin electrons.
Let us first take the singlet case M = N/2. The wave function Vg ({z}) =
Wo({z})®Po({x}) is given by

N/2

c({z}) = HzN/2H —4) sin? [; } HZ’H 2 —2z)% (4.13)
1<j i=1 1<j

It appears that ¥g({z}) has a momentum 7 with N/2 odd because of the

factor ZIN /% in (4.13). As discussed in (4.11), it cancels with the momentum
of the reference state, and |Wq) itself carries no momentum. For reference
we also quote the Gutzwiller wave function for general M < N/2 including
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the case of finite magnetization:

M
Vo({ah M) = [ ]z - )™ (4.14)

i=1 i<j

One may ask whether it is possible to represent the Gutzwiller wave func-
tion without using the hole representation. The exclusion of double occupa-
tion can be dealt with by a limiting procedure [71], which we now explain.
We take a fermionic wave function, which has been discussed in Section
3.2.2, as follows:

Uo({zr, 2 50 = [T 2 V2 [ 1o — 25z — 25)0@000), (4.15)
i i

where the parameter )\ corresponds to the coupling constant in the two-
component Sutherland model. With A = 0, the wave function gives the
ground state of free fermions. On the other hand, double occupation is pro-
hibited with any finite A\. The Gutzwiller projection can then be imposed
by considering the limit A — 0, provided the calculation can be done for
arbitrary .

4.3 Projection to the Sutherland model

Utilizing the quadratic dispersion, we can conveniently work with the first-
quantized representation. Within the many-body Hilbert space spanned by
polynomials of z;, we may replace ¢ in (4.4) by —id/0x;. The two-body
term Jj;n;n; is easily represented by the first-quantized Hamiltonian H.
For simplicity, the unit of energy is chosen as J = 2. Then Hig is given by

M

1 .0
Hlst:22<—1axi—7r> +2> D(z; —zj)* + E, (4.16)

=1 1<J

where

_J(m) J(0) (N _ 7N 6M 1
E°_2M+2 ZM_12 1= ‘N N2

We find that His takes the same form as the Sutherland model with the
repulsion parameter A\ = 2. Since the Gutzwiller wave function ¥ ({z}) is
a polynomial of z;, one can use Hig to act on Wg({x}) as the spin-chain
Hamiltonian. Then the factor z; for i € [1, M] in (4.13) absorbs the shift of
the momentum in His. The remaining part [[;_; sin?[(0;—0,)/2] in ¥ ({z})
is known to be the ground-state wave function of the Sutherland model.
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Hence, |¥q) proves to be an eigenfunction of Hyg. The corresponding energy
Ey(M) is given by

2
Eo(M) = E. + E (2”> M(M? - 1), (4.17)
6 \ N
where the second term gives the ground-state energy of the Sutherland model
with M particles. The minimum of Eg(M) occurs at M = N/2, which
corresponds to S* = 0. We shall prove in Section 4.8.1 that ¥ ({z}) indeed

gives the ground state of Hyg. The ground-state energy is given by

E @7) - 7{; <N+ ;’[) (4.18)

We notice here that the polynomial wave function does not span the
complete set of the many-boson states. For example, consider the case of
N =4,M = 2, and S = 2. Such a state |¥3() can be constructed from
|F' 1), apart from normalization, by

[W20) = (ZS) [ 1) = blbjIF 1). (4.19)

i#]
The amplitude (1, z2|W20) = Vo 0(z1,22) becomes constant for z1 # xo,
but vanishes for 1 = x2. Such behavior of the amplitude cannot be described
by polynomials of z; and z5. Thus the first-quantized Hamiltonian Hig can
act only on a subset of the whole spin states. This subset coincides with the
Yangian highest-weight states, as will be discussed in Section 4.8.1.

4.4 Static structure factors

The wave function of the ground state determines the equal-time correlation
function C(x) in the real space, or the static structure factor S(q) in the
momentum space. If we allow for finite magnetization m =1 — 2M/N > 0
in the presence of a magnetic field, the rapidity k; of magnons is occupied
for |k| < m(1 —m) = ky, and is empty near the edge. Here we have defined
the critical momentum k,, which plays the role of the Fermi momentum
of magnons. Figure 4.3 in Section 4.7.3 illustrates the spectrum, as will be
explained together with spinons. Since there is no longer SU(2) symmetry in
the magnetic field, we have two independent components for the correlation
function, as defined by

C#(i— j) = (SFS7) — (SF)(S) = (blbiblbs) — (b]b;)(blbs),  (4.20)
CHi— ) = (STS) = (575 = 5 (b + ). (@2)
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Although the coordinates i, j are integers, we can use the results for the
Sutherland model in the continuum space. In other words, when taking the
average over Ui ({z}), we may replace the summation over lattice sites by
integration over the continuum space:

N N
2 2
%f({rr})!‘lfc({x})\ - /O dai ... /0 daas f({e )W ({2} (4.22)

To check the validity of the above, let us consider the expansion of the
summand in terms of z; = exp(2rwiz;/L). Then among terms of the form
z1', only n = 0 survives summation over x;, and the summation gives N
for this term. The same happens in the integration over z; on the RHS.
Therefore, the replacement by an integral is exact for these polynomials.

Haldane noticed [77] that C#*(i — j) and C*(i — j) in the thermodynamic
limit are related to the correlation function and the density matrix respec-
tively in the Sutherland model with the repulsion parameter A = 2, which
have been derived by Sutherland [173]. In a different context, results for
C#*(i — j) have been derived by Mehta and Mehta [129] for an arbitrary
size of lattice system. These results rely on sophisticated techniques of the
random matrix theory [48,49,130], and are not easy to access. Therefore
we first present the results of correlation functions, deferring the details of
derivation to a later part of the section and to Section 4.5.

In the real space the results are given with ky,/m = 2M/N =1 —m by

Si(kma),  (4.23)

O () = — <sin k:mx> 2 [k:m cosky,r  sinkpx

2mx Am2z  (27x)?
@) =2mon o+ S Si(kna) (4.24)
g w0 Ay mes ’
where Si(y) is the sine integral defined by
v
Si(y) = / dtSITnt. (4.25)
0

Note that C*(z) has an oscillating factor (—1) which comes from the shift
7 of the momentum in mapping to the Sutherland model. Hence this factor
is absent in the density matrix in the Sutherland model. Without magne-
tization, we obtain k,, = 7 and sinwx = 0. Then the correlation function
becomes

CH(z) = C*(z) = iSi(7m:) cos T — (_1)90, (|| > 1), (4.26)

A 8|z|

which is isotropic, thus recovering the SU(2) symmetry.
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Fig. 4.1. Static structure factors S#?(q) and S~7(q) of the Haldane-Shastry spin
chain with and without magnetization m.

The structure factors in the momentum space are given for 0 < ¢ < 7 by

m 1 1—gq/m
St(q) = 5 Zﬁ(q —mm)In N —qr/n ) (4.27)

for the transverse component. The longitudinal one S%*(q) for m < 2/3 is
given by

5% (q) = 0(2rm —q)% (1 - 1n‘1 _ 1 )

1 2T —q q 21 — kyy — q
+6(q 27Tm)< Zlnl . ‘ 8771 —
(4.28)
For 2/3 <'m < 1, it is given by
22 () = a2 (L _ 4
S*(q) = 02k, q)47r (1 2lnl kmD
1
+0(g = 2km)0(mm — q)5 (1 —m)
1 2T —q q 21 — kyy — q
+6(q 7rm)(2 4hrll . ’ 87r1n — .

(4.29)

Figure 4.1 illustrates the structure factors including the case of m # 0. The
transverse structure factor S+ (q) is divergent logarithmically at ¢ = 7. The
singularity corresponds to a tendency to the Néel order. There is a threshold
q/m™ = m below which S™%(¢) = 0. This indicates the presence of an energy
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gap for spin-flip (down to up) excitations below this threshold. Note that the
spin flip from up to down does not have an energy gap and, according to the
relation ST~ (¢q) = S™*(¢q) +m to be explained soon, we obtain ST~ (q) =m
below the threshold.

On the other hand, S*#(q) is logarithmically divergent at ¢ = w(1 —m) =
km, showing the tendency toward an incommensurate magnetic order. Hence
the system has tendencies toward both Néel and incommensurate orders.
There is a slight cusp at ¢/m = 2m in S** for m < 1/2, and at ¢/7m = 1
for 1/2 < m < 2/3. The overall behavior S#* for m > 2/3 is similar
to that shown in Fig. 4.1, except that the connection at ¢/m = 2m is
replaced by the constant part for 2(1 — m) < ¢/m < m. We note that
the result for m = 0 has originally been obtained in [66]. It appears that
S#(q) and S+ (q) in the general case m # 0 have not been reported in the
literature.

Now we proceed to the derivation of these results. We begin with the
transversal correlation function which can be derived in an elementary man-
ner. The density matrix of the M-magnon system is given by

1 N d{L‘l N dfol
bibm) = = [ ... U (l, {2} )0 ), (4
(brbm) CuNJo N /0 N a(l{zp-1)¥a(m, {z}-1), (4.30)
where {2} _; denotes the set x1,..., 271, and Cyy = (2M)!/2M is the norm

of the wave function with M magnons. The norm is derived in Section 4.5 in
an elementary fashion. The general method for calculation will be presented
in Section 7.2.2. In (4.30) we have emphasized that the wave functions are
real. By using the complex coordinates for the real wave functions, we can
write the integrand as a determinant [60]:

Ue(z, .. )0a(C,.. )

1 z 22 S 22M-1
1 C g? L. g?M—l
1 =z 22 e sz_l
, 0 1 221 (2M —1)z3M=2
1 2 2M -1
= det |1 22 22 o 22 , (4.31)
=G 0 1 22 oo (2M —1)22M2
R T
0 1 22y -+ (2M-1)3M172

where z = exp(27il/L) and ¢ = exp(27im/L). The phase factor e'® is fixed
so that the RHS is real. The determinant on the RHS is a generalization
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of the Vandermonde determinant, and is called the confluent alternant. The
simplest example of this type of determinant is given by

2 3
1 21 27 =2

0 1 2z 322
. 4.32
1 2z 25 2 (4:32)

0 1 220 323

(Zl — 22)4 = det

The general case is explained in Section 4.5.

Without loss of generality, we consider the case | = —m, which makes
it easy to deal with the phase factor. Namely, with ¢ = z*, (4.31) may be
rewritten as

Ua(z,...)0q(z",..) = (z — 2")71

x detons (2P, 277, 21, pal), .. (4.33)

D p
. 7ZM_17pZM—l)p:_M+1/2,...,M—1/2 ’

where we have manipulated the determinant as explained in Section 4.5. In
expansion of the determinant, the only terms that survive summation or in-
tegration over x; are those that include the product 2z x bzf with a +b = 0.
This type of term also appears in the calculation of the norm. After integra-
tion over x1,...,xp_1, we are left with terms 2Pz~9 with p + ¢ = 0. Then
we obtain

1 [Nd Ndxp
1 / ML g (2, . ) UG (25 )
0

NJ, N N
M-1/2 5
Cuy 2P — 74P
— _ 4.34
N —21: 2p(z — 2*)’ (4:34)
p=1/2

where 2p in the denominator comes from correction for the missing factor in
producing the norm C};. In the thermodynamic limit, the summation over
p is replaced by the integral for 0 < p < M. We then obtain the density
matrix C~F(z) = (bhbg) for integer x as

sin 2wpx /N 1

1 M
) (1) = / d
¢ @)(=1) N Jo p2psin7mc/N e

The last expression in (4.35) is valid in the limit |z|/N < 1. The correlation
function is given by C(z)t = [C(x)* +C(x)~1]/2, where CT(z) = (b,b)
can be obtained from the commutation rule

bibl = (1 — 0i)blb; + 6;;(1 — blby) (4.36)

Si(knm). (4.35)

of spin operators. Namely, we obtain

Ct (z) = O~ (—z) + mda.p, (4.37)
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where m = 1 — 2M /N and C~*(—z) is in fact an even function of x. In
order to obtain the Fourier transform S~7(gq), we use the form

M-1/2 o, M-1/2 0 21
+ — _ - m
NC~(z) =R > 1) > 5 R (4.38)
p=1/2 p=1/2 m=0

where R represents the real part. Rearranging the series in ascending powers
of z, we identify the coefficient of 2?P~! as the sum Zq>p 1/(2q). Namely,
we obtain

M-1/2 1 M-1 M-1 1
Nc——&-(x)(_l)a: — Z % + R Z (221—1 + ZQl) Z TN (4.39)
p=1/2 =1 =1

The Fourier component S*(k — 7) with k& = 47l/N > 0 can easily be read
off from the coefficient of 22~! or 2% in (4.39). Here the momentum shift 7

comes from the factor (—1)*. In the thermodynamic limit we obtain, with
2M/N =1—-m

M
—t ) =
ST (k —m) /l dj—

for 0 < k < ky, = m(1 — m). The Fourier component is 0 for larger k. We
put ¢ =7 — k > 0 to obtain

11 -
- — plm 4.4
44 4 g (4.40)

In

M 1 k
l

5a) = 5[S7H0) + 57 (@) = &~ 0g — m) I 2T

(4.41)

Calculation of C**(z) can be done in a similar manner by fixing two co-
ordinates in Ug({z}) and integrating over other coordinates. Alternatively,
one can derive C**(z) using a more systematic approach developed in the
random matrix theory. A self-contained account is given in Section 4.5. In
order to derive S**(q), we use the formula

S*(q) = pz — plexp(—igz) = Cy — Cy, (4.42)

where g(x) is the two-body distribution function defined by (4.64) in Sec-
tion 4.5, and C; is the Fourier transform of C**(z). The momentum ¢ is
restricted to the Brillouin zone |g| < 7. Because of the restriction, S**(q)
shows a behavior rather different from the structure factor in the corre-
sponding Sutherland model, although C**(z) is precisely the same in both
models. It is convenient to use the form

O () = —i [s(2)? + Ds(2)Is(—2)] | (4.43)
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where the functions on the RHS are defined in (4.84). The Fourier transforms
of constituents without the assumption of |z| < N are given from (4.79) by

Sk = 9<km — ’k‘), Dsy = iksy, Isp = (ik)_lsk. (4.44)

In contrast with the continuum space, the Fourier components ¢ — 2nm with
integer n play the same role as ¢. In the case of 0 < ¢ < m, there can also
be a nonzero contribution for ¢ — 2w = ¢_. Then we have to consider both ¢
and ¢_ in S**(q). Namely, we obtain the form S**(q) = I(q) + I(q—), where

1@) = 535 3 (58 — 1) + Isg(Dsger— Dsi)) . (445)
k

Contribution to the summation over k& comes from the region with s;,, =0
and s; = 1. For small enough ¢, the integral region is from k = k,, — ¢ to
K. In this region we have I(g—) = 0, and obtain

S“@):Qi(l—;hwl—éib. (4.46)

The upper limit of ¢ for (4.46) is given by g. = min{27wm, 2k, }. Namely,
we have ¢. = 2mm for m < 2/3, and ¢, = 2k, for m > 2/3. In the latter
case, we obtain for 2k,, < ¢ < ™ — kp,:

5%(q) = 5(1—m), (4.47)

which does not depend on ¢. On the other hand, the contribution I(g_) also
becomes effective for m — k,,, < ¢ < w. For this range of ¢, addition of I(q)
and I(q_) gives

m 1
S#(q) = — — Zln

q
4
2 Tt

8

1—

(4.48)

2T —q
K,
In the case of no magnetization with k,, = m, S**(q) is given by (4.48) for

ZW—km—q‘
km_q ‘

all positive ¢, and is reduced to
1 q
5+ :—flﬁ—{. 4.49
(@) =-m[1-1 (4.49)

In this way, we obtain the results shown in Fig. 4.1.

4.5 *Derivation of static correlation functions

In this section, we shall provide a self-contained account of the derivation
of the correlation function C#*(x), which gives S**(q) by Fourier transform.
For this purpose we first summarize some convenient formulae originally
developed in the random matrix theory. We begin with non-interacting
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fermions for which correlation functions can be obtained in terms of Slater
determinants. Although the second quantization formalism is best suited for
this purpose, we use the first quantization in order to prepare for the case
of the spin chain.

The wave function Wg(x1,...,25) of M non-interacting fermions can be
written in the form of the Slater determinant with orthonormalized function
¢j(x) with j =1,2,..., M. Namely, we have

\IIF(.Tl, ey .CUM) = Z sgn(p)¢p1 (:Cl) s qSPM(:z:M) (450)
P

To obtain the norm we write the square as
Tp(1, .. =D ) sen(PQ)bpi(z1)* doi(w1) - - dpu(war)*
P Q
o (Tm)

= MY sgn(p)i (1) épi(x1) - dnr(xm) par(zar)
P

= M!det ((bz(xz)*@ <mi))i,j:1,...,M , (4.51)

where we have used the convention of representing the row ¢ and column j
of the matrix by subscripts. Because of the orthonormality

/dx@(x)*d)a(:r) = (51']', (4.52)

the norm for Wg(xz1,...,x5) becomes M!. It is possible to write the square
as another determinant

[Wp (1, ..., 200)]* = det (Z ¢i(3«"a)¢z‘(9€ﬁ)*> : (4.53)

a,f=1,....M

By introducing the function

K(z,y) = Z%(flf)%(y)* =D {wld) (o)1), (4.54)

J

we can write the norm in the form
/d:cl . -/dxM det (K(2a,28)) g1, 1 = MY, (4.55)

which gives a less trivial result for the integral on the LHS. (4.54) shows
that K (x,y) plays the role of the particle propagator from y to z. Because
of the orthonormality, the propagator has the property

ZK(;U,y)K(y, z) = K(z,2). (4.56)
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In order to derive the correlation function, we attach an auxiliary function
1+ f(=z;) to each coordinate x,. Namely, we consider

det ([ 6360 0nta) 1+ ) o)

jok=1,..,.M

= det <5j,k + / ¢i(x) or(x) f() dx) . (4.57)
Gok=1,...M

Obviously we recover the norm by setting f(x) = 0. The coordinate x can
be regarded as discrete to represent the lattice system with N sites. The
polynomial wave functions defined in this chapter give the same results either
by integration over 0 < z < N or summation over x = 1,2,...,N. We
prefer the lattice summation scheme since the discreteness makes it easier to
understand the matrix structure. Namely, the matrix inside the determinant
of (4.57) is of the form 1 + AB, where A is an M x N matrix and B is an
N x M one. The structure is clearly seen in the form

(D5l ABlor) =Y (@jlx) f () (x| br), (4.58)
x
where the summation is over the discrete lattice coordinates x. Now we use
the relation detys (I + AB) = dety (I + BA) to work with the N x N matrix
BA. Namely, we obtain

(e[ BAly) = > "(xlo)) (@519) F(y) = K (w,9)F (), (4.59)
J
where the propagator K(x,y) has been defined by (4.54). Therefore the
determinant given by (4.57) is equal to det(/ + K f) = exp(L), where we
introduce the quantity £. Here, in analogy to classical statistical mechanics,
we relate the norm of the wave function to the partition function, and its
logarithm £ to the free energy. Then f(z) is a site-dependent external field.
As in the free energy, variation of external fields gives the response func-
tion. We recall that the response function is proportional to the irreducible
correlation function, or cumulants, in classical theory.
We make the following expansion:

L=Tryln(l+ Kf) = ZKxx

5 S K ) @)K (. 2) )+ (4.60)

which immediately gives the correlation functions. Namely, we take the vari-
ational derivative of £ with respect to infinitesimal f(x). This amounts to
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fixing one of the particle coordinates to x in (4.55), and gives the density
(p(x)). Namely, we have

K(z,2) = (p(x)). (4.61)

From now on we always consider the system with translational invariance.
Then density is independent of x, and is written as p = M/N. A convenient
feature of this formulation for correlation functions is that the norm of the
wave function with f(z) = 0 need not be considered explicitly, since the
norm is just a constant factor for the partition function. Similarly, the second
derivative gives

2
T~ K@ DK ) = o) - 7

In a similar manner, the n-point correlation functions can be obtained as
K(z1,29)K(x9,x3) -+ K(xp,z1). These n-point functions constitute
irreducible or cumulant pieces. The (reducible) correlation functions, which
include the lower-order irreducible functions, are constructed from cumu-

(4.62)

lants. For example, we obtain by writing K (x1,z2) = Kjo,
(p(z1)p(2)) = K12K21 + K11 Ko,
(p(x1)p(z2)p(a3)) = K12Ko3 K31 + K12Ka K3 +-+- . (4.63)

The two-point correlation function C(x — y) = {(p(x)p(y)) — p? depends
only on the difference of coordinates, and can be written as

C(a) = = Slhole +v)pl)) — 0] = ¢ S0 — i+ 2)
Y ij
7+ gwx i+ 3))) -
= pi(x) + plg(e) ~ p), (464

where the two-body distribution function g(z) has been introduced. Here
the delta function should be interpreted as the Kronecker delta symbol for
integer variables. The quantity g(x) measures the distribution of particles
under the condition that a particle is present at the origin. The sum rules
for correlation functions can be obtained from (4.56) and (4.64) as

> Cla)=p. Y lg(x) ~p]=0. (4.65)

It follows from the above that g(xz) — p as || > 1, which means complete
screening. On the other hand, by definition in (4.64) we have ¢g(0) = 0.
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In the case of a circular system of our interest, we take

bi1(0) = fg? exp(ipif) = jz? exp(ikiz) (4.66)
where we have introduced the coordinate 6 in the range of |0] < . We
take the antiperiodic boundary condition with N even. Then the p; are half-
integers given by p; = [ — N/2—1/2, and the distribution of p; is symmetric
about 0. The relation to integer lattice coordinates x and the wave number
k; is given by

I':NH/(Q’]T), kl:27Tpl/N.

The normalization factor in (4.66) is relevant to integration over 6, but
should be replaced by 1/v/ N for summation over x. Then we obtain explicitly
the propagator

N
1 . N+1 1 sin N6/2

Thus the two-body correlation function of free fermions is given with proper

pglz) = - (N“]ZZ@ .- <Sij;””>2, (468)

rescaling by

where the last expression is valid in the limit of |z] < N.
Now we consider a general wave function where Py(z1,...,zp) is its
absolute square. We seek a K(x,y) that satisfies

ln{ZPN(xl,...,acM) H[l —i—f(acl)]} x Indet (I + K f), (4.69)

l

for the general function f. As before, K denotes the operator that has N2
matrix elements K (z,y). Our problem now is to find K for the case of the
Gutzwiller-Jastrow function for the spin chain. The integral is of the form

Tdey [T Oy o o
/,r27r /zﬁ [e™ —e \l:[(1+f(9z)). (4.70)

- - I<k

This form describes the symplectic circular ensemble in the random matrix
theory where an elegant formulation using quaternions is available [48,130].
Here we take an alternative approach following the line explained in [187].
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Let us first derive the norm with f(6;) = 0 in (4.70). The integrand can
be represented in the form of a determinant called the confluent alternant:

4 l -1
_ = det ( , 1 ) ) 4.71
E{(Zz 21) et ) ot et (4.71)

This is seen by writing the product representation of the Vandermonde de-
terminant

det ( L l) , 472
B\ Sk 1=0,...2M—1; k=1,...,.M ( )
then differentiating with respect to each ( and setting (i = z.
If we replace each z; by €% and use the relation
6% — % = exp [~2i(, + 03)] (e — %), (4.73)
we see that
H ’eiel _ ei9k|4 — e72i(M71)291 H(eigl _ eiek)4.
I<k I<k
By using (4.71) this is transformed into
o—2M=1) 61 qot <eil6'k lei(l—l)é'k)
’ 1=0,...2M—1; k=1,....M
— det (ei(l—M—&—%)@k’ lei(l—M—‘r%)Qk)
= det (el0MFD% (1 — M 4 )ell-M+)0)
= det (eipl@k, pleime’“> . (4.74)
In the last determinant we have k = 1,..., M, and p; runs through the half
integers —M + %, —M + %, e, M — % We now expand the determinant as
11z - =l Z ep(P2 — P1)e(P1HFP2)00
1<J

X (P(2M) — P(2M — 1))e(PCM=D+PRM))0N (4 75)

Upon integration over 61, only such terms that satisfy P14 P2 = (0 survive.
The same restriction holds for each 6;. Thus |P(2i) — P(2i — 1)| ranges over
1,3,...,2M — 1, and we obtain

T dby d9M 4
/_W%/_ H|ZZ—ZJ\

1<j

= M!(2M —1)(2M —2)---2 =2~ M (20!, (4.76)
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which was conjectured by Dyson [48]. This result gives the norm of the
Gutzwiller—Jastrow wave function. As we shall see in (7.163) of Chapter 7,
there are other (more sophisticated) ways to derive the norm.

Now we use the formula for Pfaffians:

/ . / det(¢; () ¥3(2k))jmt.on; bt,ns Ay -+~ dapg
= M!Pf ( / (¢5(x) Yr(x) — Pr(x) Yj(x)) dx) ’ (4.77)

G k=1,..,2M

where the Pfaffian “Pf” is the square root of the determinant of the antisym-

metric matrix. Then the square of (4.70) is given in terms of the following
2M x 2M determinant:

det </ g(q—p)ei(pﬂ)e (1 +f(‘9))> )

where both indices p and ¢ run over the half-integers —M + %, oM — %
If we reverse the order of the rows and divide each column by its index g,
we see that this determinant is proportional to another determinant

det (/jz <1 + g) ellpta)d (4 f(9))d0>

= det <5p7q + / % (1 + 5) ol(—p+a)0 f(e)). (4.78)

We rewrite the factor of f(f) as a matrix product

e Pt 4 = o0 e0 = (70 jpe=ird) < D=1 iq9>
q (ig) e

By identifying the matrix structure as

(ig) ' e
then the above matrix is of the form I + AB. If we identify the integral
[ df/(2m) as equivalent to the lattice summation N1y with 6 = 27z /N,
BA is regarded as the 2N x 2N matrix with the propagator K (0, 6’) given by

eiq9
0lAs) = - 56) (e, ipe ). (015l = ( )

1 eip(efel)7
K(0.0) = —
4m Ep: (ip)~L cPO=0) in(0=0")

ip eip(0—0")

(4.79)
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If we write

1 , 1 sin M6
_ ipf - = 2
St (6) 2 ; ¢ 21 sin %9 ’
d 6
DS (6) = 5 Su(6), 54 (6) = / Su(0)d0, (4.80)
0

then we can represent the propagator as
Sy(@—0"), DSy(6—10)

K(0,0) = - : (4.81)
ISy(0—6"), Su(@—190)

N —

The remarkable property of this matrix propagator K is that (4.56) is sat-
isfied as the 2 x 2 matrix equation. Evidently the transpose of K also serves
as the propagator.

Recall that the determinant we are working with now is not the norm
of the many-body wave function, but is proportional to its square. Taking
the square root amounts to multiplying by a factor 1/2 in the exponenti-
ated quantity £. Namely, the correlation function can be read off from the
expansion

£ =In[det(1+ K f)]Y/? = ;/def(e) Tr K (6, 0)

1

—4/d0f(9)/d&’f(&’)TrK(@,@’)K(G',&)+-~~. (4.82)

By noting 27z = N, we obtain the correlation function C(z) as

2
O) = — @:) Tr K (0, 0) K (0, 60)
2
- _% @:) [Sai(0)% — ISw(0) DS (0)] (4.83)

where we have used the fact that Sy,(#) is an even function, and DSy,(6),
ISy (0) are odd. In the thermodynamic limit with |z| < N, we define the
following functions from (4.80) by setting v = 2M/N:

sin k@ 1
= m I = —Si(km
() = T Ts(a) = ~Silkna)
:'ycoswx_sinkmas' (4.84)

z T2
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Then the correlation function is obtained explicitly as

sinkmx>2 [fycoskmx sin k,,x Si(kn2). (4.85)

Arz (2mx)?

O () = — <

In the case of no magnetization with v = 1, a drastic simplification emerges.

2rx

Because of the integer lattice coordinate x, we actually have sinmz = 0 and
cosmx = (—1)*. Then we obtain the form

COS T

dmtx
which gives C**(z) = C*(z) in (4.21), reflecting the SU(2) symmetry.

% (z) = Si(nz), (4.86)

4.6 Spectrum of magnons

The spectrum of Hyg, or equivalently Hyg, is most easily described by the
set of momenta of down spins. These particles can be regarded as magnons
created from the fully polarized reference state. Since the reference state is
not the ground state, the magnons can take negative energy. By using the
mapping to the Sutherland model as given by (4.16), we can represent the
energy in terms of the rapidity (or renormalized momentum) p; as discussed
in Chapter 2. Then we obtain the energy in terms of the rapidity

sz p; — 27) + 8J( ), (4.87)

where p; is arranged in the descending order p; > pa > - -+ > pas.
As the fermionic description (Section 2.2.2) in the Sutherland model with
A =2, the rapidity p; is determined by

N
oPi =1L+ ngn =1+ = (M-|—1—22)_/<;Z-, (4.88)
where {I;} are distinct integers with Iy > Iy > --- > Ij;. In the ground

state, we have I, = Ijo = (N + M + 1)/2 — i. Hence the corresponding
rapidity p;o is given by

2
pio—W:WF(M—&—l—%). (4.89)
The total crystal momentum P of the M-magnon state is given by

P=-m+) p, (4.90)

where —7 comes from the reference state |F).
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The form of (4.88) is reminiscent of the Bethe ansatz theory with a con-
stant phase shift. The phase shift in the present case is 27, which means
that the minimum separation of occupied momenta is 47 /N. Since the 1/r?
interaction eventually decays at long distance, (4.88) is sometimes called
the asymptotic Bethe ansatz [107,177]. An important difference from the
Sutherland model is that p; is restricted to inside the Brillouin zone, where
all magnons have negative energies. Since the magnons repel each other in
the momentum space, the number of states for magnons cannot exceed N/2.
All these states are occupied in the ground state.

The distribution of the rapidities {p; } is specified by occupation or vacancy
for all momentum states in the Brillouin zone. We associate 1 for an occupied
state, and 0 for the vacant state. Then the N-sequence of 0 and 1 determines
the energy. Such a sequence of binary digits is called the motif [78], which has
already appeared in Section 2.3.2. We deal with polynomial wave functions
without the constant term. Hence, the first digit in the motif is always
0. It is customary to add an extra 0 at the end, and make the sequence
N + 1 digits. Then the beginning and the end become equivalent, which
corresponds to both boundaries of the Brillouin zone. In the case of a singlet
ground state, the motif is given by 0101...010 with M 1’s. Let us represent
the xth element (k = 0,1,...,N) of the motif by d,. Then d, = 1 means
the occupation of the momentum state. The total crystal momentum P and
the energy F are given by

B =25 5N = k)ds + 2 J(0), (4.91)

in accordance with (4.90) and (4.87).
It is also possible to describe magnons as interacting bosons. The bosonic
particles are characterized by a set of integers I;, defined by

I; = I; — I.

Namely, I; gives the deviation from the ground-state quantum numbers I;o.

We have the relation I} > Iy > --- > Ij;. In analogy with (4.88), we obtain
N T T .
i =Tty seu(pi—py) = I+ (M +1-20). (4.92)

J
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The factor 1 in front of the summation over j is to be compared with another
factor 1/2 in (4.88). Then the energy of the system is written as

N\ 1 o -
(32) E-BON =3 B+ IE-TL @)
=1 1<J

where Ey(M) is given by (4.17). By comparing (4.87) and (4.93), we under-
stand that the free-particle description with renormalized momentum, i.e.,
rapidity p, is equivalent to the bosonic description with repulsive interac-
tion |p; — p;| in the momentum space. We shall use (4.93) in discussing the
spinon excitations later. For completeness, we now remark on the case of
N being odd. The allowed crystal momentum is given by p; = 27j/N with
j =1,2,...,N. The set of momenta does not include = with N odd. In
the mapped Sutherland model, the allowed set of momenta does not include
zero, hence the set of momenta corresponds to those under the antiperiodic
boundary condition. The lattice wave function itself satisfies the periodic
boundary condition because of the half-integer power N/2 in z; for magnons.
Then the ground state is non-degenerate for M even and doubly degenerate
for M odd. The energy of the system is given by (4.87) also with N odd. In
the non-degenerate ground state with M even, we obtain the same expres-
sion for p;p as (4.89). The corresponding k; and I;p are now half integers.
The quantum numbers I; describing bosonic excitations remain integers.

4.7 Spinons
4.7.1 Localized spinons

Elementary excitations from the singlet spin liquid differ from those from
magnetically ordered states. The former excitations are called spinons, in
contrast with magnons in the latter, and can be viewed as a kind of moving
domain wall. Although crude, the real-space picture is the most useful to
get an image of spinons. Consider a Néel state with a periodic boundary
condition. If the number N of the lattice site is odd with S* = 1/2, the up
and down sequence of spins must have a part where two up spins are next
to each other. This domain wall is the localized representation of a spinon.
For N even with S* = 0, on the other hand, the domain wall excitation
must occur in pairs. A localized magnon, which is a flip of a spin resulting
in §% = 1, has three neighboring up spins. This state is considered as two
spinons at closest distance.

For a more detailed inspection including identification of the quantum
number of a spinon, we consider the quantum liquid of spins since the Néel
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state does not have a definite quantum number for the total spin. Let us
consider, as in the Néel state, the odd number N of the lattice site. Then the
ground state has the minimum total spin S = 1/2. In the case of the 1/r?
exchange model, the wave function is explicitly given by the Gutzwiller-type
one as in (4.14). The coordinate index i representing a down spin runs from
1 to M = (N —1)/2. Then there is a surplus of S* = 1/2. We now introduce
an extra coordinate zyp = exp(2wizg) = 1, which corresponds to lattice site
xo = 0, and consider a wave function

M
Vis({z};20) = H( —20)Va({z}) = Hzl Zi — 20 1—[(2z — zj)2. (4.94)
i=1 1<J

The amplitude becomes zero if any of the down-spin particles comes to
20, and tends to that of the singlet liquid as z; goes away from zy. Hence
Us({z}; 20) represents a defect of down spins. Since all sites are occupied
by either up or down spins, the site zy is occupied by an up spin. We in-
terpret this defect as a localized spinon with spin up [79]. The state given
by Uis({z};20) has § = S* = 1/2. This highest-weight property of SU(2)
applies generally for polynomial wave functions without the constant term,
and will be explained in Section 4.8.1. Note that the maximum power of z;
is 2M (=N —1) in (4.94), and the minimum power is one. Namely, the wave
function does not contain the constant term.

Let us now consider the case where the total number of lattice sites N is
even. Then the ground state is a spin singlet, which will be proven formally
in Section 4.8.1. It is not possible to have a single spinon as an excited state,
since S = 1/2 is not allowed for N even. On the other hand, the state with
two spinons localized at zp and at another arbitrary site z is possible. The
corresponding wave function is given by

Was ({2} 20, 20) H zi(zi — 20)(zi — 20) H(zl - zj)2. (4.95)
1<j
This wave function corresponds to a state with N/2 4+ 1 up spins and
M = N/2 — 1 down spins. It is obvious that for any nonzero separation,
coordinates zp and z{, are both occupied by up spins, and the total spin of
Uos({2}; 20, 2() is unity. We interpret this state as a triplet of two spinons.
The state Wos has the SU(2) highest weight S = S# = 1. The highest power
of z; in (4.95) is N — 1, which is again the maximum allowed within the
first Brillouin zone. The case zp = z{, represents a localized magnon as
shown above. Thus we obtain the appealing interpretation that a magnon
is nothing but two spinons sitting on the same site.
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4.7.2 Spectrum of spinons

These localized spinons, however, cannot be eigenstates of the Haldane—
Shastry model or, in general, of a spin liquid. One has to go to the momentum
space representation of spinons for constructing eigenstates of the transla-
tionally invariant system. We consider first the case of N and M = (N—1)/2
both being odd. The polynomial ground state is doubly degenerate, as
given by

M
UENES | Ea | (CEER (4.96)

i=1 i<j

We take \I/g) ({z}) and consider an excited state as follows. By expanding
the first factor (4.94) in terms of z;, we find terms such as

M

M—j
ZO Z1R9 Zj Zi

i=1
which range from z(])” Hf\i 1 % to Hf\i 1 z2. Each additional power of z; rep-
resents the momentum of a spinon. Then the first contribution is propor-
tional to \II(G_)({z}) and may be regarded as a spinon excitation with zero
momentum. The case [], 212 with maximum power is represented, in terms
of the Young diagram, by M squares arranged vertically. The polynomial
still keeps the maximum power of each z; less than N. Namely, the resul-
tant wave function is within the first Brillouin zone without the constant
term.
For a general momentum, a spinon excitation is described by the elemen-
tary symmetric polynomial

642 E zil---zic,

731<'~'<ig

which corresponds to the number ( of vertically arranged squares. The
case with ( = M corresponds to the Galilean boost by unit momentum,
and gives the other degenerate ground states. We interpret the case of
¢ = 0 as containing a spinon of zero momentum, and the case with { =
M of the maximum momentum. Let us, for example, consider a case of
M = 4 as shown by Fig. 4.2. As has been shown in (4.87), a state with ¢
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(a) (b) (c)

Fig. 4.2. Young diagrams for spin excitations in the hard-core boson representation
of magnons with M = 4. The ground state does not have any square since it is
taken as the reference. (a) One spinon with ¢ = 4 as momentum in units of 27/N,
(b) two spinons with ¢(; = 4 and (o = 2, and (c) three spinons with momenta
(1 = (o = (3 = 1, or equivalently, one antispinon with particle momentum x = 3.
The number N (>> 1) of the lattice sites is odd for (a) and (c), and even for (b).

has the energy

1 /2m\2 & s o 212
1=

where we have used xk; = M + 1/2 — 2i for the ground state. Note that the
unit of energy is taken as J/2. As expected, we obtain 5 = 0 for both { =0
and { = M.

In the case of N odd and M even, the polynomial ground state is non-
degenerate with k; = M + 1 — 2¢. The ground state has number N — 2M of
spinons whose spectrum is given by

€ — G@) M 11/ (4.98)

In the thermodynamic limit, the energy of a spinon is written in terms of
k = 2n(/N for both even and odd M as

es(k) = k(v — k), (4.99)

where v, = 27M /N and k > 0. We obtain v,, = 7(1 — m) with m the
magnetization per site as defined by mN = N — 2M. The spinon velocity
Uy, determines the maximum of k£ as k < v,,. The independent number of
one spinon state is obtained as M + 1 including the ground state. Namely,
the allowed range of k is half the original Brillouin zone with m = 0, and
becomes smaller as magnetization m increases. The quantity k£ has the mean-
ing of crystal momentum with m = 0. However, in the case of m # 0,
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physical momentum ¢ has to be shifted from k by mm/2, as will be shown
later in Fig. 4.3.

We consider how the spin-flip can be interpreted in terms of propagating
spinons. This serves also to determine the spinon Brillouin zone. We assume
the ground state with N to be even and M = N/2 to be odd, and obtain
the two-spinon state localized at z{, = zy from (4.95):

M-1

({z}(Sg + ng)‘I’G> = Wos({z}; 20, 20) = 20 ﬁ (z — 20)2\1’(;,, (4.100)
i=1

where Wg_ is the Gutzwiller wave function with M — 1 down spins. The
spin-flip described by S§ +1S§ changes the meaning of z from a coordinate
of a magnon to a constant. The momentum associated with W _ is 4, since
M —1 is even. The extra momentum associated with the spin-flip ranges from
0 to 2w (1 —2/N), as can be seen by expansion of Hf\ifl(zl — 20)2. Then the
total crystal momentum of the spin-flip is in the range [—m, 7), as it should
be. Since a spin-flip (creating a localized magnon) can be regarded as two
spinons sitting on the same site, each spinon should carry a momentum
either in the range [—7/2,7/2) or [0, 7). The latter range agrees with that
obtained above for the spectrum of a single spinon. Since the spinons are
created only in pairs with N even, the physical momentum of a spinon has
a periodicity 7, instead of 27. Namely, the right half of the spinon branch
with m < ¢ < 27 can be shifted to the negative side of ¢.

In the hard-core boson representation, a spinon corresponds to a hole in
the Sutherland model with the repulsion parameter A\ = 2. Then it follows
that spinons with the same spin have the exclusion statistics with 1/A = 1/2.
Moreover, the spinons with opposite spins also have the statistical parameter
1/2, as will be shown shortly. The particles with 1/2 statistics are often refer-
red to as semions. We use the terminology “fractional” exclusion statistics
for the case where the statistical parameter is between 0 and 1, as in the
case of semions. The part of the eigenstates having two spinons is repre-
sented by Jack polynomials, by analogy with the Sutherland model. For
example, the Young diagram of two spinons with ¢ = 2,4 is shown in Fig.
4.2(b). Note, however, that the two spinons with S =1 but S* # 1 cannot
be represented by a symmetric function of {z;}. In general, only the SU(2)
highest-weight states with S = S* of 25 spinons are represented by Jack
polynomials. These states are called the fully polarized spin gas (FPSG) by
Haldane [78]. As we shall explain later, the FPSG turns out to be the SU(2)
Yangian highest-weight states (YHWS). We shall also see later that for cal-
culation of the dynamical correlation function without a magnetic field, only
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these YHWS are relevant. The excited state shown by Fig. 4.2(c) can
either be interpreted as three spinons with the same momentum, or an
antispinon. This ambiguity is specific to the SU(2) symmetry where the
conjugate representation 2 is isomorphic with the fundamental representa-
tion 2. In the SU(K) spin chain, a spinon transforms as K, as discussed in
Chapter 5.

4.7.3 Polarized ground state

In the case of M < N/2, we obtain S* > 0 in the corresponding ground
state, which is stabilized in the presence of magnetic field A > 0. The magnon
spectrum is given by

em(q) = %q(q — 27m) + 2h, (4.101)

where ¢ is the crystal momentum in the Brillouin zone [0, 27r|. The spectrum
for —27 < ¢ < 0 is given by replacing ¢ in (4.101) by |g|. Figure 4.3(a) shows
the spectrum for ¢ < 0. As we have identified Was({z}; 20, 20) as a two-spinon
wave function in the real space, we may construct spinon wave functions in

—2m q o
€as(q) L R
0 :
Gm((J) (a)
0 q /2 T
€s(q)
0
(b)

Fig. 4.3. (a) Spectrum of a magnon in a magnetic field. The regions —mm < ¢ < 0
and —27 < ¢ < —(2 — m)7 with positive energy give the spectrum e,s(¢q) of an
antispinon with right (R) and left (L) branches. (b) Spectrum of a spinon in a
magnetic field. The allowed range of momentum g is given by mn /2 < ¢ < 7—mm /2.
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the momentum space. Then a hole of magnons with negative momentum
is interpreted as two spinons with positive momentum. In the ground state
with h > 0, magnon states are occupied for such ¢ as

Gm =M < q < 2T — Q. (4.102)

Here m = 1 — 2M /N is the magnetization per site, and is related to h by
em(mm) = 0. The positive part of €y, (gq), which is unoccupied by magnons,
is identified as the spectrum of antispinons, i.e., €45(q) = €m(q). Thus anti-
spinons can also be viewed as excited magnons from the polarized ground
state. The allowed range of momentum shrinks as m becomes small, and
disappears in the singlet state. By restriction of M < N/2, antispinons can
have only down spin. This means physically the spin-flip excitations from
the condensate of up spins.

An antispinon is represented by a row with length x, in the Young dia-
gram. Figure 4.2(c) shows an example with x, = 3. The maximum of &, is
given by kg = N/2 — M — 2. The ENergy €as of an antispinon is also derived
from (4.93) by setting I; > 0, and I — 0 with 2 < j < M. Here I; cannot
exceed N/2 — M = Nm/2. We obtain

2
€as = G\Tfr) Bi% + (M-I | = %kZ + Uk, (4.103)
with k = 271, /N and v, = 2r(M — 1)/N. With the condition ¢ = k + 7m,
the spectra given by (4.101) and (4.103) for & > 0 become identical. The
difference between k and ¢ is that k is measured from the lowest-energy
antispinon state, which already has the finite momentum 7m.

In terms of the motif introduced in Section 4.6, a spinon corresponds
to an extra 0 in the sequence such as ...01010010101... The location of
00 determines the momentum of the spinon. An antispinon with rapidity
k = 27(/N corresponds to the motif where the rightmost 1 has the number
(41 of 0’s to the left. The successive 0’s in the interior of the motif represent
multiple spinons with the same momentum. Two spinons are created by
annihilating a magnon represented by 1 in the motif of the ground state.
The annihilation results in 000 in the motif, which represents two spinons.
In the thermodynamic limit, the spectrum of up spinons eg(q) is derived
most easily from the filled part of the magnons by the particle-hole relation
—em(—2¢q) = 2¢5(q) (> 0). Namely, we obtain

es(q) = a(m—q) — h, (4.104)

where the crystal momentum ¢ has meaning for m/2 < ¢/m < 1—m/2 with
es(q) > 0. Figure 4.3(b) shows the spectrum of up spinons. Comparison
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with (4.99) shows that the crystal momentum g is related to k as

fk+mm/2, (k> 0),
k471 =m/2), (k<DO0).

Note that the origin of k has been taken to be the spinon states with the
lowest energy with momentum ¢ = +7m/2.

4.8 Energy levels and their degeneracy
4.8.1 Degeneracy beyond SU(2) symmetry

By mapping to the Sutherland model, we have found that some eigenfunc-
tions ¥, ({z}) of Hyg can be written in the form

M
we({o}) = [T 1 — ) ({2, (4.105)
i=1 i<j
where N is even and J,({z}) is a symmetric Jack polynomial. As long as
the degree of J,.({z}) for each z; is less than N/2 — M + 1, the polynomial
U, ({x}) is within the Brillouin zone, and describes a spin state in Hpsg.
Moreover, there is no constant term in (4.105).

The wave function W, ({z}) belongs to the highest-weight states of the
SU(2) symmetry, namely S = S* = N — 2M. To show this we operate
St = Zjvzl S;-“ to U, ({z}). The spin-flip operator S;T gives a null result if
the site j is not occupied by a down spin. If the site is occupied, the spin is
reversed. In the first quantization, the spin reversal means that one of the
coordinates disappears from W, ({z}). Namely, one has

(@, aym]STW) =D We(z, 29, 20), (4.106)

where x runs from 1 to N. In the case of the polynomial wave function as
described by (4.105), one has the expansion with z = exp(27zi/N)
N-1
U (z,x0,...,20) = Zzpwp(xg,...,xM). (4.107)
p=1
Because of the oscillatory property of 2P, the summation over z gives S™|¥,)
= 0. Thus it is confirmed that the Sutherland-type wave function ¥, ({z})
belongs to the highest-weight states of the SU(2). In the special case of
M = N/2, we obtain S* = 0, and hence S = 0. Thus the Gutzwiller wave
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Fig. 4.4. Low-lying levels of the Haldane-Shastry model with sizes N = 11
and N = 12. Each filled circle indicates a state with a pseudo-momentum in
units of 27/N. Numbers attached to levels show the degenerate structure: “231”
means (S = 1/2)2 @ (S = 3/2)> @ (S = 5/2)! for N = 11 (odd), and (S =
02® (S =13® (S =2)! for N = 12 (even). Broken and solid lines are a vi-
sual guide showing the bottom of the excitation continuum in the thermodynamic
limit [77]. Copyright (1988) by the American Physical Society. Reproduced with
permission.

function ¥q({z}) with M = N/2 is an SU(2) singlet. It is crucial here
that the constant term with p = 0 is absent in (4.107). In other words, a
polynomial wave function with the constant term does not belong to the
SU(2) highest-weight states, and will be excluded in the following analysis.

It was found by Haldane by numerical calculation [77] that the spectrum
of the Haldane—Shastry model has an enormous degeneracy. Figure 4.4 shows
the results. This degeneracy with different values of the total spin shows the
presence of a higher symmetry in the model. By the global SU(2) symme-
try, the total spin operator § = ), S; conserves. Hence the set of states
(S7)P|¥,) with S* =S — p has the same energy as that of |¥,), as long as
p < 2S. Hence most of the eigenfunctions of Hyg have a form that cannot
be written as a polynomial like (4.105).

The degeneracy among different values of the total spin is called the
supermultiplet, and comes from a symmetry called the Yangian. We now
construct heuristically some generators called the “level one” [80] of the
Yangian algebra. Let us introduce an operator A® which acts on polynomial
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wave functions U, ({z}) as defined by
N .0
(z1,..., 0| A*T,) = Z — <_1axz — 77) <({z}). (4.108)
This shows that A® is the total momentum of hard-core bosons. Since the

total momentum should conserve, we obtain [A*, Hyg] = 0. We rely on the
following identity with m # 0:

Zi+ Z; N
Z + ] —(m—2> zm, (4.109)

where complex coordinates have been used in (4.3), and the prime in sum-

mation avoids j = . Thus, in the second quantization for hard-core bosons,
A? can be alternatively written as

1 i
AN = 5 Zwijb;rbj = 5 Zwl](SfS;J — S?S;c), (4.110)
i#£j i#£]
where we have introduced the notation
Zi+ Z; 1
wij = Zz — Zj- = —icot 2(0 —0;). (4.111)

Note that the total momentum operator given by (4.110) is not restricted
to the subspace spanned by polynomial wave functions.

From A* ] we obtain a general component o (= z,y,2) in the following
fashion [80,162]:

i i
=2 S wii > eapySIS) = 3 > wi (Six Sj), (4.112)
i#j By i#j
where €,3, is the completely antisymmetric unit tensor. Since the Haldane—
Shastry model has the global SU(2) symmetry, the conservation law for A?
means

[A®, Hys] = 0 (4.113)

for o = x, y, z. Physically this can be interpreted as conservation of the spin
current A [25,123]. On the other hand, straightforward algebra using (4.112)
gives

=1) eapy . (4.114)
Y

!Z S A7

Thus A does not commute with the total spin. This means that if |¥) is
an eigenstate of Hyg, A%|¥) is another eigenstate with different total spin,
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and they are degenerate. Therefore the degeneracy extends out of the global
SU(2) symmetry.

In order to understand the nature of the degeneracy, we make the following
linear combination:

A +IAY = =) " wi 8PS (4.115)

i#]
By using the up-spin reference state, we put Sj =1/2 - dje{sy Where the
Kronecker delta becomes unity if Z; belongs to the set of magnon coordi-
nates. We show now that A* + iAY annihilates the FPSG state where the

corresponding W, ({z}) is a symmetric function of magnon coordinates. By
applying (4.115) to ¥, ({z}) with M magnons, we obtain

N M-1
(X1, o1 |[AT +IAY|T,) = — Z Z wy;V(x,21,. .., x0—1) =0,
=1 j=1
(4.116)
where the summation index j means that of z;, and we have used the rela-
tion S7 = —n; + 1/2. The summand in (4.116) is antisymmetric against

interchange of x and ;. Moreover, w;; has the translational invariance
(x,j) — (z —n,j —n). Thus choosing n = j, we obtain the last equality by
summation over z. On the other hand, successive application of A* —iAY on
|W,) generates different states with the same energy. The generation stops
for certain n where we have (A* —iAY)"|¥,) = 0. Some simple examples will
be discussed later, as illustrated in Fig. 4.7.

This sequence of generation is analogous to the application of raising and
lowering operators of angular momentum to an SU(2) highest-weight state.
Hence we call such a state that satisfies (4.116) a Yangian highest-weight
state (YHWS). All the polynomial eigenstates, i.e., the FPSG states, in the
Haldane-Shastry model thus belong not only to the SU(2) highest-weight
states but to the YHWS. We shall provide a more formal discussion of
Yangian symmetry in Part II.

4.8.2 Local current operators

In addition to the conserving current A derived above, the Haldane—Shastry
model has a set of local operators which annihilate the ground state [162].
We first observe the identity for each variable 6; = 27z; /N

i = 2 Ny | we({a)) =0, (4.117)
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which is analogous to (2.6) in the Sutherland model, and follows from the
explicit product form of ¥ ({z}) given by (4.13). In the magnon and spin
representations the identity is rewritten as

1
5 Z/wij(b;[bj — Qnmj)\I/G
J

1 _ _1 1
=3 Z/wij [si St —2 (Si — 2) (Sj — 2)} Tg =0, (4.118)
J

where n; = bZTbl- = 57 — 1/2. Since the singlet U remains the same if one
reverses the direction of all spins, we also obtain

1 ~ | |
J

By subtracting (4.119) from (4.118), we see that the following operator:

Z wij [i (S; x 8;) + 8,1 (4.120)

annihilates ¥¢. In addition to the z-component A7, the vanishing property
also holds for the other components A¥ and A because of the singlet nature
of Ug. Namely, a vector operator A; defined by

A= wa (Si x 8;) + Sj] (4.121)

annihilates ¥ [162]. On the other hand, the spin current A is given by
A=) A, (4.122)

which justifies the name of the local current operator for A;. Note that A is
Hermitian, while A; is not. It has been shown by straightforward calculation
[25,162] that

Hys =J < > [ ZAT N+1S N(]\;;+5), (4.123)

where S is the total spin of the system. This form confirms that W indeed
gives the ground state, since A;r - A; and S? are non-negative operators.

In fact there are five more local operators which annihilate the ground
state [162]. To derive these, we now add (4.119) to (4.118), and find that
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the operator

QF = 5wy (5757 + 5187 - 2855 ) (1124
J

annihilates Wq. It is evident that Q7* takes the form of a second-rank tensor,
or a quadrupole formed by two spins. By the invariance of U against SU(2)
rotation, we then find that any component

2 2

Q7 =~ "y, [3 (5057 +887) = 8sS: - Sg} (4.125)

of the tensor also annihilates W¢. There are five independent components of
Qfﬁ since they are symmetric and traceless.

It still remains to clarify what kind of physical roles these local opera-
tors play, in addition to annihilating the ground state. In this connection
we note that the local currents do not commute with Hys, nor with each
other. In order to construct a commuting set of local current operators,
a limiting procedure from the Sutherland model is available [183]. In the
latter model, Cherednik—Dunkl operators constitute the commuting set, as
explained in Section 3.6. The lattice version of Cherednik—Dunkl operators
will be discussed in Chapter 9.

4.8.3 Freezing trick

As we have seen in previous sections, the mapping of certain sets of states
(YHWS) of the Haldane-Shastry model to eigenstates of the Sutherland
model is very powerful in deriving the spectrum of the model. The main
advantage is that one can then use the highly developed mathematical tech-
nique for orthogonal polynomials in the continuum space. On the other hand,
most states in the lattice model cannot be described by orthogonal polyno-
mials. These states do not have the Yangian highest weight, and are degen-
erate with polynomial wave functions. In order to derive thermodynamics,
we have to know not only the energy levels but also their degeneracies.

A nice way to derive all states in a lattice model is to regard the lattice
model as the limiting case of the Sutherland model in the continuum space
[149,177]. Namely, we start from the U(2) Sutherland model, and take the
limit of A — oo. Then each particle tries to avoid the others as much as
possible, and crystallizes with equal distance 27 /N. The resultant dynamics
is the combination of uniform translation, lattice vibration, and exchange of
SU(2) components. The last is nothing but the spin degrees of freedom in the
Haldane—Shastry spin chain. Provided one can separate unwanted excited
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states associated with lattice vibrations, one recovers all the excitations in
the spin chain.
We start from the U(2) Sutherland model for N-particle systems:

P A= y)
— ox?  L? = sin?[ (z; — x;) /L]

Hy = (4.126)

The spin permutation operator P;; is in fact an SU(2) specialization of the
SU(K) internal symmetry. We have seen in Chapter 3 that the energy spec-
trum E) of (4.126) has been obtained [22,99,177] as follows:

2 00 00 0
(;{T) (Ex—EonN) = Z K2V (K) + % Z Z |k — & |v(r)v(K),

K=—00 K=00 g/=—00
(4.127)
where Fon = (mA/L)* N(N? —1)/3 is the energy of the absolute ground
state given by (2.12), and k runs over integers describing momentum k by
the relation k = 27k/L. The distribution function consists of

v(k) =vi(k) + v (K),

where v, (k) is the momentum distribution function of fermions with spin o.
Let us consider the strong coupling limit A — oo. In this limit, parti-
cles localize with a lattice spacing L/N, which is taken to be unity. Up to
O(A), there are two kinds of degrees of freedom: one is the vibration around
the lattice points and the other is the exchange of particle species between
the two lattice points. The former corresponds to phonons, while the latter
describes the spin exchange. We obtain as the Hamiltonian [101,149,177]

1
Hit = lim — (H/\ — Eo) = th + 2HI,{87 (4128)
A—0oo A

where Hpy corresponds to the limiting form of (4.126) with P;; = 1, and
describes phonons. On the other hand, Hj;q describes the spin dynamics
and takes the form
—2
Hyg = Z Dy [Pij — ningl, (4.129)
1<j

where D;; = (N/m)sin[r(i — j)/N]. The original particles in the Sutherland
model can be taken as fermions. In the large A limit, each site is singly
occupied by a fermion with either up or down spin. Thus the system is
equivalent to a set of interacting quantum spins. By using the identity

Pij == QSZ' . Sj + nmj/Q, (4.130)
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for hard-core fermions with the occupation number n; = 1, we recover from
Hyg the Haldane—Shastry model with J = 2 minus the constant term N.J(0).
By construction the eigenvalue of the fully polarized state is zero in Hjq,
since we have P;; = n;n; = 1 for this state. The same result follows if we
start from bosons in the Sutherland model.

Let us consider a route to construct thermodynamics for Hjg: first we
consider thermodynamics for Hio and subsequently subtract the phonon
contribution. Using (4.127) and the relation (4.128), we obtain the expression
for the energy spectrum of Hyo [101,177]

a2 & 9]
Eioy = el Z Z |k — K| v(K)v(K). (4.131)

KR=00 /{/:—oo

The phonon contribution can be derived by regarding v(k) as a single com-
ponent. The ground state corresponds to HEO) =N—iwithi=1,2,...,N,or
equivalent ones with a uniform shift. The Young diagram for the difference
Ar; = K — F%(o) takes the form for bosons. The uniform increment of Ax;
describes the Galilean boost of the whole particles, and does not affect Fi
in (4.131). On the other hand, an excitation with Ax; =1 for 1 <i < m and
Ar; = 0 for m > i corresponds to a phonon with momentum ¢ = 27m/N.
The excitation energy is derived from (4.131) as

o2 I X 272 1
Wy = S5z Z Z (Ak; — Akj) = Wm(N —m) = §q(27r —q). (4.132)
i=1 j=m+1

If we take Ak; = n for 1 < i < m and Ak; = 0 for m > i, the energy
is given by nw,. By definition the excitation given by (4.132) obeys the
boson statistics and should properly be called a phonon. It is seen from
the above derivation that the phonon in the present system is harmonic for
any magnitude of the displacement. Namely, a larger displacement simply
increases the number of harmonic phonons.

We now turn to the two-component case of (4.131) with N even and
M = N/2 odd. In the ground state, we obtain for each component Hgg) =
(M +1)/2 —ifor 1 < i < M. Since we have derived all the eigenvalues
of the model given by (4.128), and all eigenvalues of the phonon part, we
can eagsily check that the Gutzwiller state gives the lowest eigenvalue for the
spin part, and there is no degeneracy with Ny = N| = N/2 odd. Therefore,
we have obtained another proof, in addition to (4.123), that the Gutzwiller
wave function (4.13) indeed gives the ground state.
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4.9 From Young diagrams to ribbons
4.9.1 Remowval of phonons

To make physical excitations in the spin chain explicit in the freezing trick,
one has to remove the U(1) component, i.e., the phonons, and retain only the
SU(2) components in counting the available states. We now discuss explicitly
such a procedure in which the correspondence between a Young diagram and
another diagram called a ribbon diagram, or simply a ribbon, is relevant.
Figure 4.5 shows partitions of two-component particles giving the ground
state and two kinds of excited states in (4.131) with N = 6. Unlike ordinary
Young diagrams, each row in a partition diagram has a spin index, and
is tentatively called U(2) partitions here. Although antisymmetrization of
different rows has not been performed, we keep only such diagrams that
survive the antisymmetrization. Hence at most two rows have the same
length.

In state (b), the spin indices  and y can either be up or down, leading to
four possible combinations of  and y. The four different spin states can be
reorganized into one singlet and one triplet. On the other hand, the state
(c) is an SU(2) singlet where both up and down spins have the same set of
momenta. The state (c) represents a phonon excitation. In general, a totally
white column (without any shaded square) represents a phonon excitation.

Let us proceed to systematic classification of U(1) and SU(2) excita-
tions. It is clear that the location of the rightmost squares in each row,
which are shaded in Fig. 4.5, carries all the information on the states. Then
we rearrange the diagram, keeping only the shaded squares. Namely, some
shaded squares are shifted vertically so that the adjacent shaded squares

1 1 1
2 2 2
1 T 1
2 Yy 2
1 1 1
2 2 2
(a) (b) (c)

Fig. 4.5. U(2) partitions for (a) the ground state, (b) an excited state with two
spinons, and (c) an excited state with a phonon. The index 1 represents the up
spin, and 2 the down spin. Shaded squares show the momentum of each row.
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1 1
1|2 1 1|2
1|2 1|y |x|2 1 2
2 2 2
(a) (b) ()

Fig. 4.6. Skew Young diagrams for (a) the ground state and (b) an excited state
with two spinons. Both (a) and (b) are called ribbon diagrams. A disconnected
skew Young diagram like (c) represents an excited state with a phonon, and does
not belong to ribbon diagrams.

share a common side if possible. Figure 4.6 shows the arrangement of six
squares keeping the horizontal position. The spin state is inscribed as a
number 1 or 2 in each square.

Since the shaded squares are separated in Fig. 4.5(c), the rearrangement
leads to disconnected pieces as shown in Fig. 4.6(c). Then by keeping only
the connected diagrams after vertical shifts, one can exclude phonon or U(1)
excitations. These connected diagrams are called ribbon diagrams [111], or
simply ribbons.

We note that ribbon diagrams are a particular subclass of skew Young
diagrams, which are constructed from a partition A and its subset u to
represent A/p. Namely, ribbon diagrams do not have 2 x 2 or larger blocks
of connected squares for A\/pu.

A phonon-free excited state in the freezing limit of the Sutherland model
has one-to-one correspondence to a ribbon diagram with inscription. It is
understood in the ribbon diagram that a symmetrization of spin states has
been made for each row. In order to avoid overcounting, we require y < z in
Fig. 4.6(b). Thus, of four states in Fig. 4.5(b), only the triplet states survive
the symmetrization. The triplet excitation is interpreted as two spinons.
Note that two spinons can also form a singlet provided they are separated
by one or more vertical pairs in a ribbon diagram.

The energy of each state can easily be read off by returning to the corre-
sponding partition diagram, since we have never made a horizontal move of
the square. Then the energy remains the same as given by (4.131), provided
each square in the ribbon diagram represents a single-particle state. The en-
ergy of the whole state depends solely on the momentum distribution v(k),
and is independent of spin structures in v(x). Moreover, the energy does not
depend on the total momentum, or the Galilean boost. Hence, it is clear by
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construction that states with a common shape of the ribbon diagram are
degenerate. This applies even if the total spins of the relevant states are not
the same. Hence the set of states is called a supermultiplet.

In more mathematical language, the connected ribbon diagrams describe
all states in the SU(2) part of the U(2) = SU(2)®U(1) symmetry for the
system Hio. The U(1) part describes the phonon or charge dynamics. Each
ribbon diagram without an inscription corresponds to a multiplet of a larger
symmetry group [188], which is called the Yangian Y (sls).

4.9.2 Completeness of spinon basis

The spinons span the complete basis of the Hilbert space of N spins [78].
Before proving the completeness, we illustrate the simplest case of N = 2
where the four states are classified into one singlet and one triplet. The latter
is interpreted as two spinon states with S* = £1,0. Hence the states with
zero and two spinons indeed span the complete set. In the next simplest case
of N = 3, the 23 = 8 states are classified into two doublets and one quartet
with S = 3/2.

To visualize the classification in the general case we use ribbon diagrams.
We arrange the squares, each of which has an inscription of either 1 (spin
up) or 2 (spin down), as shown in Fig. 4.7. The sequence of inscribed num-
bers is called a semistandard tableau. Although squares can represent any
basis set, it is most convenient to take the momentum basis so that the
momentum increases by 27 /N by going one square to the right. A horizon-
tal array implies symmetrization and a vertical array antisymmetrization,
as in the standard Young diagrams. To avoid overcounting we require that
the numbers inscribed should increase on going down the array, and should

RN 1|2 1 1
2! 2 1|2 2 | 2
(a) (b) (c) (d)

111 112 1|22 2 | 2|2
(e) (f) (8) (h)

Fig. 4.7. Skew Young diagrams, or ribbons, for N = 3. The dotted lines in (a)
illustrate the path leading to the motif 0100 as explained in the text. The Yangian
lowering operator A* —iAY of (4.133) changes (a) to (b), and (c) to (d). Successive
application of A® —iAY changes (e) to (h) through (f) and (g).



4.9 From Young diagrams to ribbons 191

not decrease on going right. A vertical pair of squares represents the sin-
glet state of two spins. In the general case, we need a limiting procedure to
obtain the wave function as explained in Section 4.8.3. This is in contrast
with the FPSG case, where the actual form of the wave functions is given
by Jack polynomials. A ribbon diagram without inscribed numbers repre-
sents a supermultiplet which contains degenerate states with different spin
configurations.

It is possible to identify spinons in any ribbon diagram from its shape.
Namely, a spinon is represented by a square which is not connected to
a vertical neighbor. Equivalently, one can associate with any ribbon dia-
gram a sequence of 0 and 1, which is called the motif. We have already
introduced the motif in Section 4.6 in an apparently different way. In the
present case, the motif is constructed by tracing the N squares from the left
bottom to the right top. If one crosses an edge of squares by a horizontal
move, one associates the crossing with the digit 0. On the other hand, a
crossing of an edge by a vertical move is recorded by the digit 1. The first
and last crossings of an edge are always done horizontally. For example, the
motif of (a) and (b) in Fig. 4.7 is given by 0100, while (c) and (d) by 0010.
Now a spinon is identified as a successive pair of 0’s in the motif. The states
shown as (a)—(d) in Fig. 4.7 contain a spinon. The momentum of a spinon
differs between the multiplet containing (a), (b) and the other containing
(c), (d). Similarly the multiplet containing (e)-(h) is characterized by the
motif 0000 with three spinons. Thus we see that a motif is in one-to-one cor-
respondence with a ribbon diagram, and hence specifies a supermultiplet.

We now show that the present definition of the motif is equivalent to that
determined by the occupation pattern of rapidities, as introduced in Section
4.6. We regard the sequence of N squares from left bottom as all momentum
states in the Brillouin zone. Let us restrict ourselves to the YHWS in the
ribbon diagram. Then the horizontal crossing of an edge is always from a
square of spin up, since the down spin can only appear at the right end of
each row. Thus we make a correspondence from the digit 0 to the spin up. In
the polynomial wave function, the spin up is not counted as a particle. Hence
the rapidity at this position is vacant. On the other hand, a vertical move is
always from a down spin by the ordering convention of spins. Thus the digit
1 for the move is in correspondence with the occupation of this momentum
state by a down spin. In this way, we see the equivalence between the shape
of a ribbon diagram and the occupation pattern of rapidities in the YHWS.
Both definitions give the same results for the motif. The energy associated
with the motif is given either by (4.87) or by (4.131). It is remarkable that
such different expressions give equivalent results.
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Fig. 4.8. An example of a supermultiplet straddling S =0 and S = 1 with N = 4.
The values of x and y can be either 1 or 2.

For the simple cases as shown in Fig. 4.7, each multiplet is characterized
by the total spin of the system. A new situation arises for larger NV, as shown
in Fig. 4.8 with N = 4. The state with both  and y being 1 has S =1 and
5% =1, while that with x =y = 2 has S = 1 and S* = —1. In the case of
x =1 and y = 2, the resultant state has S* = 0, but may contain both S = 0
and 1 components. Namely it is not an eigenstate of S. The same applies
to the case where x = 2 and y = 1. Thus different values of the total spin
have the same Young diagram and the same energy as the Haldane—Shastry
model. Hence one uses the name of the supermultiplet. This degeneracy,
larger than that from the SU(2) symmetry, is due to the Yangian symmetry.
We have shown in Section 4.8.1 that the Yangian lowering operator

AT —iAY = =) w87 S (4.133)
i#]

commutes with Hygg but not with the total spin. In terms of ribbon dia-
grams, the action of A® — iAY leaves the shape of the diagram intact but
changes one of the inscriptions from 1 to 2 because of S;. It is possible to
choose the convention such that the change applies to the rightmost 1 in
each row, provided the resultant state is not null. Thus all members of the
supermultiplet are generated by successive application of A® — iAY starting
from the YHWS. Some examples are illustrated in Fig. 4.7.

We now show that the spinon basis spans the complete set of 2V spin
states. There are a few alternative methods for the proof. In Section 6.5.2,
we shall give a general proof which is applicable to any internal symme-
try. Here we use the most direct counting of states. Let Ny, denote the
number of vertical (singlet) pairs. Then the number Ny, of spinons with
arbitrary composition of up and down spins is given by Ny, = N — 2Npair.
The spinons correspond to squares between the pairs and outside the first
and last pairs. In the case of FPSG [78], we have Np,i» = M. Obviously
the number of possible positions (y-coordinates) along the vertical direc-
tion is Npair + 1. We identify each y-coordinate as an orbital of spinons, in
direct analogy to the momentum of a hole in the Young diagram for the
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Sutherland model. Each orbital can accommodate any number of spinons
with any spin direction. If there are no singlet pairs as in Fig. 4.7(e)—(h),
all spinons occupy the same orbital. This corresponds to the bosonic char-
acter of spinons in the space of orbitals, but the statistics of spinons in the
physical Hilbert space is not bosonic, as shown later.

Let Ng, = Ny + N| be the total number of up and down spinons. The
total number Dy, = D + D| of available single-spinon states is given by
2(Npair + 1), where the factor 2 accounts for the spin factor and (Npair + 1)
the orbital factor. Since the Ny, spinons can choose any of these states, the
total number W (N, Ng,) of Ny, spinon states is given by [79]

(N—Nsp)+2+Nsp—1)

W (N, Nyp) = poHn,, = <
P p p Nsp
(N +1)!
_ = 4.134
Ngp!(N + 1 — Ngy)! N+ (4.134)

where
nHm = ntm—1Cm (4.135)

denotes the number of ways of choosing m elements out of n objects with
allowance of duplication. For example, we obtain W (3,3) = oH3 = 4, and
all states are contained in the motif 0000 shown by (e)-(h) in Fig. 4.7. In
general there are plural ribbon diagrams for given Ny, and N. For example,
Fig. 4.7(b) and (c) both have N = 3 and Ny, = 1. The total number of
spinon states for an N-site system is then given by

N
> % [L+ (1) ] W(N, Ny, (4.136)
Nep=0

where the factor in front of W (N, Ny,) picks up only even integers for N —
Ngp, and the summation over Ny, without this restriction corresponds to a
binomial expansion of (1 & 1)¥*!. Thus the total number of states in the
spinon basis exhausts all the states in the N-site spin chain. In other words,
the spinons form the complete set.

4.9.3 Semionic statistics of spinons

We proceed to the derivation of the statistical parameters of spinons. We
first show g1 = 1/2 by considering the YHWS states. Then we argue on
symmetry grounds that g,,» = gy for arbitrary components o and o’ of
spins. Let us consider the number W (M) of magnon states for given numbers
of N and M. This W (M) is equivalent to the number of supermultiplets,
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which in turn is equal to the number of ribbon diagrams, or the number of
motifs with Ny = N — 2M of up spinons. Since a ribbon diagram with N
squares consists of singlet pairs and spinons, a supermultiplet is specified by
the location of singlets.

A convenient way of counting the supermultiplets is to first set aside M
squares, and construct ribbon diagrams. A magnon appears as a square
forming a corner, which specifies the location of magnon momenta among
the N — M squares. In terms of a motif, the location of 1’s in the sequence of
N — M digits is to be specified first. The number of 0’s is given by N —2M +1,
one of which is placed to the leftmost. To recover the supermultiplet in the
motif, we put a 0 (zero) to the right of each 1 representing a momentum
of a magnon. In terms of the ribbon diagram, putting a 0 is equivalent to
placing a square on top of each square for magnons, which recovers the N
squares representing a supermultiplet. The number of ways of choosing M
1’s is given by

(N =M)!
W(M) = MIN — 21" (4.137)
We rewrite W (M) using the relation M = (N — N;)/2 as
W(M) =(n+ny)2Cn;y =Dy Hiy - (4.138)

Here Dy = 1+ (N — N;)/2 gives the number of available orbitals for up
spinons. We then obtain the relation AD; = —AN; /2, which means gy =
1/2. As we have seen, the reduction of available states depends only on the
total number of spinons. Hence we obtain

AD, /AN, = —1/2. (4.139)

In this way, we have derived the statistical parameter g,,» = 1/2, which is
independent of spin species.

The statistical parameter can be generalized for elementary excitations
with the SU(K) with K > 2, as we shall discuss in Chapter 5. The concept of
spinons can naturally be extended for general K. Surprisingly, however, the
statistical parameters for SU(K # 2) spinons are now negative; gog = —1/K
for any SU(K) indices a and 3. These statistical parameters also show up
in dynamical correlation functions.

4.9.4 Variants of Young diagrams

The case of x = y = 1 in Fig. 4.6(b) is an example of the FPSG explained
in Section 4.9.2. In this case a ribbon diagram can be reduced to a Young
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* (null)

(a) (b)

Fig. 4.9. Reduction from ribbon diagrams shown in Fig. 4.6 to Young diagrams
in the magnon representation: (a) the ground state; (b) an excited state with two
spinons.

diagram of hard-core bosons, or magnons. We keep only the component
2 (=) and erase the squares of the other component 1 (=7). The latter is not
regarded as a particle but contributes to the fully polarized reference state.
The Young diagrams for magnons represent a part of the wave functions
multiplied by the ground state. Examples of reduction are shown in Fig.
4.9 with (a) M = 3 and (b) M = 2. For the number M of magnons, in
general, the reduction proceeds first as leftward shifts of each square by i
(=1,...,M +1) in the (M + 2 — i)th row. Those squares to the right of the
bottom square represent excitations, and the corresponding Young diagram
is constructed by making each row up to these squares. The ground state for
any M corresponds to a null Young diagram. It is also possible to construct
a ribbon diagram from a given magnon diagram.

Let us summarize the three kinds of Young diagrams, and clarify the
relationship between them as follows:

(i) U(2) partition diagrams such as Fig. 4.5 for N particles have N rows
with either up or down spin, and the length of each row corresponds
to the momentum of the particle. The wave function is antisymmetric
against interchange of any two particles.

(ii) Ribbon diagrams such as Fig. 4.6 filter out phonons present in U(2)
Young diagrams, and give all states in the SU(2) spin chain. There
are N squares in a ribbon diagram.

(ili) A Young diagram in the magnon representation such as Fig. 4.2 is
obtained from the corresponding ribbon diagram if and only if the
state belongs to the FPSG.
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4.10 Thermodynamics
4.10.1 Energy functional of spinons

We now proceed to describe the entire excitation spectrum in terms of
spinons. First we present the result to be derived. Let dj, denote the distri-
bution function of spinons. With a macroscopic number M of singlet pairs,
the energy is given as a functional of {dy,} by

72 2
AB(M) = E(M) = Eo(M) - M (1 - %)

=3 (k= k) o+ 5= 2D (ko — [k = K) digdiror, (4.140)

ko ko k'o’

with Ey(M) given by (4.17). The sum over k runs from —kg to kg = 1M /N <
/2. In the case of M = N/2, namely S* = 0, the range of k is half the
Brillouin zone. The finite magnetization at the ground state corresponds to
Bose condensation of spinons at £ = +ky. The momentum dependence of
the energy functional is very similar to that in the U(2) Sutherland model
as given by (4.127), except for the reversal of signs. This duality reflects
the Yangian symmetry encompassing both Sutherland and Haldane—Shastry
models.
We rely on two important observations to derive (4.140):

(i) The spectrum of the FPSG is parameterized by a set x of dimension-
less momentum.

(ii) With a given set of k;, the energy of the system does not depend on
the spin configuration within x.

A Young diagram for the FPSG completely specifies the energy of the corre-
sponding state. We make a Galilean transformation to obtain the partition

p by
Wi = Ki — KM, (4.141)

which leads to uas = 0. We will derive the spinon description of excited states
for arbitrary shape of Young diagrams. The key concept is the particle—
hole duality explained in Chapter 2. Following the method developed in
Chapter 2, we convert the representation in terms of particles (magnons or
antispinons) to that of holes (spinons). The quantity £ proportional to the
energy is converted from magnon to spinon representation by adopting the
hole momentum ( instead of the particle momentum p by setting ¢; = p} in
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the conjugate diagram. Then we obtain, using (2.90)

£= Zuz—i—)\z

1<j

Z —AG A+ (AM + 25 — 1)¢]
Z
J

(M =¢) =D (G =G +m >, (4.142)
1<j J
where we need the specific case A = 2 in the following.

Since any Young diagram represents only non-negative values of (;, we
have to make another Galilean transformation to obtain the physical
momentum of spinons. Let us derive the excitation energy for Ny, spinons.
With pps = 0, we have Ng, = p1 by construction. Then we determine the
proper Galilean shift by requiring the same energy and the same absolute
value of the momentum for the following states:

(a) p; =0 for ¢ > 2, and
(b) pi = Ngp for i # M.

The physical momentum of (b) should have the opposite sign to that of (a).
Defining the physical momentum by p; — Ngp/2, we obtain the same kinetic
energies of (a) and (b), as can be checked easily.

For a general distribution of u;, we obtain the physical kinetic energy by
using the same Galilean shift as

Ekin =) (M - Sp> Z 2 — NopIl + 41\4]\731;,, (4.143)

i
where Il = >, y1; = >, (. We take the difference &in—3 _; p? also in (4.142)
to obtain the physical energy in the spinon representation. The result is given

by

1
Ephys = € — NopII + ZMNfP
AN GO =G - G- )+ MG (4144)
J i<j

Note that the last term in (4.142) is cancelled by the Galilean term —NgplII.
With N and Ny, = N — 2M being fixed, the last term in (4.144) does not

depend on the distribution of spinons.
The forms given by (4.142) and (4.144) conform to the particle-hole
duality in the Sutherland model discussed in Section 2.3.3. Namely, if
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particles have the repulsion \, holes have the repulsion 1/A. One needs to
multiply the unit of energy by A to see the repulsion 1/\ explicitly. The
following remarks are in order concerning (4.144):

(i) The kinetic energy is parabolic, but the coefficient is negative.
(ii) The sign of the interaction is negative.
(iii) By the features (i) and (ii), the statistical interaction between spinons
becomes repulsive, i.e., 1/ =1/2.

To understand the last remark, we note that —&ypys/A takes the same form
as the energy of the Sutherland model, and that the sign reversal of energy
does not change the allowed distribution of momenta. If we had a positive
sign for the parabolic spectrum, the negative interaction of course would
give attractive statistical interaction. In (4.144), we shift the origin of ¢; to
M /2 and absorb the last term in the interaction term as follows:

gphys:)\z <iM2_CJQ> +;Z BM_(Q—CJ)} . (4.145)
J i,

So far we have dealt with FPSG states. By the Yangian symmetry, we
know that replacement of an up spinon with a down spinon with the same
momentum does not change the energy without magnetic field. Hence we
obtain the energy E of the system with arbitrary distribution dj, of bosonic
spinons with spin 0. Then we obtain (4.140).

By exploiting the Yangian symmetry, we have thus been able to derive
the energy as a functional of up and down spinon distributions. The result of
(4.140) was first obtained by Haldane [78] by analysis of numerical results. In
the two-spinon case, the energy was derived by straightforward calculation
in [25]. Since there is no restriction to the distribution of di,, we may regard
the spinon as obeying bosonic statistics with repulsive interaction. In strong
contrast to ordinary interaction, the interaction between bosonic spinons
merely serves to modify the occupation pattern of the rapidity from that of
bosons to semions, and constitutes the statistical interaction.

We shall now make the free-semion nature more explicit. For this purpose
we return to the YHWS and introduce the rapidity p; of a spinon by the
relation

™ ™ .
i :ki—i—ﬁZSgn(pi—pj) = ki + 5 (Nop +1 = 20), (4.146)
J

where k; = 27(;/N is the bosonic momentum. For any magnetization N —
2M > 0 in the thermodynamic limit, the maximum of p; is given by 7/2,
which corresponds to i = 1 and ¢ = M/2. Likewise, the minimum of p;
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is given by —m/2 with i = Ny, and (y_2ps = —M /2. The spinon becomes
gapless at these extremal rapidities p; = £ /2. Then we obtain from (4.145)
and (4.140)

B(M) = Ex(M) + ) {(2)2 - p%] : (4.147)

where Eo(M) is an M-dependent reference energy. It is then clear that
the spinons with rapidity p; behave as free particles. They obey fractional
exclusion statistics with the repulsion parameter 1/2, as seen from (4.146).

In analogy with the bosonic spinons, we now derive the energy with inclu-
sion of non-YHWS. It is convenient to introduce the distribution function
po(p) of spinons with spin ¢ by requiring di,dk = ps(p)dp in the thermo-
dynamic limit. By including down spinons for determining the rapidity in
(4.146), we obtain the relationship

1 1
dp —dk = §dkdk = Ep(p)dp, (4.148)

where d = digy + diy and p(p) = py(p) + p (p). Then the bosonic and
semionic distributions are related as

Po(p) = dyo (1 + ;dk) B = [1 - 1p(p)} do- (4.149)

2
In the ground state with no magnetization, we have p,(p) = 0. In this case
the energy is reduced to Fy(IN/2), defined by (4.18). We can represent the
energy for arbitrary states in terms of p,(p). In the language of semionic
spinons, the positive magnetization appears as pi(p) > p;(p) for a finite
range of p. The energy with inclusion of the Zeeman term is represented by

U(h) = E—h(N; —N,) = E <];f> +Z; [(2)2 e ah} po(p), (4.150)

which applies to any value of magnetization. From this energy functional,
we can derive the thermodynamics of the system. Note that the origin of the
spinon momentum is shifted by 7 in (4.150). Such a shift does not influence
the thermodynamics, but should be restored properly in considering the
dynamical response, as will be discussed later. Before going on to the case
of finite temperature T, we derive the magnetization at T' = 0 as a function
of h > 0. Let us denote by +ps the critical rapidities where the up spinon
takes zero energy. The condition is given by

er(ps) = (/2> —p2 —h = 0. (4.151)
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(m/2)? h

Fig. 4.10. The magnetization of the Haldane-Shastry model at 7" = 0.

The negative energy states are occupied at T" = 0 with the semionic dis-
tribution p;(p) = 2. The volume of regions of €;(p) < 0 determines the
magnetization m/N = Ny — N|. We obtain

2
m=1—2p—1- 1—<2> h (4.152)
T

™

for 0 < h < he = (7/2)%, and m = 1 for h > he. Figure 4.10 shows the
magnetization curve. From (4.152) we obtain the relation

2ps = (1 —m) = vpy,. (4.153)
The zero-field susceptibility is given by

Xm = }llir% om/oh = 2/1% = 2/(7vy), (4.154)

where the spinon velocity vy, is reduced to 7 at m = 0. If one uses v,,, = w(1—
m) for finite magnetization, the differential susceptibility is given by (4.154)
for arbitrary magnetization. We note that the differential susceptibility at
h = h¢ is divergent.

4.10.2 Thermodynamic potential of spinons

For derivation of the thermodynamics of the spin chain, the spinon picture
with semionic statistics provides the most economical framework. Once we
know the statistical parameters, we can construct the thermodynamics ac-
cording to the general scheme of the fractional exclusion statistics. We start
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with the entropy obtained in the bosonic picture as

S = [(dro + 1) In(dio + 1) — dio In di . (4.155)
ko

It is possible to rewrite (4.155) as the entropy of semionic spinons. For this
purpose we use the distribution function p,(p) that describes the semionic
spinons. Complementary to p,(p), we introduce a function p}(p) which gives
the distribution of dual particles of spinons, namely antispinons or magnons.
In the case of finite magnetization, p? (p) describes excitation from the con-
densate of spinons. By definition of the available orbitals in the narrow range
Ap or Ak we obtain

AD, _ py(p)Ap _ Ak
ANy po(p)Ap  dieAK’

where the last equality follows from the fact that the available states of
bosons remain constant independent of the particle occupation. Then we

(4.156)

obtain another form of the entropy

S =Y (po + ps)n(ps + p) = polnps — pjInpf], (4.157)
po
where we have used di,dk = p,(p)dp. On the other hand, using (4.149) and
(4.156) we obtain

Pe(p) =1— %Zpa(p), (4.158)

which corresponds to the semionic exclusion statistics with the exclusion
parameter g, = 1/2 for all combinations o, « of spins. This is consistent
with the state counting in terms of spinons that leads to (4.139). While the
state counting was performed for all the states with various momenta, the
same exclusion parameter follows for a range of states with given momentum
in the thermodynamic limit. The form of (4.157) confirms the interpreta-
tion that the entropy is given by particles obeying the fractional exclusion
statistics.
We write the spectrum of a spinon in a magnetic field as

¢o(p) = (1/2)* = p* — oh = eo(p) — ah, (4.159)

where it is understood that ¢ =T, | for the suffix, and ¢ = 41 on the RHS.
Without a magnetic field, eg(p) describes the spinon spectrum. While p runs
from —m/2 to m/2 without a magnetic field, only the part with e (p) > 0
is meaningful with h > 0. Therefore, the spinons can exist only for |p| <
psn = 7(1 —m)/2, where m is the magnetization given by (4.152). On the
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other hand, the spectrum €| (p) has a gap 2h at p = ps. Note that the down
spinons have the same restriction for the momentum range because of the
Yangian symmetry. The up—down symmetry in the spinon energy is most
clearly seen in (4.131).

According to the free-particle picture with semionic statistics, the energy
of the system with inclusion of the Zeeman term is given by

U(h) = [e1(p)p1(p) + e, (p)p1(p)] (4.160)
P
Then the thermodynamic potential is given by Q(T', h) = U(h)—T'S. The dis-
tribution function is determined by the variational condition §€2/Jp,(p) = 0.
As a result, we obtain for each p the relation

Beée =In (1 4+ wy) — Zln (4.161)

with 8 = 1/T and w, = p}/po-
Then the thermodynamic potential takes the simple form

Q=-T> In[l+w,(p)™]. (4.162)
po
Without a magnetic field, we obviously have p;(p) = p|(p). Then (4.158) is
reduced to

Pe(p) =1 - po(p), (4.163)

which gives nothing but the Fermi statistics. Thus we obtain w,(p) =
expleo(p)/T) for h = 0, and the free-fermion form for 2 from (4.162). The
reason why the free fermions appear without h is that a pair of semions
decreases the available number of states by just one, and hence they act
as fermions. It is instructive to compare the situation with the XY chain
where the thermodynamics is also described by free fermions with the spec-
trum €, = Jcosk. The energy ¢; takes both positive and negative values,
while €y(p) can only be positive. The positiveness means that the number of
fermions goes to zero as the temperature approaches absolute zero. Hence
there is no Fermi sea in the Haldane—Shastry spin chain.
At h = 0 the entropy is written in the form

S =2 Z[ln (2coshzy,) — xp tanh z,)], (4.164)
P

where x,, = BJeg(p)/4 with J = 2. Note that the entropy is an even function
of xp, which is a general property of ideal fermions. In our case, this means
an unexpected symmetry that the ferromagnetic Haldane—Shastry model
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has the same entropy as that of the antiferromagnetic case. With J < 0
in the Haldane—Shastry model, the ground state is completely polarized. In
counting the entropy, however, we should consider all possible polarizations
in the ground state as well as excited states. Then we have zero polarization
on average, even in the ferromagnetic system at T" # 0. Magnons can then
be described as antispinon excitations out of the condensate of up and down
spinons with equal numbers. Because of (4.163), the magnons also obey the
fermionic exclusion statistics as dual particles of spinons. In fact, the spec-
trum of ferromagnetic magnons in the p-space is the same as that of spinons
in the antiferromagnetic system. We emphasize again that the symmetry
between ferro- and antiferromagnetic systems applies only with h = 0.

4.10.3 Susceptibility and specific heat

We now derive the susceptibility and specific heat at low temperatures. By
inserting an explicit expression for €, in (4.161), we obtain

wy (p) = e~ Bleo(p)+oh] [ /’7(1?)2 1+ U’Y(p)] 7 (4.165)

where v(p) = exp[—feo(p)]sinh Sh. Then we can derive p,(p) by using
(4.149). The magnetization m = ny — n| per site is given by

w/2 dp

m= ) e [o1(P) — pi(p)] - (4.166)

For small h > 0, €1(p) becomes negative near p = £ /2. This implies con-
densation of up spinons, and leads to finite magnetization. With A > 0, a gap
develops for creating a down spinon, and an excitation from the condensate
constitutes an antiparticle. In Section 4.7.2, we have called this antiparticle
an antispinon [121].

Let us derive the magnetization at low temperature 7. We can safely set
pi(p) = 0 for all p. The other component p;(p) is derived using
(4.149) as

2
— VAexp[2Be(p)] + 1

which tends to 2 for ¢4 < 0 and 0 otherwise. By comparing this with
(2.159) in Chapter 2, we see that the distribution corresponds to the single-
component fractional exclusion statistics with the statistical parameter 1/2.
The differential susceptibility is derived by expanding p; near the zero

p1(p) (4.167)
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energy. For this purpose we introduce the Sommerfeld-type expansion with

) dpy
I, = d 4.1
/_Oo e( ae> (4.168)

These are calculated to be

coefficients

Iy=1, I} =0, I = 2x*T?/3, I3 = 12¢(3)T3

with ((z) being the zeta function. We make an expansion near e;(ps) = 0 as

p(€) ~ ps + €/ps — €2/ (203) + €3 /(2p1). (4.169)
Then we obtain
om 2 21°
— =YXm = |14+ ————| +0(T%. 4.170
oh X (m) 71'2(1 _ m) + 371'2(1 _ m)4 + ( ) ( )
If we take the limit of zero magnetic field first, i.e., h/T < 1, we obtain
p1(p) = pi(p) = 4Bhexp [—Beo(p)], (4.171)

from (4.165) and (4.149). Alternatively, we start from the bosonic distribu-
tion di,, and take the limit h — 0 to obtain

1 9 /2 dp  po
== — =4 4.172
=y Lo e of iy W)

where we have used 0dy,/0h = PBods(1 + diy), and (4.149). Since ps(p)
at h = 0 obeys the fermionic distribution, we obtain p,(p)/[1 — ps(p)] =
exp [—Beo(p)] in consistency with (4.171). The susceptibility is derived as

2 2
Xm = =5 (1 - 7r2T> +O(T?), (4.173)

which has the leading correction of O(T') in contrast to (4.170). The differ-
ence comes from the p-linear spinon spectrum near p = +m/2. The suscep-
tibility in the limit 7" — 0 is consistent with (4.154).

The entropy or specific heat at low temperature can be derived for arbi-
trary magnetization. We start with the entropy given by (4.157), and ob-
serve that py is given by (4.167) and p; = 0. Then changing the integration
variable to €1, we obtain the low-temperature expansion by the Sommerfeld-
type formula. The leading contribution is given by S/N ~ nT'/(6ps), with
ps = (1 —m)/2 as given by (4.152). We can rewrite the result as

S T 72
et Ty =T, 4174
N 31-m) 6 =7 (4.174)
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which is consistent with the specific heat of a Tomonaga—Luttinger liquid.
In the opposite limit of high 7', we may neglect the p-dependence of p,(p).
Then for fixed n, we recover the result corresponding to local moments,

S = —NanlnnJ.

The numerical results on specific heat and susceptibility for a general tem-
perature will be presented in Chapter 6, together with the case of a finite
number of holes.

The thermodynamic quantities thus derived are functions of temperature
without logarithmic singularity. This feature is in contrast to those in the
Heisenberg model with the nearest-neighbor interaction. It is known that
the susceptibility increases in a singular manner as the temperature becomes
nonzero [54,179]. The simpler behavior of the 1/7? exchange model reflects
the fact that the model represents the fixed point of the Tomonaga—Luttinger
liquid.

In Section 4.10.4, we discuss an alternative method to derive the thermo-
dynamics by using the freezing trick.

4.10.4 *Thermodynamics by freezing trick

It is instructive to derive the thermodynamics by an alternative picture us-
ing the freezing trick. We work with Hio in (4.128). In order to extract
the physical results, we have to remove the phonon contribution. We in-
troduce a variable k = 2wk /N that corresponds to a wave number. In the
thermodynamic limit N — oo, the energy is rewritten as

1 _i * o / _ / /
7 Btot = o /Oodk/oo Ak’ |k — K| v[k]v[K], (4.175)

with v[k] = v(k). Since each microscopic eigenstate is uniquely characterized
by the momentum distribution functions {v,(k)}, the entropy s per site
has the same form as that of the U(2) free fermion system:

1 oo
Stot = —%/_mdk;;[(l —Vo)In(1 —vy) + v Inv,].

The density of each spin component is given by

1 oo
Ne = — dkve k). (4.176)

T o oo
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From (4.175), (4.176), and (4.176), we obtain the thermodynamic potential
Dot ({v}) = Brov ({1}) = NTstoe ({}) = N Y _pono ({v}). (4.177)

The equilibrium conditions 40t /0v, = 0 yield the equilibrium momentum
distribution functions
1

vylk| = , 4.178
= e W) — o) /T +1 T
where we have introduced the one-particle energy e(k) defined by
2m 5Et0t({l/ﬁ}) 1 /OO ’ ’ /
_2r LA S Z DA — . 4.1
e(k) N o) 3/ dk ‘k: k ‘I/[k‘] (4.179)

(4.179) with (4.178) gives a functional equation for e(k). Substituting the
resultant expression for €(k) into (4.175)—(4.177), we can obtain thermody-
namic quantities for Hiu.

In order to derive the thermodynamics of the spin chain described by Hpys,
we have to subtract the phonon contribution. For this purpose we introduce
a new variable p(k) defined as

p(k) = a;(:) = % /_ Z di'sgn (k — &) v[K], (4.180)
which corresponds to rapidity of holes. The boundary condition is given by
p(k = +00) = £, (4.181)

which is obtained from (4.180) by noting that
/oo dk vik] = 27. (4.182)

The range of p being [—m, 7| shows its character as the crystal momentum.
It could be taken as [0, 27| if one adopted an alternative boundary condition:
p(k = —o0) = 0. Thus the origin of p can be shifted freely for convenience,
while the range 27 is fixed.

We shall now rewrite the thermodynamic quantities in terms of p. First
we shall obtain €(k) as a function of p, namely €(k(p)) = €,. Differentiation
of (4.180) with respect to k gives

Op(k)

“or = vik] = vp, (4.183)

where we have introduced the notation v/, to emphasize the dependence on p.
Hence we can use the relation dk = dp/v), to change the integration variable
from k to p.
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By multiplying both sides of (4.183) by p(k) and integrating from & to oo,
we obtain the following relation:

(72 —p?)/2 = = —TZm (1= o), (4.184)

where v, is equal to the Fermi function given by (4.178), and we have used
the property pdk = de(k). We can obtain v, as a function of p by using
(4.184). Let us first study the simplest case uy = p|, i.e., without a magnetic
field. We obtain from (4.184)

Vpe = Vp/2 =1 — exp|—Lwo(p)/2]. (4.185)

The phonon part of the distribution function is obtained by regarding v,
as a single component. We obtain v, = 1 — exp(—fwo(p)) from (4.184) by
omitting the o summation. The corresponding entropy is given by

Bwo(p) “ (1 — e~ Bwo(p)
ph_N/ - [eXp o~ (1 ), (4.186)

where we have used (4.183) to change the integral variable from k& to p in the

spinless version of (4.176). By using the variable p we deal with excitations
described by wy(p), instead of dealing with N particles. Namely, we deal
with hole excitations with the range of momentum limited by the size of
the system. This entropy takes the form of a difference between the internal
energy and the thermodynamic potential of free bosons with energy wq(p)
and chemical potential zero. By shifting the origin of p by 7 in wy(p), we
interpret Sy, as the entropy of phonons. More explicitly, we obtain

™

T
OunT) = =N [ 4" 5,(1") = NT [ S mfi—exp(~en(p)]. (4187
—T

which corresponds to the thermodynamic potential of free bosons with the
spectrum wq(p). The thermodynamic potential Qi can be derived in a
similar manner. Without a magnetic field, p1 = p1), the only difference from
the phonon case is that wo(p) is replaced by wy(p)/2 as a result of spin
summation in (4.184). The result is given by

7po

Quon(T) = NT / Ll - exp(—un(@)/2)]. (4189

—Tr

Hence we obtain the desired quantity g of the spin chain:

Q5(T) = Yar(T)~ (1) = ~NT | 52 nl1-+exp(~pun()/2). (4189

—T
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It can easily be seen that the result of Qg(T) is equivalent to (4.162) with
h = 0 by the change p — p/2 of the momentum scale.

With a finite magnetic field, the distribution function becomes more com-
plicated. Using the relation

vy —1=exp(=26h)[v, ' —1] (4.190)

for the Fermi function, we can eliminate v, in (4.184) to obtain the equation
for vp|. The resultant quadratic equation is solved to give

Vpy = 1 — e Bleo(®)/2+oh) <\/’y 1 —l—a’y) (4.191)

where v = exp[—fwo(p)/2] sinh Sh. Given the explicit form of the distribu-
tion function, we can obtain thermodynamic quantities. For example, mag-
netization is derived by the formula

1 1% T
m=—Y (nkl-v B (4.192)
N ; ! ik N Z Vpt + Vpl

which leads to the same result as that using the semionic statistics. In the
present treatment, v,, describes hole excitations with U(2) symmetry.

4.11 Dynamical structure factor
4.11.1 Brief survey on dynamical theory

The dynamics of spin chains has been studied for a long time, and much
attention has been paid to the antiferromagnetic Heisenberg model, or its
variants. The quantity of central importance is the dynamical structure fac-
tor. At zero temperature it is defined with the spin component «, 5 = z, ¥, z
by

50 (g,w) = (015 Iv) (W] S?,|0)8(w — E,, + o), (4.193)

v

where |v) denotes an eigenstate of the Hamiltonian with energy FE, (Ey
being the ground energy). The Fourier transform S is given by

Se f Z SpeTid (4.194)

in terms of the spin at site [.
An important contribution was made by des Cloizeaux and Pearson [42],
who derived the lowest branch of the spin 1 excitation from the singlet
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ground state. The dispersion relation is derived as
Wy = ngin g, (4.195)

where J is the nearest-neighbor exchange, and the lattice constant is taken
to be unity. They used the Bethe ansatz theory to derive the results. At
that time the difference from the spin-wave spectrum [3], which arises from
the Néel ordered state, was emphasized. However, the continuum nature of
excitations was not noticed.

It was then recognized [196] that the des Cloizeaux—Pearson mode is the
lower bound of the continuum spin excitations. This feature is shared with
the spectrum of the XY chain, which permits an exact solution to be ob-
tained easily by the Jordan—Wigner transformation. Let us briefly review
the solution. We introduce fermion creation and annihilation operators %]'L
and ; at each site i as

S7 =iy —1/2 = n; — 1/2, (4.196)
i—1

ST =87 —1iSY = exp iTanj , (4.197)
j=1

where the site index begins at ¢ = 1 on the leftmost side of the system, and
ends at ¢ = N on the rightmost. Let us consider the Hamiltonian called the
X X7 model

H = ‘]Z (SFSE + SYSY L+ ASES L) (4.198)

with the anisotropy parameter A. The limit A = 0 is called the one-
dimensional X X model or, less precisely, the XY chain. The Heisenberg
model corresponds to A = 1, and the Ising model to A = oo. In terms of
the Jordan-Wigner fermions, (4.198) is written as

H= %Z [w} Yirt + L0+ 20 (n ~ ;) (nm - ;)} - (4199)
(2

The XY chain with A = 0 is thus equivalent to spinless free fermions
with the spectrum e, = Jcosk for —m < k < 7. The ground state has N/2
fermions with the Fermi wave number kp = 7/2. The z-component of the
dynamical spin structure factor of the XY chain is obtained as the charge
structure factor of the Jordan—Wigner fermions [106,145]. The result is given

by

S#(q,w) =Y [fler) = flert)l0(w + €k — €hiq), (4.200)
k
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Fig. 4.11. The finite spectral region (support) of S#*(¢,w) in the XY chain, and a
schematic view of the spectral intensity at ¢ = 7/2.

where f(eg) is the Fermi function. This result is actually exact even at finite
temperatures. (4.200) shows that the spin excitation spectrum involves two
elementary excitations. This is in strong contrast to the Néel state, which
involves only a single mode in the spin wave theory. We obtain from (4.200)
at zero temperature

O(w — wi(g))f(wulq) —w)

2my/wu(g)? —w?

where 0(x) is the step function. The lower bound wr,(¢q) and the upper bound
wy(q) are given by

S#(q,w) = (4.201)

wr,(q) = J|sing|, wu(q) = 2Jsin(q/2), (4.202)

for 0 < g < 2.

The lower bound wr,(q) happens to be the same as the spin-wave result
for the Heisenberg chain [3]. Figure 4.11 illustrates the spectrum. With fixed
q, the spectral intensity S%*(q,w) as a function of w rises stepwise from the
lower bound, and diverges with the exponent 1/2 in the upper bound. This
feature differs very much from the isotropic Heisenberg chain.

For A # 0, it is difficult to derive the dynamics of the X XZ chain.
Theoretical development up to 1981 was summarized by Miiller et al. [136].
Performing numerical diagonalization of the Heisenberg chain (A = 1) for
a finite size, and using the Bethe ansatz results, Miiller et al. proposed an
approximate formula [136]

Ab(w — wL(9))f(wu(g) — w)
2 —wr(q)? ’

S(q,w) = (4.203)

w
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where A is a constant and the component index has been removed since
S(q,w) is a scalar. According to exact information on S(g,w) available now,
the intensity vanishes continuously at the upper threshold with the expo-
nent 1/2 [30]. We shall show later that the above formula, though approx-
imate for the Heisenberg chain, is in fact exact for the Haldane—Shastry
model provided one uses modified functions for the thresholds wr,(¢) and
wu(q)-

The nature of the elementary excitations in the Heisenberg chain was
studied by Faddeev and Takhtajan [55], who showed that the spin 1/2 exci-
tation, which is now called the spinon, plays a fundamental role in dynamics.
The exact derivation of the dynamical structure factor for the Heisenberg
model is a difficult task, partly because the two-spinon contribution does not
exhaust the whole intensity. The two-spinon part was derived in [30], and
more recently in [96,112] in a magnetic field. In the Haldane—Shastry model,
on the other hand, the spectrum is exhausted by the two-spinon contri-
bution. Haldane and Zirnbauer [81,200] derived the first exact dynamical
results for lattice spin systems by using a sophisticated method. We shall
derive the dynamics of the spin chain in an elementary fashion, as presented
below.

4.11.2 Exact analytic results

Because of the rotational invariance, S*?(¢,w) is diagonal in the component
indices «, 8 and does not depend on them. Then it is most convenient to
work with the spin-flip component generated by

1

St =——) exp(—iqgl)(SF +1iS)) (4.204)
§ =T ; z

and its conjugate. The flip of a down spin corresponds to annihilation of a
hard-core boson, as seen in (4.106). In other words, the action of Sf +iS} on
the ground state WU, given by (4.13), is conveniently represented in terms of
another ground-state wave function ¥g_ with N/2 — 1 down-spin electrons
as seen from (4.100). Namely, the spin-flip creates two spinons at the same

site zg:
N/2-1
(S5 +1S9)Wa = Uas({z};20,20) =20 [[ (2 — 20)* ¥ (4.205)
i1

We have thus obtained the explicit form of the wave function of the final
state after the spin-flip. The form of the final state shows clearly that the
two-spinon contribution exhausts the dynamical structure factor.
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The final state is a superposition of eigenfunctions of (4.16). Namely, we
can represent Wos({z}; 20, 20) in terms of the Jack polynomial, which forms
the complete eigenbasis for the Sutherland model. Taking zy = 1 without
loss of generality, we perform the following expansion:

N/2—1

IT (= —1)?0e- = Zb v, (4.206)

i=1
where W, is an eigenfunction given by
W,(2) = Ju(2) o (2) exp [i6,(2)] (4.207)

in terms of the Jack polynomial J,(z), and a phase factor to account for
the Galilean shift of the total momentum. The coefficient b, is called the
binomial expansion coefficient, and is given by

o )
bu = 861}(“) (a(s) £ 1)/3 1 1(s) (4.208)

which is the same as (2.227) with A = 2.
We then obtain

<\I’uv ‘l'u>0

(Tg,¥a)o (4.209)

_ 1o
S (qw) = §N25(w _wu)’bu|2
o

where the prime means restriction of the summation over p so as to satisfy
the momentum conservation. Namely, the state p has the excitation energy
wy as given by w, = E, — Ep, and the momentum q. As discussed in Chapter
2, the inner product (f, g)o is defined as the constant term in the Laurent
expansion of f(z)*g(z).

The above expansion is the same as the one that we found for the hole
propagator in the Sutherland model. Therefore we can immediately utilize
the mathematical results obtained there. It is important, however, to rec-
ognize that the maximum power of z; should be less than the size N of the
lattice system. This is automatically satisfied in the present case since the
spin-flip does not increase the power of each z;. Equivalently, the excited
states created by the spin-flip belong to the YHWS with § = §% = 1.

For a finite size of the system, b, has a complicated and unappealing form.
In the thermodynamic limit, however, the result simplifies dramatically. Fol-
lowing the same procedure as discussed in detail in Section 2.7.1, we obtain
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the dynamical structure factor S(¢,w) = S~ (q,w)/2 as follows:

S(q,w) = /07r dg1 /OW dg2 Fos(q1,92)0(q — @1 — q2)0(w — €5(q1) — €s(q2)),

(4.210)
where Fbs(q1,¢2) is the square of the form factor given by
1 2
Fos(aq1, @) = {11 — o Hles(qz-)grl, (4.211)
1=

with g5 = 1/2. This g corresponds to the semionic statistical parameter
of spinons. By proper shift of the momentum, the form factor agrees with
the form (2.203) obtained for the hole propagator in the Sutherland model,
which gives rise to ideal particles with fractional exclusion statistics.

(4.210) involves two spinons, instead of two Jordan—Wigner fermions in
the XY chain, each of which has the spectrum

es(q) = %JQ(W - q) (4.212)
with 0 < ¢ < 7. We have taken J = 2 in the previous discussion. Note that
spinons have the momentum span 7 which is half the size of the Brillouin
zone. For the momentum ¢ outside this range, €5(q) is defined by requiring
the periodicity of w. Due care must be taken as to the origin of the momen-
tum. In mapping to the Sutherland model, we have shifted the origin by =
which gives the bottom of the parabolic spectrum. Creation of a magnon
at the bottom corresponds to the creation of two spinons, each of which
has the momentum ¢ = 7/2, being consistent with (4.212). On the other
hand, the origin of momentum is not important in thermodynamics, and
the alternative spectrum ey(p) = (7/2)? — p? proves to be more convenient
for spinons. Both forms are simply related by the shift in the momentum
p=q—1/2.

The integral in (4.210) can be performed analytically. As a result we obtain
for0<qg<m
_ 0w — e(q))0(265(q/2) — w)
4y/w—e(g)v/w—er(q)
where we have introduced the notation ey (q) = (27 — ¢)(¢ — 7). For 7 <
g < 2w, we have the relation S(¢q,w) = S(27 — q,w). It is seen that (4.213)
is rather similar to (4.203). The boundaries of the spectrum are obtained by
replacement of the dispersion wr,(q) by €s(q) for 0 < ¢ < 7, and wy(q) by
2¢5(q/2). The lower threshold comes from two-spinon excitations in which

S(q,w) (4.213)

one spinon has momentum ¢ and the other has zero or w. In the upper
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Fig. 4.12. The finite spectral region (support) of S(¢g,w) in the Haldane-Shastry
chain, and a schematic view of the spectral intensity at ¢ = /2.

threshold, two spinons move with the same momentum ¢/2. For each mo-
mentum g, in general two spinons have energies between these two extremes,
and constitute the continuum. Figure 4.12 illustrates the feature schemat-
ically. The intensity S(q,w) given by (4.213) has a stepwise singularity
at the upper threshold, and diverges at the lower threshold with the ex-
ponent 1/2.

Let us examine how the divergence of S(g,w) in the lower threshold in
the Haldane—Shastry model comes about. It is instructive to compare it with
S%%(q,w) in the XY chain given by (4.201). In the latter case, the divergence
is at the upper threshold, and comes from the cosine band spectrum of the
Jordan—Wigner fermions. Suppose one introduces the z-component JA of
the exchange interaction, and increases A from zero in the XY limit to
one in the Heisenberg limit. In terms of the Jordan—Wigner fermions, JA
describes the repulsive interaction between fermions because of the corre-
spondence 257 = 1 — 2n;, where n; is the fermion number operator at site
1. The repulsive interaction works as an effective attractive interaction for
the particle-hole excitation, just like excitons in semiconductors. Hence the
large weight near the lower threshold is interpreted as a kind of exciton-like
resonance. One can also make an analogy with the X-ray threshold singu-
larity where divergent intensity appears in the presence of the electron—hole
attraction [128].

With small enough A, one may expect a divergent spectrum at both the
upper and lower thresholds: the former comes from the cosine-band spec-
trum, and the latter from the particle-hole attraction. This feature has in-
deed been derived [157] using the Bethe ansatz and the so-called determinant
representation [112]. In the isotropic limit A = 1, the divergence in the upper
edge is completely suppressed [98]. In the particle-hole excitation picture for
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the Jordan—Wigner fermions, the suppression of the singularity is interpreted
as a result of effective repulsive interactions. Although the particle-hole in-
teraction always has a negative sign, the effective interaction near the upper
end of the spectrum becomes repulsive because of the negative effective
masses of Jordan—Wigner fermions in the relevant momentum range.

Now we take the spinon picture to interpret the behavior of S(gq,w) of
the Haldane—Shastry model. In thermodynamics the spinons are regarded
as non-interacting particles obeying semionic statistics. However, spinons
have a repulsive statistical interaction according to the definition of the
statistical interaction where free bosons are taken as the reference. This
statistical interaction may be distinguished from the ordinary interaction,
which in general leads to a momentum dependence in the phase shift for the
two-particle scattering matrix [53].

In dynamics, on the other hand, statistical interaction and the ordinary
interaction both cause deviation of the form factor from unity. The semionic
repulsion gs = 1/2 between the spinons appears explicitly as the factor
|q1 — q2|?% in (4.211), which suppresses the divergent intensity in the upper
threshold of S(g,w). On the other hand, the divergence of S(q,w) in the
lower threshold comes from the factor es(g;)%~! in (4.211). Namely, the
semionic statistics gs = 1/2 together with the gapless spectrum of spinons is
responsible for the divergence. Some conflicting viewpoints in the literature
[25,70] about the effective interaction between spinons seem to be resolved
by the interpretation described above.

4.11.3 Dynamics in magnetic field

In the presence of a magnetic field, the system loses the SU(2) symmetry.
Consequently, dynamical structure factors S(q,w) as defined by (4.193)
depend on the components «, . Among these components, we can derive
S~T(q,w) analytically since all relevant excited states |v) contributing to
<I/‘S§q‘0> belong to the YHWS. Other components ST~ (q,w) and S%*(q,w)
contain excited states out of the YHWS, and it is difficult to obtain these
components analytically, and only numerical results are available [156,181].
However, the mapping to the Sutherland model gives a part of the intensity
coming from the YHWS. The excitation contents involved in the YHWS
part helps us to understand the numerical results.

We shall now present the available analytic and numerical results for
a finite-sized system. In the numerical study [181] it is argued that the
maximum number of quasi-particles is at most four: two spinons and two
antispinons.
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Two-spinon creation in S~ (q,w)
Let us begin with the simplest case of S~ (g, w). In the presence of M (<
N/2) magnons in the ground state, the spin-flip S;r annihilates a magnon
with spin down. Equivalently, the spin-flip creates two spinons with spin up.
The final state can be represented in the same way as in (4.206), with N/2
replaced by M. The result for S~ (g, w) in the thermodynamic limit is given
for 0 < ¢ < 27w and w > 0 by

St gy LUl ~ O - a @)OW i)

2y/(w —eL—(p)) (w — eL+(p))

where O(w) is the step function to give the bounds of the support. We have
used the variable p = ¢ — 7 to make explicit the reflection symmetry about

q = m. The upper bound is given by

eu(p) = 2p7 — p*/2 = 2¢1(p/2), (4.215)

where the up-spinon energy has appeared. The lower bounds are given by

eL+(p) = —p(p F qm), (4.216)

which is just the spectrum of an up spinon with the momentum shifted by
Fqm/2 = Frm/2. The shift is due to another spinon with zero energy. In the
zero-polarization limit (m = 0), S™1(q,w) given by (4.214) indeed reduces
to 25(gq,w) given by (4.213). Note that both the upper and lower thresholds
are determined by the spectrum of up spinons. Figure 4.13(a) shows the
results for a finite-sized system with N = 16 and m = 0.25. The threshold
momentum ¢ = ¢,, = ma corresponds to twice the minimum momentum of
up spinons.

Density response of magnons in S (q,w)

The component S#*(q,w) gives the dynamical structure factor of magnons.
A part of the spectrum can be obtained by mapping to the Sutherland model
together with the freezing trick [7]. However, there are no analytical results
available for the whole spectrum. Figure 4.13(b) shows numerical results for
N =16 and m = 0.25 [156]. The upper and lower thresholds of the spectrum
are easily identified. Namely, the upper threshold labeled A near ¢ = 0 is
given by the antispinon sy with the boundary ¢(q 4+ v,,), where two spinons
with zero energy provide the momentum shift 27 — wm, which gives the
zero energy of sg. On the other hand, the lower threshold labeled B is given
by the up spinon where the momentum shift mm is compensated by the
zero-energy antispinon. The difference from the Sutherland model appears
to be due to the periodicity 27 in the antispinon spectrum. Namely, at the
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Fig. 4.13. Numerical results of dynamical structure factor (a) S~ (¢,w), (b)
S%*(q,w), and (c¢) ST~ (q,w) with N = 16 and m = 0.25 [156]. The intensity is
proportional to the area of each circle. The solid lines are determined by dispersion
relations of the elementary excitations in the thermodynamic limit.

momentum 0 or 27 of the antispinon as shown in Fig. 4.3, a cusp appears in
the spectrum. Correspondingly, new threshold singularities arise in S (g, w)
that are absent in the Sutherland model. An example is seen at the meeting
point of the curves A and D, where the antispinon Sg reaches ¢ = 2. Other
dispersion curves like C and D in Fig. 4.13(b) are determined by proper
combination of up spinons and an antispinon. It is found by numerical work
that at most one antispinon and two spinons are involved in the spectrum
[181]. This restriction of the excitation contents agrees with the density
spectrum of the Sutherland model with the coupling parameter A = 2, where
an antispinon corresponds to a particle and a spinon to a hole.

Antispinon creation in St (q,w)

The action S;” on the ground state corresponds to the creation of a down-
spin magnon, i.e., an antispinon. Equivalently, S;” annihilates two spinons
with spin up in the condensate. The analytic expression of ST~ (q,w) has
not yet been derived. Figure 4.13(c) shows numerical results of ST~ (g, w) for
N =16 and m = 0.25 [156]. An analytical solution is possible for such part of
the final states as belongs to the YHWS by mapping to the Sutherland model
with the coupling parameter A = 2. Within the YHWS, the right (5g) or left
(51,) antispinon with the spin component S* = —1 corresponds to a particle,
and the up spinon to a hole as illustrated in Fig. 4.3. Then the addition of
51,r can accompany the excitations of 5g 1, + 2s in the YHWS [160]. The
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situation corresponds to the particle propagator in the Sutherland model
discussed in Section 2.6.2.

The antispinon takes zero energy at ¢ = ¢, = wm for §;, and ¢ = 27 —¢q;, =
7 + 2ps for 5. Hence the support for ST~ (g, w) begins from zero energy at
q = %¢m,. To the right of ¢ = ¢, the singularities of the spectrum consist
of dispersion curves of sg + 2s. To the left of ¢ = ¢, the lower threshold
follows the dispersion of 51, down to ¢ = 0, where the excitation energy 2h
is required. Here the difference from the Sutherland model appears because
of the periodicity 27 of the antispinon spectrum. As a result, above w = 2h
near ¢ = 0, the singularities of the spectrum again consist of dispersion
curves of sg + 2s.
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Fig. 4.14. Neutron scattering intensity from CuCly-2N(C5D5) for two values of
reduced wave number ¢* = ¢/(27) at various temperatures [52]. Copyright (1974)
by the American Physical Society. Reproduced with permission. The exchange J is
estimated to be 6.7K.
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Table 4.1. Maximum contents of quasi-particles for S®(q,w).
The subscripts R and L indicate the branches of antispinons.

S~ (q,w) 2s
St (qw)  2s+35r+5L
S%*(q,w)  2s+5g, 25+ 31,

Table 4.1 summarizes the excitation contents relevant to the dynamical
structure factor in a magnetic field.

4.11.4 Comments on experimental results

The first neutron scattering experiment to probe the dynamics of quasi-
one-dimensional spin systems was carried out for CuCly-2N(C5Ds5) [52]. The
spectral function for each ¢ has asymmetric shape, as shown in Fig. 4.14.

The peak corresponds to the lower threshold, the des Cloizeaux—Pearson
mode, and the asymmetry reflects the continuum above the threshold.

More recently, a detailed excitation spectrum of quasi-one-dimensional
spin systems has been measured by many groups. Among others, we mention
the result for KCuF3 [185], CuGeOs [5], YbsAsg [116], and copper pyrazine
dinitrate (CuPzN) [170]. For CuPzN, good agreement is found with the two-
spinon contribution derived theoretically for the nearest-neighbor Heisen-
berg chain [30]. The spectrum in a magnetic field has also been measured
for CuPzN [170], and compared with numerical results for the Heisenberg
chain.
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SU(K) spin chain

As an extension of the Haldane—Shastry spin chain, this chapter discusses
the SU(K) spin chain where K denotes the number of internal degrees of
freedom, referred to as color. The coordinate representation is also possible
in this case, provided we choose the reference state to be fully polarized to
one of the components. In Section 5.1 we derive the ground state by mapping
to the U(K — 1) Sutherland model. Then the spectrum is discussed by use of
the ribbon diagram and the motif, both of which respect the SU(K) Yangian
Symimetry.

The elementary excitations in the system have a rather subtle feature:
they have different statistical parameters in thermodynamics g,3 and dy-
namics g3, where a and 3 denote color components. In Section 5.3, we
discuss thermodynamics by using the freezing trick, and derive the statis-
tical parameters. It turns out for K = 2 that the off-diagonal component
acquires extra repulsion when starting from the U(2) Sutherland model with
infinite repulsion. As a result we have go,3 =1 —1/K = 1/2, which is inde-
pendent of spin indices, consistent with the argument in Section 4.9.3. In the
unpolarized case, the resultant thermodynamic potential can be interpreted
as those of parafermions.

In Section 5.4, we present the analytic result for the dynamical structure
factor, which includes the SU(K) spinons. They transform as the conjugate
representation K, with the statistical parameter Gag = 0ap — 1/K. Note
that the case K = 2 does not reproduce the thermodynamic statistical
parameters gog = 1 — 1/K = 1/2 for all spin combinations. In the SU(2)
dynamics, however, the dynamical structure factor does not involve gy.
Hence the difference between g, and g,.g does not show up in the case
of K =2.

220
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5.1 Coordinate representation of ground state

Let us consider an SU(K) chain with the number K of internal degrees
of freedom. In order to distinguish this from the SU(2) case, we call each
component “color”, in analogy with the SU(3) color in the quark theory.

The exchange of colors is described by the permutation operator P;; given
by

Py = XxP, (5.1)
af

where the X-operators are defined as X' A= la) (8] for each site i. The
Hamiltonian is given by

Hsu(xe Z Jii (P 4+ 1), (5.2)

1<]

where J;; = J/D(z; — 2;)* with D(z) = (N/x)sin(rz/N). We have added
unity in Pj; + 1 for later convenience in mapping to the Sutherland model.

Starting with the fully polarized reference state |F') in which all sites are
occupied by the Kth color component, we can represent any state |¥) in
terms of the occupied set of coordinates {x®}, which specifies the positions
of M, particles with color species &« = 1,..., (K —1). The number Mg of the
Kth color sites is then given by Mg = N ZK L M,. As a generalization
from the SU(2) case, we introduce for each site i the creation operator
sza = |a)(K| of an ath magnon. The many-magnon state is described by
the wave function U({z*}) as

K—
= > U({z"}) H IT o (5.3)

{z*} a=1 ie{z"}

where U({z}) is symmetric against interchange of equal-color coordinates.
We separate P;; into two parts:

K-1
= 3" (Blabioc+ babia) + PV, (5.4)
a=1

where Pi(jK_l) exchanges the (K — 1)-color degrees of freedom other than
a = K. Although U({z®}) does not have a particular parity against inter-
change of coordinates of different components, ¥({z%}) is invariant against
simultaneous interchange of color and spatial coordinates of any pair.
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Provided Pi(JK_l) acts on this wave function, we may replace it by the
operator K;; which exchanges the spatial coordinates in W ({z“}). Namely,
we have

K-1
PE Dy = 3 Kyu(eh) IT TT vhIp). (5.5)

{2} a=1 ie{z"}

In analogy with cases of the SU(2) chain, we can work with the first-
quantized form of the Hamiltonian for a subset of states which is given by
a polynomial of z; = exp(2wiz;/N) with degrees ranging from 1 to N — 1
for each color a =1,..., (K — 1). For such polynomials we obtain the first-
quantized Hamiltonian as in the previous cases:

N—Mg .
=3 2 (_laz ﬂ) +§Zﬁ+§J(ﬂ>(N_MK), (5.6)

where we have put J = 2, and the Fourier component J(q = 7) has been
obtained as J(7) = —(72/3)(1 +2/N?) in (4.4). The first term results from
the permutation involving the Kth species, and —d/dz; is the momentum
of a magnon of any species o # K.

The polynomial eigenfunctions are obtained most conveniently by
regarding all magnons as distinguishable particles in the first step, and then
imposing the proper symmetry. This is precisely the method we discussed in
Chapter 3. In the case of all M, (« =1,...,K) odd, and N being divisible
by K, the ground state is non-degenerate. We confine ourselves to this sim-
plest case in the following, since the thermodynamic limit does not depend
on these specific properties for N and M,,.

With the hard-core constraint, the absolute ground state, which does not
have any constraint on the symmetry of the wave function, is given by a
Slater determinant

—Mpg

U ({z}) = H B INEM R TT (3 — ), (5.7)
i=1 i<j

N/2

where the factor z; '~ comes from the momentum shift to the edge 7 of

~(N=Mx=1/2 1akes the zero total

the Brillouin zone, and another factor z,
momentum from the shifted origin. For the antisymmetric wave function,
we obtain K;; = —1 for the exchange operator. Then the interaction term
in (5.6) vanishes, and the free-fermion wave function Wy({z}) proves to be

an eigenstate.
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We now impose proper symmetry for the wave function for the mixture
of magnons. We multiply ¥y, ({z}) by a polynomial which is antisymmetric
against interchange of magnon coordinates with the same color. The lowest-
order antisymmetric polynomial together with the proper momentum shift
is given by the Slater determinant with M, coordinates:

M
Vo({zh) =Tz I (- =) (5.8)

i=1 i<ji<Mq

where we have assigned the index i = 1,..., M, to magnons with color «.
Then, following the same argument as in Section 3.2.2, the polynomial wave
function

K-
Va({z}) = Un({z}) H o({z"}) (5.9)

proves to be an eigenfunction of (5.6). It is easily seen that all other polyno-
mial eigenfunctions, which are obtained from (5.9) by multiplying symmetric
polynomials of magnons, have higher energies. Hence, (5.9) is the ground-
state wave function within the polynomial family. This wave function cor-
responds to the Gutzwiller wave function, which can also be obtained by
imposing the hard-core condition on the product of Slater determinants of
each color a« = 1,..., K, as discussed in Section 3.2.2.

By using the freezing trick, for example, it can be proved that (5.9) in
fact describes the ground state without restriction to the polynomial family.
In the non-degenerate ground state, the wave function can be written in
the explicitly real form. Namely, in terms of the chord distance D(z), the
eigenfunction of (5.9) is represented with a real factor C' by

K-1
o({z}) = C[[ @i — =) [ [] P@ia — xma), (5.10)

i>7 a=1I>m
where z; (i =1,..., N — Mg) denotes all magnon coordinates, and z;, (I =
1,...,M,) denotes those of a-magnons.

5.2 Spectrum and motif
By using the Yangian symmetry, we can enumerate all states including
non-polynomial wave functions, whose energies are degenerate with those
of polynomial wave functions. A Yangian generator is defined by analogy
with (4.110) as
1 K-1 1 K—1
Ak =5 wij ) bl bia = 5 2wy XPHXe (5.11)

i#] a=1 i#] a=1
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This operator corresponds to the total momentum of magnons, and as such
commutes with the Hamiltonian Hgy(x). Then by the global SU(K) symme-
try, we may define a set of K2 — 1 Yangian generators starting from Ag. In
terms of SU(K) generators J® with a = 1,2,..., K2 — 1, the set of Yangian
generators is given by

@ — %Zwij > fasy LT (5.12)
i#] By

where f,g, is the structure constant of the SU(K) algebra. Each operator
A® commutes with Hgy(x) but not with }; Jf , which corresponds to the
[B-component of the total spin. Hence, application of A® to the YHWS gener-
ates a supermultiplet which may have different total spins but has the same
energy. Each supermultiplet is pictorially represented by a skew Young dia-
gram, or more concisely by a motif as explained below. In the case of K = 2,
fapy is reduced to the completely antisymmetric tensor €,43-, and J;* to the
spin operator as given by (4.112).

Following the previous cases of the spin chain, we introduce the rapidity k;
which plays a role of the renormalized (and shifted) momentum of magnons
spanning the whole Brillouin zone [—m, 7). Following the same logic as in
the Sutherland model, we obtain the energy characterized by the rapidities

as follows:
N-— MK

)+ J(0)(N — Mk), (5.13)

l\D\H

7=1
where the Fourier component J(q = 0) has been obtained in (4.5) as J(0) =
(m?/3)(1 - 1/N?).
The energy looks like that of free particles with the parabolic spectrum.
The total crystal momentum P of the system is given by

N—-Mg N—-Mpg
P= > (kjtm)Fr= > kj+(N-Mg-1)m, (5.14)
j=1 j=1

where the upper sign corresponds to the Brillouin zone [0, 27| and the lower
sign to [—2m,0]. This is a generalization of (4.90) in Chapter 4.

The distribution of the rapidity is most conveniently represented by the
motif as in the previous cases. Namely, we put 0 if a one-body state in
the Brillouin zone [—m,7) is empty, and put 1 if it is filled by a magnon.
It is customary to put an extra 0 in the rightmost position. This position
corresponds to 7 in the Brillouin zone, which is equivalent to —m. This
restriction of putting two zeros, one at each end, actually gives the N degrees
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of freedom for the occupation pattern. A sequence of N +1 digits dody ... dy
with d; = 0 or 1 completely characterizes the distribution of the rapidity,
and hence the momentum. This definition of the motif as an occupation
pattern of rapidities has been used in the SU(2) spin chain. We obtain

21 N
P = W /ﬁd,{ =+ T,
k=0
N
2 N
E =223 w(N = r)d, + —J(0). (5.15)
N & 8

Let us consider the case of SU(3). The ground state with N = 9, for
example, is represented by

0110110110. (5.16)

Let’s choose the color B (blue) for o = 3 as the reference state. Then the
occupation of momentum is either by R (red) for @« = 1 or G (green) for
a = 2 particles. The momentum distribution in the ground state is un-
derstood from the wave function given by the product of ¥y and ¥, with
a = 1,2. The part coming from W}, requires unit separation between neigh-
boring momenta, and the part from ¥, requires additional unit separation
between the neighboring momenta for the same color . Thus the distribu-
tion unit 011 follows, where 11 should be shared by the colors R and G. In
the corresponding ribbon diagram, we choose R for the upmost square as a
convention when drawing an inscribed Young diagram.

The singlet motif given by (5.16) is equivalent to the ribbon diagram in
Fig. 5.1(a). In order to describe excited states, it is convenient to modify
the motif as follows [80]:

)

(i) Replace “0” surrounding a single 1 or successive 1’s by “)(”.
(ii) Replace the first “0” by “(” and the last “0” by “)”.

For example, the motif 01101011 is written as
a))(), (5.17)

which shows the presence of a spinon by “(1)” in the central part. The
corresponding ribbon diagram is given in Fig. 5.1(b). On the other hand, a
Yangian multiplet shown in Fig. 5.1(c) is described by

(11)()(11), (5.18)

where the unit “()” is interpreted as a multiplet in which two spinons have
the same momentum. In the SU(3) case, any motif consists of a sequence
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Fig. 5.1. Ribbon diagrams for (a) the singlet ground state of the SU(3) chain with
N =9, (b) a one-spinon state characterized by the conjugate representation 3,
and (c) a state with the fundamental representation 3, which is interpreted as a
two-spinon state with the same momentum.

of elementary motifs (), (1), and (11), where the last one describes the
SU(3) singlet.

In the ribbon diagram of Fig. 5.1(c), the color = corresponding to “()” in
the motif can be either of R, G, or B. In the case of R or G, we assign a
particle in a polynomial wave function. Hence in the SU(3) chain, and more
generally in SU(K) chains with K > 3, a polynomial wave function does not
necessarily belong to the YHWS, which is uniquely given for each ribbon
diagram. This is in contrast to the Haldane—Shastry model and the SUSY
t—J model, which will be discussed in Chapter 6, where all polynomial wave
functions belong to the YHWS.

In the general SU(K) case, we have K elementary motifs since the number
of 1’s inside the brackets ranges from 0 to K — 1. The elementary motif with
r 1’s corresponds to the fundamental representation A, of SU(K). Alterna-
tively, the motif may be interpreted as a state where K —r — 1 spinons have
the same momentum. In order to avoid double-counting of spinon states, the
one-to-one correspondence should be made between a state in the fundamen-
tal representation A, and one of the K — r — 1 spinon state. This can be
accomplished by antisymmetrization of spinon states with different compo-
nents. As a result, spinons with the same momentum obey the parafermion
statistics of order K [68,69], which allows up to K — 1 spinons in the same
orbital. This situation generalizes the K = 2 case, where symmetric ex-
citation of up and down spinons leads to a fermionic description of ther-
modynamics. Further study, however, is necessary to clarify this situation
completely.
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The parafermion description of SU(K) spinons was first obtained by ap-
plication of the freezing trick [101,121,150]. The same results have been
obtained by a recurrence relation using the Yangian symmetry [158]. On the
other hand, straightforward application of the fractional exclusion statistics
does not work for K > 3, since thermodynamics needs proper subtraction
to remove overcounting.

If the spectrum of spinons is replaced by a linear one, which is relevant in
the low-energy limit, simplification occurs for the thermodynamics in that
the partition function can be obtained in terms of certain polynomials. These
polynomials are a multi-variable version of the g-deformed Hermite polyno-
mials, which are called the Rogers—Szeg6 polynomials [87,150]. We refer
readers for a detailed discussion of the ¢-deformation to the general theory
of the quantum group [43,44], but explain an example called Macdonald
polynomials in Chapter 10. If one neglects the g-deformation, the partition
function is reduced to its high-temperature limit K. Detailed analysis has
been performed in relation to the conformal field theory [32,33], including a
supersymmetric generalization [88]. Ordinary fractional exclusion statistics
is applicable if none of the spinons share the same momentum. This situ-
ation is relevant to the dynamical response of the systems with any K as
described below.

The dispersion relations of elementary excitations can be derived from
those of magnons by proper reinterpretation. In order to describe the single
spinon state for finite size, it is most convenient to take M odd and N =
3M —1 as in Fig. 5.1(b). Here the ground state has a deficit of color «, which
is neither x nor y. In the case of x = 1, y = 2, for example, the spinon
component is written as 3, which means a deficit of 3. The set {1,2,3}
constitutes the conjugate representation of SU(3), which is written as 3.
For general K, the spinons form the conjugate representation K. On the
other hand, a state shown in Fig. 5.1(c) can have either z = 1,2, or 3. The
set {1,2,3} constitutes the fundamental representation of SU(3), which is
written as 3.

Let us take the SU(3) case, and start from a state in which a spinon is at
the rightmost end of the Brillouin zone. In terms of the modified motif, the
state is described by (11)...(11)(1). Now we consider the change of energy
as the elementary motif “(1)” shifts to the left as in (11)...(11)(1)(11). The
change of momentum when “(1)” reaches the leftmost position is 27/3 in
the case of NV > 1. This result is understood when one compares the motifs

011011011...011010
010110111...110110,
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where every third momentum in the motif has been shifted to the right in
the lower motif. Namely, the Brillouin zone of a spinon in the SU(3) chain is
one-third of the original one. For general K, the size is shrunk to 27 /K. Now
we derive the energy of a spinon with rapidity 27¢/N, which is characterized
by the shift k; — k;+1for j =1,...,¢ < M in the momentum distribution
of the ground state. Here the maximum of j is M = N/K in the case of
an SU(K) chain, as shown below. The spectrum of a spinon for finite size
can be derived by calculating the increment of energy associated with the
momentum shift. For 0 < { < M we obtain [70]

¢
1/2m\° P
1=
where k; = N/2+4 1 — 3i, and we have introduced g = 2w(/N.
In the thermodynamic limit, the spinon spectrum can be derived very
simply. Let us consider a spin-flip which corresponds to annihilation of a
magnon. In terms of a motif for the SU(3) chain, we consider a change

L (1D)(AD(AD)... =... (11)(1)()(11). .., or
~.(1)O(D)(11)..., (5.20)

either of which describes the creation of three spinons with neighboring
momenta. In the thermodynamic limit, the difference between these
momenta is negligible. Thus we realize, for general K, that the magnon
annihilation with momentum —K¢q = k; — 7 corresponds to the creation
of K spinons with the same momentum g, i.e., e,(—Kq) = —Kes(q). We
immediately obtain the spectrum by taking 0 < ¢ < 27/K as

es(a) = 5Kq <2I7§ - q) : (5.21)

—27

— 0 0 q /3 27/3

(a) (b)

Fig. 5.2. Comparison of (a) the magnon spectrum and (b) the spinon spectrum in
the SU(3) case.
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which is consistent with (5.19) with K = 3. Figure 5.2 shows the relation
between the spectra of magnons and spinons.

5.3 Statistical parameters via freezing trick

In terms of the distribution function v(k), which is the sum of K compo-
nents, we obtain the energy

a2 & oo
Eiot = e Z Z |k — K| v(R)v(K). (5.22)

K=00 k/'=—00

Note that Eio is independent of spin components making up v(k). The
independence reflects the U(K) Yangian symmetry, which includes the charge
degrees of freedom. In order to apply to the SU(K) chain, we have to remove
the phonon contribution from v(k), which can be accomplished by restric-
tion to the ribbon diagrams for the momentum distribution. Each ribbon
diagram represents a supermultiplet, which constitutes an irreducible rep-
resentation of the SU(K') Yangian, which is written as Y (slx). A ribbon
diagram with allowed inscription of integers 1,..., K is called a semistan-
dard tableau (SST).

The statistical interaction among spinons can be obtained by the following
consideration. Let us return to the K-component Sutherland model with the
repulsion parameter A. The exclusion statistics of particles is described by
(2.78) with the parameters

Gag = 5046 + A, (523)

with o, 6 =1,..., K. Note that we have changed the notation to a capital
letter. The set of statistical parameters is regarded as a K x K matrix G.
In addition to particle excitations, there arise hole excitations from the
many-particle ground state. The statistical parameters for the hole
excitations are given by the inverse matrix g~! = G. We obtain

A
BT INK

which can be verified by direct calculation.
The energy spectrum of the SU(K) chain is most easily obtained by the

G =6 (5.24)

freezing trick, as discussed in Section 4.8.3. In the limit of A — oo, we obtain
from (5.24)

Jap = 0ap — 1/K. (5.25)
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This result is relevant to hole excitations in the U(K') chain, which includes
phonons as the U(1) component. For description of the SU(K) chain in
terms of the exclusion statistics, we have to remove the U(1) component
from (5.25). This removal is achieved graphically by restricting to the ribbon
diagrams for relevant SU(K) states. As we shall discuss later in Section 5.4,
the dynamical structure factor does not involve the U(1) component as final
states. Hence the statistical parameters for the U(K) system remain the
same in the SU(K) chain. This statement applies to all values of K.

In the case of K = 2, on the other hand, two holes with up and down
spins can make a singlet. This singlet should be excluded in the SU(2) spinon
picture, where the neighboring spinons always make a triplet. For thermo-
dynamics, the singlet state with the same momentum of two particles is
excluded by adding unity in g,,» with o # ¢’ in (5.25). Namely, we move
from U(2) thermodynamics to SU(2) thermodynamics by the replacement

( g 911 > _ < /2 —1/2 ) N < 1/2 1/2 ) (5.26)
g 9u —-1/2 1/2 /2 1/2

Hence we obtain the statistical parameter g,,» = 1/2 for the thermodyna-
mics of spinons, as obtained for the Haldane—Shastry chain. Note that the
off-diagonal element g, with o # ¢’ does not appear as a dynamical struc-
ture factor in the SU(2) case. It should be emphasized that the statistics of
spinons is rather different in the case of K =2 and K > 2.

A merit of the description based on the freezing trick appears in thermo-
dynamics. We consider the case without a magnetic field and proceed just
as in the SU(2) case discussed in Chapter 4. As a result, the distribution
function is obtained as

Va(p) = 1 — exp[—Bwo(p)/ K]

for « = 1,..., K, which generalizes (4.185). Then the thermodynamic
potential Qo takes the same form as the phonon part €2, except for the
replacement wy — wp/K in the former. By subtracting the phonon part, the
thermodynamic potential QSU( K) = Qtot — Qpp is written as

™

d
vy = ~T / 2 Inf1-een/ K g 2en/ Ko ()0 K (5.97)

Yy

for any temperature T'. It is natural to interpret Qsy(x) as that of ideal
parafermions of order K [68,69], for which up to K — 1 particles can take
the same quantum number p. The parafermion is reduced to the fermion
with K = 2.
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5.4 Dynamical structure factor

Let us define the following operator in the momentum space by
X (q \/» Z Xaﬁ exp(—igzx;), (5.28)

which describes a color flip for « # (3, or color projection for a = 3. Then
we consider the dynamical structure factor defined by

Zy W|XP(—)|0)*0(w — B, + Ey), (5.29)

where |v) denotes an eigenstate of the Hamiltonian with energy E,, and Ey
is the ground-state energy. Because of the SU(K') symmetry, the dynamical
structure factor does not depend on the color components «, 3 as long as they
are different from each other. Then we may regard S(®# (¢, w) — S(¢,w) as
a scalar, and choose 3 = K together with the coordinate representation of
wave functions. Since the operator X*¢ is equal to the magnon annihila-
tion operator b, the dynamical susceptibility is equivalent to the magnon
propagator in this representation.

The excited state after the magnon annihilation is written in polynomial
form. In order to simplify the notation, we work with the SU(3) symmetry
(K = 3) in the following. The coordinates z1, ...,z denote magnons with
color = 1,and (1, ..., (s denote magnons with a = 2, where N = 3M with
the singlet ground state. The excited state after annihilating the magnon
with a =1 at z =1 (or x = 0) is given by

(Z1y oy 2M—15C1y - - - s CM|XS’1‘IJG> =Va(l,21,. ., 2p-15C1y - -+ Cax)-

(5.30)
Namely, the final states are represented by the Gutzwiller wave function
where one of the complex coordinates is fixed. Because of its polynomial
form, the final state can also be mapped to a wave function in the Suther-
land model with the repulsion parameter A = 1. In the case of K = 3,
the relevant internal symmetry is SU(2) in the Sutherland model [13]. The
magnon propagator in the SU(3) chain is given by the hole propagator in the
SU(2) chain in the mapped Sutherland model, for which the exact results
are obtained in Section 3.7.1. The excited states consist of three spinons,
two of which have the component 1 and the other 2.

For a general value of K, we can obtain S(g,w) in the singlet ground state
from the hole propagator in the U(K — 1) Sutherland model. Alternatively,
the freezing trick discussed in Section 4.8.3 can be utilized together with
Uglov polynomials explained in Chapter 10. Very detailed calculation along
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the latter route has been performed by Yamamoto et al. [199]. The result is
given by

S(@w) = Ak Y H / Ak FO (k) 28(g — m — p())6(w — e(k),
1<a<b<K i=1
(5.31)

where
TV

K
1— k2 ; .32
2Ki:1( k), p(k sz (5.32)

e(k) =

with vs = /2. Here we have taken the unit J = 2, and A is a normalization
constant given by

K
Ay = U ]/K K), (5.33)

which has been corrected by Arikawa [13] so as to remove an erroneous
numerical factor 25 for Ak in the original result [198,199]. The form factor
is given by [199]

ko = kol 7% TTh<icj<i (i )2 ap) 1K — Jej|9%
[T (1 = k) (om)/2
with gx = (K —1)/K and ¢} = —1/K. For K = 2, the formula reproduces

the result explained in Chapter 4. Notice that the second product in the
numerator of (5.34) is absent in the SU(2) case.

FO (k) = , (5.34)
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Supersymmetric t—J model with 1/r? interaction

A one-dimensional electron has both spin and charge degrees of freedom.
In the limit of strong on-site repulsion, double occupation of a site can be
neglected since it has a large energy cost. If the number N, of electrons is
less than the number N of lattice sites, vacant sites appear and the sys-
tem acquires both spin and charge degrees of freedom. The simplest model
to incorporate these degrees of freedom is called the t—J model, which is
discussed in this chapter.

We begin by reviewing the SU(2,1) supersymmetry (SUSY) as an exten-
sion of the SU(2) symmetry in the spin chain. With the supersymmetry, the
hopping and exchange in the ¢{-J model can be treated in a unified way as
the graded permutation. Then the ground state of the SUSY ¢-J model is
derived in Section 6.2 by the coordinate representation of wave functions
by using the fully polarized state as the reference. The static structure fac-
tor at zero temperature is completely determined by the wave function at
the ground state. The spin and charge components are derived using the
determinant and its generalizations in Section 6.3.

In Section 6.4, we proceed to derive the spectrum of the SUSY ¢—J model.
The elementary excitations consist of spinons, holons, and their antiparti-
cles. It is proved in Section 6.5 that these excitations span the complete
set. The argument relies on a generalization of Young diagrams, which are
called ribbon diagrams. At the same time, the degeneracy of energy levels
beyond the global SU(2) symmetry is ascribed to the presence of a Yangian
supersymmetry Y (sly|1).

With the knowledge of energy levels and their degeneracies thus acquired,
we derive the thermodynamics of the SUSY ¢-J model in Section 6.6. Physi-
cal quantities such as magnetic susceptibility, charge susceptibility, entropy,
and specific heat are derived explicitly. The results are interpreted naturally
in terms of elementary excitations obeying fractional exclusion statistics.

233
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Finally, as the most advanced result of the one-dimensional electron
theory, we present exact dynamical correlation functions and the single-
particle spectral functions in Section 6.7.

6.1 Global supersymmetry in t—J model
The t-J model is given by

H,y= PZ —tij Z (c;rgcja + h.c.) + Jij (Si -8 — jlnzn]> P, (6.1)

i<y o=T,l

where ¢;, is the annihilation operator of an electron with spin ¢ at site
1, n; is the number operator, and P is the projection operator to exclude
double occupation at a given site. We have introduced in Section 1.5 the
X-operators X** = |a)(3|, which describe transition from one state 3 to
another state a at each site. If the transfer energy ¢;; and exchange energy
Jij satisfy the relation ¢;; = J;;/2, we can combine the spin permutation
and the hopping using the graded permutation operator given by (1.41).
The X-operators can also be represented by a fictitious boson annihilation
operator B;, and a fermion creation operator F;r as

XZQU = FiTB’L'Uv leT = BleBlT’ XZOO = FZTFZ (62)

Because of the constraint, F;Fi + >, BZTUBi(7 = 1, these fermions and
bosons do not obey the standard commutation rule. The graded permutation
operator introduced by (1.41) is then written as

Py =Y p(B) Al AipAlsAje = Y Al Al Aig Aja, (6.3)
ap af
where A;, denotes either B;, or F;. Since the vacant and singly occupied
states appear to be on an equal footing, the model possesses a corresponding
symmetry. This symmetry is called the supersymmetry, which in its most
general sense connects fermionic and bosonic degrees of freedom.
In terms of the graded permutation operator Pij, the supersymmetric
(SUSY) t-J model is written concisely as

HtJ:Ztij(Pij—l-l-X?O-i-X?O). (6.4)
1<j

The term XZQO + X]Q0 serves to associate the zero energy with the vacant
state N, = 0, and plays the role of the chemical potential. This term breaks
the supersymmetry by distinguishing states with different N,. We note that
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the energy is also zero in the completely polarized case with N, = N. We
obtain P;; —1=0= XZOO for this case.

Removing the chemical potential and constant terms, let us consider a
System

Hsusy = Y _ ti; Py, (6.5)
i<j
which is invariant under the global supersymmetry operation. Namely, we
obtain by direct calculation the N-site version of (1.44):

—ﬁija ZXzaﬁ] =0, (66)

for any combination of «, 3. This means that the eigenvalues of Hgygy are

degenerate not only for such states as have the same total spin, but also
for certain states with different number of holes. The latter set of states are
generated by application of >, X7 and Y, X7°, as is evident from (1.44).

Note that the global supersymmetry demonstrated above does not depend
on the form of ¢;;. It has been shown [175] for t;; = J;;/2 = tJ; j+1 that the
model can be solved exactly by the Bethe ansatz. Another solvable case is
given by the inverse-square interaction [119]

tij = Jij/2 = tD;;?, (6.7)

where D;; = (N/m)sin[r (i — j) /N]. Henceforth we take t as the unit of
energy, and concentrate on the case specified by (6.7).

6.2 Mapping to U(1,1) Sutherland model
As in the case of the spin chain, it is useful to start with the fully
up-polarized state as the reference. We introduce for each site the hole cre-
ation operator hz = FZ.TBiT. In addition, we identify S, as the creation
operator b;f of the hard-core boson as in the case of the Haldane—Shastry
spin chain. Hereafter we regard b;-r as the creation operator of a magnon.
The kinetic energy term of up-spin electrons is regarded as hole hopping:

—t,-chTchT = tijhj‘hiy (6.8)

where the anticommuting property of the hole operators is used. On the
other hand, annihilation of a down-spin electron at each site can be repre-
sented by ¢;] = F;Bi | = h;-rbi. Hence the kinetic energy term of down-spin
electrons takes the form of a graded permutation:

—tijCLle = —tijb;f-hjh;rbi = tijb;[h;rhjbi. (6.9)
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Instead of the U(2,1) supersymmetry with spin degrees of freedom for
bosons, the new particles created by hz (holes) and bl-L (magnons) have the
U(1,1) supersymmetry with no spin degrees of freedom. Now each site is not
necessarily filled by the new particles. Hence the system gets the U(1) charge
degrees of freedom in addition to the SU(1,1) internal symmetry. Thus the
total number of states can remain 3V in the new representation.

In this way we take the up-spin site as a vacuum, and obtain the U(1,1)
representation of the model as

1 -~
Hey = )t {bgbj + hihj+ 5 (Py + ﬁiﬁj)] — M(0), (6.10)
1<j

where M is the number of down spins (magnons), n; = b;rbi + h;rhi, and
t(0) = Xt = 72(1 — N=2)/3. Here the Fourier transform t(q) of t;; is
given in analogy with (4.4) by

N

71'2
) = > el — 0] = 5o -m2 - (14 %),

, 6
7j=2

where ¢ = 1 in our unit. The graded permutation operator ]5ij acts now in
the space of magnons and holes. The chemical potential term for magnons
breaks the U(1,1) supersymmetry, and gives rise to the last term in (6.10).

We can represent any state in terms of the wave function W({z"}, {z°})
as [4]

)= > w(a"h gy [ s [T wiie), (6.12)
2], a0} i€t} el

where the set of coordinates {x*°} specifies the positions of M magnons, and
{x"} specifies those of @ holes. By definition W({z"},{z°}) is symmetric
against interchange of down-spin coordinates, and antisymmetric against
hole coordinates. This is related to the commutation rule 5,5, = 575

and the anticommutation rule hzh; = —h;-h;r. These relations allow us to

replace the operator P;;, which permutes the internal degrees of freedom, by
the operator K;;, which exchanges the spatial coordinates in W({z"}, {2°}).
Namely, we have

Pilw)y = > Kye(a"h =) I si [ e (6.13)
{zP}{z"} ie{zs}  je{ah}
Note that the only constraint in using K; is that we have K;; ]5ij = 1 against

interchange of a pair of particles. We do not impose any commutation rule
between F and B operators in (6.2). Then W({z"}, {z*}) do not in general



6.2 Mapping to U(1,1) Sutherland model 237

have a definite parity against interchange of hole and magnon coordinates.
Hence we regard a hole and a magnon as distinguishable.

In analogy with the case of the Haldane—Shastry spin chain, we can work
with the first-quantized form of the Hamiltonian for a subset of states which
is given by a polynomial of z; = exp(2wiz;/N) with degrees ranging from
1 to N — 1 for each variable. For such polynomials we proceed as in the spin
chain to obtain

M+Q 2

1 0 1 1+ K

H(pOIY) — —j - — i E 6.14

t=J 2 Z lal‘i i + 2 Z D(ﬂ?l — .rj)Q + M ( )

i=1 1#j

where —0/0x; is the momentum of a hole or a down-spin boson, and D(z) =
(N/m)sin(mz/N). The constant term Ej;q is given by

Eyg = (M + Q)t(r) — Mt(0). (6.15)

The polynomial eigenfunctions are obtained most conveniently by first
regarding holes and magnons as distinguishable particles, and then imposing
the proper symmetry. This is precisely the method we discussed in Chapter 3.
With the hard-core constraint, the absolute ground state is given by the
Slater determinant. In the case of N even and @ + M odd, the absolute
ground state is non-degenerate and is given by

Q+M
({2} = [T 2722 ] - =), (6.16)
i=1 1<j

which has the proper antisymmetry if there are no magnons, i.e., M = 0. The
factor ZZN /2 comes from the momentum shift to the edge 7 of the Brillouin

zone, and another factor z, (@+M=1)/2 | akes the total momentum zero from

the shifted origin. With N odd, the mapped Sutherland model should be
solved with the antiperiodic boundary condition, as discussed in Chapter 4.
Then the absolute ground state is degenerate with @ + M odd. One should
make the replacement of exponent

Q+M-1)/2— (Q+M—1+£1)/2 (6.17)

for the degenerate ground states. Note that ¥y, ({z}) remains a polynomial
with integer powers even in the case of N odd. For Q + M even and N odd,
(6.16) describes the non-degenerate absolute ground state.

For the antisymmetric wave function, we obtain K;; = —1 for the co-
ordinate exchange operator. Then the interaction term in (6.14) vanishes,
and the free-fermion wave function ¥y ({z}) proves to be an eigenstate. In
the opposite case of () = 0, all particles are magnons and we should have the
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symmetric wave function. The lowest-order polynomial is obtained by
taking the square of WUy, ({z}) except for the factor le /2. The result is nothing
but the eigenfunction of the Haldane—Shastry model. The interaction term
becomes the same as the single-component Sutherland model with A = 2,
since we obtain K;; = 1 in this case.

For the mixture of ) holes and M magnons, we obtain the proper sym-
metry by multiplying Uy ({z}) by an antisymmetric polynomial containing
only magnon variables. The lowest-order antisymmetric polynomial together
with the proper momentum shift is given by the Slater determinant. With
M odd, we obtain

M
—(M—-1)/2
({2} =[5 Y2 T - =), (6.18)
i=1 i<j<M
where we have assigned the index ¢ = 1,..., M to magnons. In the case of

M even, we should make the replacement

—0r-n/2 -

(M—-1F1)/2 (619)

zZ

in (6.18). In either case, we obtain W,({z}) with an integer exponent for
magnon variables. It is convenient to regard ¥y, ({z}) as including the hole
variables, but independent of them. In Section 2.1.2 we showed that the
Sutherland model after similarity transformation is given by a triangular
matrix. Then the polynomial wave function

Ya({z}) = Un({z})¥m({z}) (6.20)

proves to be an eigenfunction of (6.14) for all cases of even and odd numbers
of M,(Q, and N. It is easily seen that all other polynomial eigenfunctions,
which are obtained from (6.20) by multiplying symmetric polynomials of
hole or magnon, have higher energies. Hence, (6.20) is the ground-state wave
function within the polynomial family. This wave function corresponds to the
Gutzwiller wave function with a finite number of holes. It will be proved in
Section 6.5.3 that (6.20) in fact describes the ground state without restriction
to the polynomial family. The degeneracy of the ground state is at most two.

In the non-degenerate case with N,Q even and M odd, the wave func-
tion can be written in the explicitly real form, provided the momentum is
measured from the boundary 7 of the Brillouin zone. Namely, in terms of
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the chord distance D(x), the eigenfunction of (6.20) is represented with a
numerical factor C' by

Q+M
N/2
ve({z} {yh=C [] 7 / [I D@ — =) T[] Dwi = ym) [[ P(&i — w0),
j=1 i>j I>m il
(6.21)
where z; (i = 1,...,M) denotes the magnon coordinates, and y; (I =

1,...,@Q) denotes those of holes.

6.3 Static structure factors

The static correlation functions of the t—J model are completely determined
by the ground-state wave function. In Section 4.4, we have already presented
the results of correlation functions for the spin chain, and described the
method of calculation. Here we describe the static correlation functions in
the presence of holes. It is instructive to compare these with the spin chain,
and identify the effect of holes. Let us first present the results in the real
space, and then explain the derivation. We modify the form first derived
in [60] so as to make explicit the relations to magnon and hole distribution
functions. The magnon-magnon correlation function is written as CPP(xz),
the hole-hole one as C'(x), and the magnon-hole correlation function as
CPh(z).

Then the results are given for arbitrary density n and magnetization m
in the form

P () = —i[s_(x)Q ~ Ds_(2)Is_(2)), (6.22)
C™(2) = —sp(2)? — Dsy(z)Isy(z), (6.23)
CP () = %[sh(x)s,(x) + Dsy(x)Is_(x)], (6.24)

where the basic constituents are defined by

s (@) = spl) —su(a), (o) = T,

. kc .
sh(,f[;) _ SN KT _ SlIl7TTLZC’ (625)

T T

with &k, = 7(1 —m) and k. = 7(1 —n) < ky,. As in the spin chain discussed
in Section 4.4, Dsq(z) and Is,(x) are the derivative and integral of the
constituent function s, (x) with a = —, h, or b. For example we obtain

Is (z) = % Si(kma) — Si(ker)], (6.26)
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with Si(z) being the sine integral. The function s_(x) constitutes a part of
the 2 x 2 matrix propagator of magnons, while sy(z) is the propagator of
holes. Because of exclusion of momentum due to holes, the magnon propa-
gator cannot involve the low-momentum component.

The transverse correlation function is given by

O (z) = % [0+ (2) + O ()], (6.27)

where C—F(z) = (blbg) is the density matrix of magnons. It is given by

—+ (=D* (=D :
= Is_(x) = kmax) — Si(kcx)], 2
C " (x) ——1Is (x) — [Si(kmz) — Si(kez)] (6.28)
as will be shown soon. We then obtain C*(z) = C~F(z) 4+ 3(1 — n+m)ds 0.

To obtain the longitudinal spin correlation function C**(x), we use the
following relation at each site:

1 1 1
57 = <2 - bTb) (1—hfh) = 5 bTh — 5hTh, (6.29)

where we have used the hard-core property of magnons and holes. Then we
obtain

C*(z) = CP(a) + ichh(x) +CPh(g). (6.30)

In the singlet case with k,, = m, we should obtain C#?*(z) = C(x) because
of the rotational symmetry. This can be checked by first noting the following
cancellation among terms contributing to (6.30):

—is_(x)z - ish(:ﬂ)z _ %sh(x)s_(x) _ —%sb(x)Q —0,  (6.31)

because of sinmx = 0 for integer x. Therefore with m = 0, the first terms of
C(z) in (6.22) to (6.24) combine to zero for C*?*(x). On the other hand,
the second terms in (6.22) to (6.24) combine to give

iDs_(w) - %Dsh(x) + %Dsh(:v) Is_(x) (6.32)

1 (=D*
= ZDsb(:L“)Is,(x) — Is_(z), (6.33)
again because of sin mx = 0. Hence we indeed recover C**(x) = C+(x) for
the case of m = 0.

Now we describe the derivation, taking C(x) as an example. We consider
the system with M magnons and @) holes, and generalize the derivation of
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the correlation function for the spin chain. We need the norm of ¥g which
is most conveniently obtained from the expression

—(Q-1)/2 —(Q-3)/2 —-1)/2
|\I]G({x7y})’2 = (_1)R Z 6PZP§Q )/ ZPéQ ) ce ZggQQ )/
P

X det?M-{-Q (Zf7 SEE) 267 6{77})5{77 cee 75]%/[7]955\)4) (634)

lpl<M+(Q-1)/2
where the sign factor (—1) is derived below as R = MQ +Q(Q —1)/2. The
RHS of (6.34) is a symmetric function of both magnon (&;) and hole (z;)
coordinates. This form can be obtained by manipulation of the determinant
as in the case of the spin chain. Among terms appearing by expansion of
the determinant, we first integrate over the real hole coordinates y1,...,yqQ
in z; = exp(27iy;/N). The only term that survives integration over y; is the
product 2’z
the number of permutations. After integration over the hole coordinates, we
are left with magnon terms like (p—q)¢P¢~% with p+¢ = 0,and p > (Q—1)/2.
The exclusion of the small value of p is due to the presence of holes. Since
p—q = 2p ranges from Q41 to 2M + () —1 in two steps, integration over the
magnon coordinates gives the factor M!(2M +Q —1)---(Q + 1) where M!
comes from the number of permutations for magnon coordinates. Combining

with p + Pi = 0. Then we obtain the factor Q! coming from

these factors, we obtain the norm as [59]

CM’Q:Q!M!(2M+Q—1)(2M—|—Q—3)---(Q—|—1)

(2M + Q)!MY(Q/2)! :
2M(M +Q/2)! oreen
) (6.35)
M
MIQ12V[M +(Q —1)/2]! (Q : 0dd).

(@ —1)/2]! ’

The sign factor (—1)f is obtained by inspecting the sign of a permutation
which gives a positive integral. For example, a permutation

(P1,P2,...,PQ) = (Q,Q—1,...,2,1)

in (6.34) gives ep = (—1)Q@=1D/2 Then the positive integral results by a
permutation of 2M + @ numbers such that (1,2,...,Q) for hole coordi-
nates are inserted between (Q+1,Q+2,...,Q+ M) and (Q+ M +1,Q +
M +2,...,Q+2M). This permutation gives a sign factor (—1)™%. Another
derivation using sophisticated combinatorics is given in Section 7.5.6.

Let us evaluate the density matrix from the product of ¥, ¥g with com-
plex coordinates. We first fix a complex magnon coordinate n in ¥, and
another coordinate ( in Wg. Then the rest of the magnon coordinates
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¢; = exp(27mij/N) and the hole coordinates z; = exp(2wil/N) are to be in-
tegrated out. Generalizing the procedure used for the spin chain, we start
from the following representation with the confluent alternant:

. B eia
T, ) ValG ) =

Xdet( j, j,zj,...,zj,j,'j_l,...,j ,'j_l)
¢z Qf J&1 €M—1 JSM—l =01, 2M Q-1

< [z = 2), (6.36)

j<k

where n=exp(27il/N) and ( =exp(2win/N) are specified in terms of integer
coordinates [ and n. The phase factor exp(ia) is fixed so that the RHS is
real. Without loss of generality, we consider the case [ = —n, which means
¢ =n* in (6.36). Then we manipulate the determinant as in the case of the
norm for the spin chain. We obtain

Va(n,. . ) Wa(n'...) = exp(ia’)(n —n*) "
X detZMJrQ <,,7p’ 77_p7 va sy ng gfvpgifv s ’gﬁj_lapgﬁ/[_l)

x detg (zf,...,zg)

lp|<M+(Q-1)/2

pl<(@-1)/2’ (6.37)

where exp(ia’) is a phase factor. With the result for the norm, we can now
derive the density matrix of magnons in the form

1 Ndr /Ndle N% Nd&\p
0

(z,...)%"0(z",...)

NJ, N N J N ), N
M+(Q-1)/2 _
_ Cue Z 2 (6.38)
2p(z — 2*)’ '
p=(Q+1)/2

where 2p in the denominator comes from correction for the missing factor in
producing the norm Cjy . In the thermodynamic limit, the summation over
p is replaced by the integral for Q/2<p< M. We then obtain for integer x,
1 MR/ d sin 2mpx /N 1

—+ 1y
CT@E =55 o Popsinma/N i

. [Si(kmz) — Si(kex)],

(6.39)
where k,,,/m = M/N and k./m = Q/N. As in the spin-chain case given by
(4.24), the oscillating factor (—1)* comes from the shift 7 of the momentum
in mapping to the Sutherland model. The last expression in (6.39) is valid
in the limit |z|/N < 1. The other correlation functions can be obtained
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S~*(q)
1/4

Fig. 6.1. The spin-flip structure factor S~%(q) of the SUSY ¢-J model with and
without magnetization m. The transverse component S+ (q) = S%(q) = S¥¥(q) is
given by S*+(q) = S~ (q) + (1 —n+m)/2.

in a similar manner by fixing two coordinates in the wave function and
integrating over the others. The results for C™(z) are written explicitly as

. 2 .
Chi () = — <sm 7mx> N <kc cosmnz  sin 7rnac> Si(kma) — Si(ke)].

T X (mrx)?

(6.40)

We now derive structure factors by Fourier transforming the correlation
functions. The simplest is S~ (g) that can be obtained by combination of
terms derived already for the spin chain. Namely, we obtain

57 a) = 10l — 7m) [o(q =m0} 1= o — ) m 27

(6.41)

with 0 < ¢ < 7. The result with m = 0 has been obtained in [66]. Figure 6.1
illustrates the momentum dependence of S~ (q) with and without magneti-
zation. It is remarkable that the only dependence on n is through the cut-off
momentum ¢ = wn = 2kp for arbitrary m. Thus the charge and spin
degrees of freedom behave rather independently in the SUSY ¢—J model. This
mutual independence also appears in thermodynamics and dynamics, as we
shall see later. Evidently the tendency to magnetic ordering is suppressed
as the hole concentration increases. The longitudinal component S#*(g) in
the presence of holes and with nonzero magnetization can be obtained by
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Fourier transforming each of C*?(z) appearing in (6.30). The expression
is cumbersome, and not illuminating. Hence we just make a qualitative
remark: the divergence at ¢ = k,,, = (1 — m) of S**(q) is removed by
holes if n +m < 1, because the cut-off momentum ¢ = 2kp becomes smaller
than k;,, in this case. This is analogous to the effect of holes on S~(g),
where the divergence at ¢ = 7 is removed.

We next discuss the charge structure factor N(q), restricting ourselves to
the case of m = 0. The results for m # 0 are given in [12]. We observe
that the Fourier transform of a product is the convolution of each Fourier
component. If we work in the continuum model, the charge structure factor
is obtained as

1 _ _
Ig) = =~ > [s};(s}; g — S+ Dsh(Isi — Isi)|. (6.42)
k

The calculation of k-summation is analogous to the case of a spin chain,
where we have described calculation of S**(¢). In the lattice system, the
charge structure factor N(gq) becomes a periodic function of ¢ with the
Brillouin zone —7m < ¢ < 7 as the basic period. Because of the inversion
symmetry, we may assume 0 < g < 7 without loss of generality. In this case
we obtain N(q) = I.(q) + I.(q¢ — 27), where the second term is specific to the
lattice system. This term becomes nonzero only for ¢ beyond a threshold
depending on n. The summation range over k is classified according to the
value of g. As a result, there appear three regions I, II, III in the momentum
space. The momentum at each boundary of neighboring regions is written
as qr_ir or qr—i1. For example, we obtain N(q) for n < 1/2 as

N(q) = Ni(q/m)01(q) + Nita(q/m)01(q) + Nima(q/7)0m(q), (6.43)

where 011(q) = 6(q — qr—11)0(qr—111 — q) is the step function which is nonzero
only for the region II. Other step functions are defined in a similar manner.
The constituent functions Ny, (q/7), etc. depend on the density n. Namely,
we define the following functions:

r. 1l—nm+x

Ni(z) =2 — 5 In——— 6.44
1(x) =2z g (6.44)
1 _
Nio(z) =z — gm# +1In(l4+n—x), (6.45)
-n
r. n—1+=zx
Nip() =2—2n+ 2% 4
() nt g, (6.46)
Nite = 2n + 1I1<1 — n), (647)
-1
Nip(z) =2—2n+ = 1n e In(l+n—z). (6.48)

2 14n—=z
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Table 6.1. List of functions relevant to the charge structure factor N(q) for
each q range I, II or III and for a given density n.

Density I qI,H/’IT II qH,HI/ﬂ' IIT

n < 1/2 N n Nirg 2n Nitte
1/2<n<2/3 Ny n Nita 2—2n Nt
n > 2/3 N1 2—2n NHb n NHIb

Table 6.1 summarizes the proper components, and the boundary momentum
between different ranges of g. They become degenerate, i.e., gi_i1 = qrr_im
at n = 1/2 and n = 2/3. At these special values, the region II shrinks to
zero. Figure 6.2 shows N (q) for three cases of n. For small n, the behavior
is similar to that in free fermions:

No(q) = 0(nm — q)q/7 + 0(q — nm)n, (6.49)

which can be seen in the case of n = 0.3. On the other hand, N(q) hardly
depends on g for n ~ 1 and becomes small because the strong repulsion leads
to almost local character of electrons. The case n = 0.9 strongly reflects this
behavior. In the limit of n = 1, we obviously have N(q) = 0 for all ¢q. The
initial slope 1/7 at ¢ = 0 is independent of n, and is the same as that for
free fermions. Note that the cusp at ¢ = wn = 2k is much less significant
compared with the divergence in S%*(q) at ¢ = (1—m)m, and that in S~ (q)
at ¢ = w. This shows that the SUSY ¢-J model does not have a tendency
toward the charge density wave.

6.4 Spectrum of elementary excitations
6.4.1 Energy of polynomial wave functions
We take the non-degenerate ground state with M odd and N,Q even,
and analyze the structure of polynomial wave functions. In ¥, ({z}), expo-

nents Il-(m) of a magnon coordinate are given in descending order by Ii(m) =
(M+1)/2—1i,withi=1,..., M. The distribution is symmetric about zero.
The exponents [ l(h) of hole coordinates are zero for all [ = 1,...,Q. We ar-
range these M + @ exponents in descending order and relabel them by the

common index j =1,2,..., M + Q. Namely, we introduce I; by

(m) .
[](‘h)v (.7*17277(M+1)/2)7

L= L0y (G- (M+1)/2=12,...,Q), (6.50)
L, G—(M+1)/2-Q=1,2,...,(M —1)/2).
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04
n=0.6
0.3
e n= 03
= 0.2
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n=0.9
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o/m

Fig. 6.2. The charge structure factor N(q) for three cases of n. The cusp at ¢/m =n
is visible for each n, but becomes faint for n = 0.9.

Fig. 6.3. Momentum distributions of magnons (M = 5) and holes (Q = 2) shown
by h. Of the M 4+ @ = 7 rows, the lowest one does not have a square.

The corresponding Young diagram can be written in terms of non-negative
integers by adding a constant, e.g., I; + (M — 1)/2. We loosely call this set
of integers the momentum distribution, although the factor 27 /N should
be attached to the physical momentum. Figure 6.3 shows the momentum
distribution in the case of M = 5 and @ = 2. The ground state is a sin-
glet with N = 2M + @ = 12, and has a finite magnetization N — 12 for
larger N.

Now we take excited states of the system into consideration. Let us rewrite
I; derived above as Ijo restricted to the ground state. As in the spin chain,
there are three alternative but equivalent ways to describe excited states.
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In the first we introduce a set of non-increasing integers L > >1 M+Q>
and describe the excitations as bosonic. Namely, an excited state is
specified by

I = Lo+ ;. (6.51)

In the second, we deal with I; as it stands in (6.51). In contrast with the

spin chain, hole momenta [ ](h) can take the same value. Hence in the second
description, magnon excitations appear as fermions and hole excitations as
bosons. For unique indexing of j in the set {I;}, we set the convention that
a magnon index is smaller than a hole index if they have the same value of
I;. The energy E associated with I;’s is given by

N2 10
<27r> (B~ Ee) = > I§+§Z|I,-—Ij|, (6.52)
i=1 i<j

where E. corresponds to the energy of the absolute ground state given by
(6.16). In the third description, the distribution of the rapidity is repre-
sented by the motif in the following way. We put 0 if a one-body state in
the Brillouin zone is empty, and 1 if it is filled either by a magnon or a
hole. This definition of the motif as an occupation pattern of rapidities is a
straightforward generalization of that discussed in Section 4.6 for the spin
chain. We deal with integers x; with j =1,..., M + @ defined by

HjZIj+(M+Q+1)/2—j. (6.53)

The distribution of x; in the ground state is symmetric about zero, with
maximum x1 = (2M + Q)/2 — 1 and minimum g1y = (2M + Q)/2 — N.
Therefore in the singlet state with N = 2M + @, x; ranges from —N/2
to N/2 — 1. In terms of the rapidity k; = 2mk;/N, which plays a role
of the renormalized momentum, the set spans the whole Brillouin zone
[—m, 7). In order to emphasize the equivalence between k; = %, it is cus-
tomary to put an extra 0 in the rightmost position. Then the sequence of
N + 1 digits completely characterizes the distribution of the rapidity, and
hence the momentum. For example, the ground state shown in Fig. 6.3 is
represented by

0101011101010.

More generally, in the non-degenerate ground state with finite magnetiza-
tion 2M < N, we have () successive 1’s in the center which are sandwiched
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by (M — 1)/2 number of 10’s both from left and right. In the rest of the
N +1 positions we have N/2— M + 1 number of 0’s on the left, and N/2— M
number of 0’s on the right. It will be shown later that this definition of the
motif is equivalent to the one introduced in Chapter 4. A pair k; and k; 41
with the minimum separation 27 /N corresponds to either a pair of holes or
a hole-magnon pair. According to the construction above, the smaller one,
kjy1, is associated with a hole. Following the same logic as in the Sutherland
model, we obtain the energy characterized by the rapidities as follows:

M+Q

7.[.2
B=3 Y (- +5Q (1 _ 132> (6.54)

J=1

for both ground and excited states. The energy looks like that of free particles
with the parabolic spectrum. The total crystal momentum P of the system

is given by
M+Q M+Q
P=>) (k+m)—m=(M+Q-Ur+ Y k (6.55)
j=1 j=1

which is a generalization of (4.90) in Chapter 4. This method of description
in terms of free magnons and holes is the most convenient to use to derive the
spectrum of elementary excitations in the thermodynamic limit, as discussed
in Section 6.4.2.

In any of three methods of description, the energy depends only on the
distribution of momenta, but not on the particle species, i.e., magnon or hole
for each momentum. This is a consequence of the U(1,1) supersymmetry in
the mapped Hamiltonian given by (6.14). In order to classify spin and charge
excitations, it is necessary to specify either magnon or hole for each occupied
momentum. As an alternative to Ii(m) and [ l(h) given earlier for such a spec-
ification, we now introduce an auxiliary set ¢; (i = 1,...,Q) of descending
half-integers as follows. If a x; with certain j is the I{th momentum of holes
we set

q=rj+1/2. (6.56)

Thus the largest hole momentum is given by ¢; —1/2, and the smallest one by
gQ—1/2. Since the number g; merely specifies the location of a hole, they have
some arbitrariness. Namely, instead of 1/2 in (6.56), any number between 0
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2 2 h h 2 2 2

Fig. 6.4. Momentum distributions in the ground state with M = 5,Q = 2, and
N = 12, i.e., the same state as shown by Fig. 6.3. The dots indicate occupied
momenta which increase from left to right in the line. The circles indicate locations
of ¢;. With dots and circles given, locations of magnons (down spins) and holes are
specified as indicated by 2 and h, respectively.

and 1 can be used for specification. The distribution of x; with information
on particle species is described by the following equations [107,193]:

M+Q

Ki = I(m+h) + = Z sgn(ki — Kj) — = ngn —q), (6.57)
7j=1
| M@
C
=3 Z sgn(q — Kj), (6.58)

where [ J(m+h) and Il(c) are distinct quantum numbers in descending order.
In the non-degenerate ground state, they are given by

" =M+ Q+1)/2-j, (j=12,...,M+Q), (6.59)
—Q+1)/2—1, (1=12,...,Q), (6.60)

with I J(erh) integers and Il(c) half-integers, both of which are distributed
symmetrically about zero. (6.57) and (6.58) are analogous to those for
rapidities in the Bethe ansatz theory. The simplifying feature here is that
the phase shifts for two-particle scatterings are independent of momenta.
The distribution of «;, or equivalently k;, in the ground state is shown in
Fig. 6.4. We comment on combinations other than N even and M odd:
(i) the case with both N and M even, and (ii) the case of N odd. In both
cases, the energy is still given by (6.54). In case (i), the quantum numbers
I;, I j» K4 remain integers, but their distributions are modified in accordance
with the degenerate ground state. In case (ii), the mapped Sutherland model
is effectively imposed on the antiperiodic boundary condition. We then have
to consider x; and I; as half-integers, as discussed in the Haldane-Shastry
model. The quantum numbers I ; for bosonic excitations are still integers.
In the thermodynamic limit, we need not care about degeneracies of the
ground state and the situation simplifies. Namely, the holes occupy the ra-
pidities |k| < m(1 —n) with n = 1 — Q/N being the electron number per
site. The magnons then occupy the outer region 7(1 —n) < |k| < 2rM/N.
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Fig. 6.5. The spectrum of magnons, antispinons, and holes in a magnetic field. The
bottom region nw < ¢ < (2 — n)7w is occupied by holes whose chemical potential is
written as py. The regions mnm < ¢ < nw and (2—n)7 < ¢ < (2—m)7 with dashed
spectrum are occupied by magnons. The positive energy regions are unoccupied,
and correspond to the spectrum of antispinons.

Figure 6.5 illustrates the spectra of holes and magnons as a function of the
crystal momentum ¢ = k + 7.

6.4.2 Spinons and antispinons

The dispersion relations of elementary excitations can be derived from those
of magnons and holes by proper reinterpretation. Let us begin with spinons
following the argument of Section 4.7.3 in Chapter 4. In the thermody-
namic limit, annihilation of a down-spin magnon with momentum —2¢q cor-
responds to the creation of two spin-up spinons with adjacent momenta, i.e.,
€m(—2q) = —2¢5(q), which gives the same change of the total momentum of
the system. Then we obtain, by taking 0 < g < 7

(@) =q(m —q) — h, (6.61)

where h = (7/2)?m(2 — m) is the magnetic field. Figure 6.6(c) shows the
spectrum of spinons. In the presence of holes, spinons can be defined only in
the momentum ranges 7m/2 < ¢ < 7n/2 and 7(1—n/2) < ¢ < 7(1 —m/2).
The latter range is also represented as mm/2 < |g| < 7n/2 by extending
(6.61) to negative g by the replacement ¢ — |¢|. The part with positive group
velocity is called the right (R) branch, while the one with negative
group velocity is called the left (L) branch, as indicated in Fig. 6.6.
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—27 q —T 0 q s o2
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Fig. 6.6. Dispersion relation of (a) antispinon, (b) antiholon, (c) spinon, and (d)
holon. The panel (a), which is the same as Fig. 6.5 except for the shift —27 in g,
illustrates the regions in the momentum space for the U(1,1) Sutherland model.
The spinon and holon are both defined in the momentum regions: 7m/2 < |q| <
/2 = kp and 7(1 —n/2) < |g| < (1 —m/2), but with different signs for ¢. The
right-going (R) and left-going (L) branches are indicated in each case.

On the other hand, the region with €,(¢) > 0 defines the spectrum of
antispinons just as in the case of the spin chain. The spectrum of antispinons
is given for 0 < ¢ < mm and (2 —m)7m < ¢ < 27 by

€as(q) = %q(q —2m) + 2h, (6.62)

where h = (m/2)?m(2 — m). The presence of holes does not affect the anti-
spinon. By replacing ¢ by |¢| in (6.62), we rewrite the allowed momentum
range simply as |¢| < mm. We can define the right (R) and left (L) branches
according to the sign of the group velocity.

Now we turn to the case of finite size. It is most convenient to take () even,
M odd, and N = 2M + @ + 1. The ground state has spin S = S, = 1/2,
and is doubly degenerate with total momentum +7(M + @Q)/N. In Fig.
6.4, for example, the ground state with odd N = 13 corresponds to k4 =
+1/2. Here we regard all occupied x; as half-integers. Let us take one of the
ground states with total momentum —m(M + Q)/N. As in the spin chain,
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a spinon with rapidity 2w(/N is characterized by the shift k; — x; + 1 for
j=1,...,¢ < (M +1)/2. The shift keeps the polynomial form of the wave
function. The hole momentum remains the same as in the ground state. It is
not possible to increase further the number of magnons without disturbing
the hole distribution. On the other hand, if we start with the other ground
state with total momentum 7w(M + @)/N, we can create a spinon with
negative momentum. Namely, by shifting from xy/4¢Q to Kpr4Q+1—¢ by —1,
we can create a spinon with momentum —27¢/N.

The spectrum of a spinon for finite size can be derived by calculating
the increment of energy associated with the momentum shift. For 0 < ¢ <
(M +1)/2, we obtain

1 /20\2 & . 1
68:5 N z;[(/ii—l—l)—mi]ZQW 1_N —q|, (6.63)
where we have introduced g = 27(/N. We have used x; = M +Q/2+1/2—2i
for i < (M + 1)/2 in the ground state. Since the group velocity of a spinon
for this momentum range is positive, this branch is referred to as the right-
going (R) spinon. The spectrum with negative momentum g = —27(/N is
obtained from the ground state with total momentum w(M + Q)/N. By
counting the increment of energy associated with the negative shift by ¢ <
(M —1)/2, we obtain

2 ¢

B oA =) ]
(6.64)

where we have used Kp1Qy1—i = —(M + Q/2+1/2) + 2i for ¢ < ( in this

ground state. Since the group velocity of a spinon for this momentum range is

negative, we refer to this branch as the left-going (L) spinon. Combining the

R and L branches of the spectrum, we obtain the spinon dispersion relation

from the singlet ground state. In the thermodynamic limit we obtain

es(q) = lq|(m — [ql), (6.65)

which agrees with (6.61) for A = 0. Here the Brillouin zone should be defined
as [—m/2,—m/2] rather than [0, 7] in (6.61). The maximum of the energy
takes place at |q| = kp = 7mn /2, as shown in Fig. 6.6(c). Spinons are forbidden
for |q| > kp. Except for this restriction of the momentum range, the spinon
spectrum does not depend on the number of holes.

In one dimension, the velocities of spin and charge excitations are in gen-
eral different. This difference is often referred to as the spin—charge sepa-
ration. The spin—charge separation is in marked contrast to a free-electron
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system or a Fermi liquid, where excitation of an electron accompanies both
spin and charge excitations with the same Fermi velocity. However, in the
Hubbard model [57] or the nearest-neighbor ¢—J model [19], the spin
velocity still depends on the electron density. Since the spin velocity in the
supersymmetric t—J model does not depend on the electron density, the
independence of spin and charge in the supersymmetric ¢t-J model is more
complete than in other integrable models. Hence the supersymmetric t-J
model is characterized by the strong spin—charge separation [121].

The spectrum of spinons in the presence of finite magnetization can be
obtained similarly. Spinons with spin down do not belong to the FPSG
states, and cannot be represented by polynomial wave functions. As has
been discussed in the Haldane—Shastry model, a down spinon has an energy
gap 2h originating from the Zeeman splitting. The momentum dependence
is the same as that of the up spinon due to the Yangian symmetry.

6.4.3 Holons and antiholons

The elementary excitation of charge is called a holon. The holon spectrum
is most easily obtained in the thermodynamic limit. Two holons can be cre-
ated by annihilating a spin singlet pair in the ground state. This event
accompanies a magnon annihilation in a polynomial wave function. However,
there is no change in the total spin, in contrast with a spin-flip in the spinon
pair creation. In the momentum space, an event of magnon annihilation
creates two holons with adjacent momenta. Thus the momentum range of
magnons is mapped to that of holons, as seen from Fig. 6.5. It is convenient
to introduce the quantity p. by

pe=7m(l—n)/2=7/2—kp, (6.66)

in analogy with ps = 7(1 —m)/2 defined by (4.152). We obtain the holon
spectrum ey, (q) by adjusting the origin of energy as follows:

2[en(q) — en(mn/2)] = €m(2q) — em(mn). (6.67)
We then obtain
en(q) = q(q — ) + (1/2)*n(2 — n), (6.68)

where ¢ is allowed in the range with e, (¢) > 0; 7m/2 < ¢ < 7™n/2 = kp and
7(1—=n/2) =7/24+p. < ¢ < 7(1—m/2) = w/2+ps. There are right (R) and
left (L) branches in the holon spectrum according to the sign of the group
velocity. It is trivial to obtain the spectrum for ¢ < 0 by replacing ¢ by |¢|
in (6.68). The spectrum for negative ¢ is shown in Fig. 6.6(d).
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The ground state with occupation of consecutive momenta by holes can be
regarded as a condensate of holons. A defect in this consecutive distribution
is regarded as a hole in the holon condensate, i.e., an antiholon. Thus, an
antiholon emerges by removing a hole in the ground state. The spectrum of
the antiholon is just the minus of the hole relative to py,. Then the antiholon
spectrum is given in the thermodynamic limit by

can(q) = q(2m — q)/2 — ™°n(2 —n)/2 = 2p7 — (¢ — 7)*/2. (6.69)

The spectrum is illustrated in Fig. 6.6(b). In contrast to other excitations,
antiholons do not have right and left branches.

We now derive the holon spectrum for a finite-sized system. It is conve-
nient to take the spin singlet case N = 2M + @ with M odd. The ground
state with N odd is non-degenerate, as shown in Fig. 6.7(a). Consider an
excitation where the rightmost hole, which corresponds to k5 = 3/2 in Fig.
6.7(a), moves to the right by a certain step, and correspondingly the magnons
in between move to the left by the unit step. The magnons to the right of
the moved hole remain the same. Figure 6.7(b) shows the case where two
magnons moved to the left. This is referred to as the right-going holon ex-
citation. It is easy to derive the energy €, and the rapidity & > 0 associated
with the excitation. We obtain

¢

1 /212

=3 <N> > [(karesyo—i + 1) = Kty a—i ] = k(ve + k), (6.70)
=1

with v. = (1 —n) and k = 27(/N < mn/2. The spectrum is the same as
that given by (6.68), with identification &k = ¢ — 7(1 — n/2). Note that the
origin of k is the holon state with minimum energy.

On the other hand, the left-going holon is identified as the excitation
where the leftmost hole in the ground state moves to the left by a certain
step, and the magnons in between move to the right by the unit step. The
corresponding spectrum is obtained as

en = ve|k| + k2. (6.71)

The spectrum is the same as given by (6.68), with identification k = ¢ — kp
with 0 < ¢ < kp.

It is not possible to choose, by any combination of N, M, and @Q, a ground
state where an antiholon is present. This is in contrast with other elementary
excitations. Therefore, as the reference we take a state where the rightmost
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Fig. 6.7. Examples of momentum distributions of holes shown by h, and down
spins (magnons) shown by 2: (a) the ground state with N =19,Q =5, and M = T;
(b) holon excitation with ¢ = 2; (c) reference state for antiholon excitation with
¢ = 0; (d) antiholon excitation with ¢ = 2.

hole is removed from the ground state. Figure 6.7(c) illustrates the situation
for N =19,M = 7, and @ = 4. Note that this state has S, = 1/2, since
a hole is replaced by an electron with spin up. If ¢ holes shift to the right,
the momentum of the antiholon increases by k = 2w(/N. The increase €,y
of antiholon energy is given by

2 ¢
Cah = % G\?/T) 2 [(Kvnyjoss + 1) = w24 7] = %W”C — k),

(6.72)

where we have used £(p741)/24i = (@—1)/2—i. The rapidity k of an antiholon

is related to the crystal momentum g by & = ¢ — wn, and runs from 0 to

2v.. Its spectrum is independent of magnetization. In the limit n — 0, the

antiholon is reduced to an electron with spin up. This direction of the spin

is of course due to the definition of polynomial wave functions.

When a multiple number of elementary excitations is present, there arise
statistical interactions which we have already encountered in the spin chain
and in the Sutherland model with internal degrees of freedom. We discuss
this problem in Section 6.6.1.
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6.5 Yangian supersymmetry
6.5.1 Yangian generators

We shall describe the algebraic structure of Hgysy given by (6.5) in more
detail. We follow a less systematic, but more heuristic approach to construct
the generators of the algebra. A more sophisticated approach, generalizing
the transfer matrix and the Yang—Baxter relation [22,80,82,182] to super-
symmetry, will be sketched in Chapter 9. As in the case of the spin chain,
we introduce a set of current operators which commutes with Hgysy, but
does not commute with total spin, nor even with the total number of holes.
They are given by

1

AP =2 SO wi Al AL A A, (6.73)
LY.

where the superscript ranges over up, down, and hole states. Alternatively,

(6.73) is represented as

1 ~ 1 - 3
ACB — 3 izjwin;‘BPij = 3 izjwijpijqu . (6.74)

We now show that A%? commutes with Hgysy. If the superscript does not
involve the hole state, A%? commutes with Hy;; given by (6.1) as well.

The proof can be done most intuitively by appealing to the momentum
conservation. The momentum of a hole is given in the coordinate and second-
quantized representations by

0 N

1
N A
o 2 =3 Ej wijhihj, (6.75)

—i

which is analogous to the magnon momentum discussed in Chapter 4. Thus
the following operator:

1
Av=g Z wij(hhy + blb)) (6.76)
i#£]
gives the total momentum of U(1,1) particles, and therefore commutes with

the Hamiltonian. In the representation of (6.2), on the other hand, the trans-
fer terms are rewritten in the exchange form:

hih; = F!By B! F;, blb; = B By Bl B;. (6.77)
Then we identify A; = AT, namely

1 1 -
At = 5 Z Z wijA;'rTA;aAioaAjT = 5 Z ’UJinZ-TT.Pij, (678)
i#j o i#]
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where a runs over three internal degrees of freedom. In going from (6.75) to
(6.78), we have used the odd property w;; = —wj; to include the canceling
contribution a =7. Since the total momentum is conserved with any number
of holes, we obtain

AT H, 5] =0. (6.79)

We now prove that another component At also commutes with H;_;
without a magnetic field. For this purpose we introduce the notation X% =
> Xf‘ﬂ and write AT! in the form

AT = [ATT, X1 = lim 57" [exp(—éXT DA exp(6XT) — ATT], (6.80)

where exp(6X ') describes a global SU(2) rotation. Since X'}, and hence
U(6) = exp(6X ™), commute with H;_; without a magnetic field, we can
show

A Hyj] = U(=6)[A1T, H,_ /)U(8) = 0. (6.81)

Alternatively, one may directly derive (6.81) by combining [ATT, H;_ ;] =0
and [XT, H; ;] =0.

In a manner similar to (6.80), we can write all components A®? of the
current operator as a commutator of a conserving quantity. Thus we have
proved

(A7, Hsusy] = 0, (6.82)

for all combinations of three internal quantum numbers «, 3.

These current operators, however, do not commute with the total spin, nor
with each other. They constitute the supersymmetric Yangian generators.
We now show that polynomial wave functions W({z"}, {2°}) are annihilated
by A'L. In order to understand their action, we represent AT as

ATV =3 "y (s;sj - ;XZ-TOX;”). (6.83)
i#]
In the high-density limit, the fermion transfer term vanishes, and we recover
the corresponding result for the spin chain as given by (4.115). For general
filling of a site, AT becomes a conserving quantity only by including the
fermion transfer term. We rewrite At as

AT =3 wiy (~26lbib; — lhty + hlhab ), (6.84)

i#]
using the U(1,1) representation. The part coming from the first term in
parentheses annihilates W({z"}, {2°}), as in the case of the spin chain. To see
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the effect of second and third terms, we consider the simplest case W(xp, )
with only one hole and one magnon. After annihilating the magnon by AT!,
we end up with a single hole state and obtain

N
() > wiy (hj . h}) hibj|0) =" wi [W(zn,2) + Uz, 24)],  (6.85)
i#] z=1

where we have used w,, = —wp,. The summand is antisymmetric against
interchange of z and zj and, furthermore, w,y is translationally invariant.
Thus by the same reason as in (4.116), (6.85) vanishes by summation over .
It is easy to see that the annihilation by AT! holds true for a general case of
U({z"}, {2°}) with any numbers of holes and magnons.

We have thus shown that ¥({z"}, {2°}) belongs to the YHWS, and that
A" is a Yangian raising operator. By successive application of the low-
ering operator AT to W({z"},{2%}), we can construct a set of degener-
ate states. This set is called a Yangian supermultiplet as in the Haldane—
Shastry spin chain. At certain power of n, the series should terminate, i.e.,
(A" w({a}, {2°}) = 0.

The supersymmetric Yangian contains those generators that change the
number of holes. Let us consider, for example, AT0. With a little algebra we
obtain

A= w X[OPy = wiy (b} — b)bih,. (6.86)
i#j i#]

In the same way as before, we can prove that A'? annihilates the polynomial
wave function W({z"}, {z°}). Thus ¥({z"}, {2°}) belongs to the supersym-
metric YHWS. The lowering operator A%, and also A% and Al9, generate
a Yangian supermultiplet with a different number of holes. The energy of
these states is degenerate for the Hamiltonian Hgysy, but not for Hy ;. The
difference is caused by the chemical potential term in (6.4). Hence we find
it convenient to use the terminology of YHWS also in the restricted space
with a fixed number of holes.

One may now naturally ask if there are YHWS that do not take a polyno-
mial form. The answer is no: all YHWS are exhausted by polynomial wave
functions. We can show that any of the 3"V states allowed in the ¢-J model
is in a supermultiplet to which one of the polynomial wave functions be-
longs. In other words, any state can be generated by successive operation of
Yangian lowering operators starting from one of the polynomial states. The
structure of supermultiplets can be made transparent in terms of ribbon
diagrams, to be explained below.
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1 1] 2 12
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Fig. 6.8. Young diagrams (a), (c) and the corresponding ribbon diagrams (b), (d).
Each shaded square represents the momentum of a particle, and only such squares
are kept for ribbon diagrams. The ground state with two holes and four electrons
is represented by (a) and (b), while an excited state with increased momentum is
shown in (c) and (d).

6.5.2 Ribbon diagrams and supermultiplets

We now consider all states in the system without restricting ourselves to
the family of polynomial wave functions which is equivalent to the YHWS.
We start from the following result for the energy of the U(2,1) Sutherland
model in the strong-coupling limit:

7_‘_2 o0 oo
Eiot = e Z Z |k — K| v(K)v(K). (6.87)

KR=00 /{’:—oo

Here the distribution function v(x) has three components, given by
v(k) = vi(k) +vi(k) + (k).

The hole occupation number (k) can take any non-negative integer
because of its bosonic nature. For example, in the ground state with N = 6,
@ = 2, two holes have k = 2, and up and down electrons have Kk = 1,2,3
for both spins. The distribution of x is best seen by the Young diagrams in
Fig. 6.8. It is evident from (6.87) that the energy does not depend on the
total momentum. In other words, there is a large degeneracy related to a
Galilean boost.

In Young diagrams, different spin components are always symmetrized in a
row, and antisymmetrized in a column. On the other hand, holes in a column
are symmetrized. Horizontal antisymmetrization prohibits more than one
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hole to enter a row. As in the spin-only case, we can construct a ribbon
diagram from a given Young diagram by vertical movement of squares
[88,155]. Figure 6.8(b) and (d) shows examples. If a Young diagram breaks
up into separate parts through the reduction, these diagrams involve phonon
states. We postulate the ordering 1 < 2 < h in the ribbon diagrams to avoid
any double counting. Note that this ordering is different from that in [155].
Namely, we introduce the following rules of inscription, including holes:

(i) If either a or b is not h, we have a < b for b being lower-adjacent
to a. Hence, the numbers 1 and 2 can appear at most once in a
column. However, consecutive h’s are allowed in a column.

(ii) If either a or b is not h, we have b < a for b being left-adjacent to a;
however, consecutive h’s are forbidden in a row.

For example, the ground state has three singlet pairs of electrons and can be
represented in an appealing manner in Fig. 6.8(b). The inscription is unique
according to rules (i) and (ii).

Now we consider an excited state where an electron and a hole increase
the momentum by one unit, as shown in Fig. 6.8(c). Each row is regarded as
an orbital for spinons as in the SU(2) case, while each column is regarded as
an orbital of a holon. We use the term holon when we emphasize its nature as
elementary excitations. Thus we identify two spinons in Fig. 6.8(d), and the
spinons occupy the same orbital. A connected ribbon diagram has filtered
out the phonon excitation. Hence from each ribbon diagram, the distribution
v(k) of the supersymmetric ¢—J model is recovered, which gives the energy
of the system according to (6.87). By definition the energy associated with
a ribbon diagram does not depend on the inscription. Hence each ribbon
diagram represents a supermultiplet of the supersymmetric Yangian Y (sla 1).

We show now that the supersymmetric Yangian multiplets form the com-
plete set in the Hilbert space for the ¢—J model. In order to prove this, we
establish a one-to-one correspondence between any of 3V states to a Yangian
state. We start from a diagram with two boxes arranged as sharing a corner.
See Fig. 6.9. There are 32> = 9 possibilities to inscribe either 1, 2, or h in
the box. Then we require the ordering 1 < 2 < h, and move the lower box
either up or to the right. Namely, if the lower box is larger according to the
ordering, it moves right as shown in (a) and (c¢). In the opposite case, it
moves up as shown in (b) and (d). If they both have h, the lower box moves
right as shown in (e). If the two boxes have the same number, either 1 or 2,
the lower box moves up as shown in (f). This rule is applicable to a corner-
sharing diagram of any size. Namely, we start from the bottom and move
the last box either up or right according to the ordering of the last and the
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1 1 2
(a) - (b) > |12
2 2 1
2 2 h
() > (d) > |2 |h
h h 2
h h 2
() > (f) > | 2|2
h h 2

Fig. 6.9. Examples of reduction from a diagonal corner-sharing diagram to a ribbon
diagram.

next last inscriptions. Then we compare the inscriptions of the second last
and the third last boxes. By following the same rule of ordering, we move
two boxes which are arranged either horizontally or vertically. The process
continues until we move the N — 1 boxes by comparing the first and second
inscriptions.

It is then obvious that any inscription of the corner-sharing diagram with
N boxes leads uniquely to a corresponding ribbon Young diagram. Con-
versely, starting from any inscribed ribbon diagram, we can move back the
boxes to a corner-sharing diagram uniquely. Thus it is proved that the cor-
respondence between an inscribed corner-sharing diagram and an inscribed
ribbon diagram is one-to-one. Namely, we obtain the complete set of 3%V
states for the ¢—J model. Since the energy of a state is determined only by
the shape of a ribbon diagram without inscription, each shape defines a
supermultiplet.

6.5.3 Motif as representation of supermultiplets

The shape of a ribbon diagram is determined completely by the motif as
in the case of the spin chain. Namely, the digit 0 represents horizontally
adjacent squares, and the digit 1 represents vertically adjacent squares. Since
an arbitrary number of holes can be arranged vertically, it is allowed now
to have the sequence ---1111---. Except for the 0’s at each end of the
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motif, any sequence of 0 and 1 is allowed in the t—J model. Since the motif
determines the ribbon diagram, its energy is given according to (6.87). On
the other hand, the motif in polynomial wave functions is introduced as
an occupation pattern of rapidities in Section 6.4.1. Namely, the digit 1
represents occupation of a momentum state in the Brillouin zone, and the
digit 0 represents the vacancy of the momentum state. By generalizing the
discussion in the spin chain, we can now prove the equivalence of both ways
of constructing the motif.

Let us consider a YHWS for a ribbon diagram. Then the rightmost square
in each row cannot be occupied by a spin up by the ordering rule 1 < 2 < h.
Hence the rightmost square represents occupation of a particle, either hole or
magnon, in the polynomial wave function. On the other hand, any square to
the left of the rightmost one must be inscribed by 1 (up spin) in the YHWS.
Since the corresponding rapidities are not occupied by particles (magnons or
holes) in the polynomial wave function, the digit 0 in the motif is associated
with these squares. Thus we have established the equivalence of both defi-
nitions of the motif; one from the shape of a ribbon diagram, and the other
from the occupation pattern of rapidities. The energy of a supermultiplet
is completely determined by the motif, or by the ribbon diagram. With a
given motif, the occupation pattern of magnons and holes gives the energy
by (6.54). On the other hand, a ribbon diagram uniquely gives an ordinary
Young diagram by vertical movement of squares, as shown in Fig. 6.8. The
resultant distribution v(k) gives the energy by (6.87). It is amazing that two
apparently different expressions give identical results with a proper shift of
the origin.

It is now trivial to prove that the wave function ¥ ({z}) of (6.20) gives
the true ground state of the supersymmetric t—J model. We have shown that
the energy of each supermultiplet is given in terms of the YHWS, which can
be represented by a polynomial wave function. Among these, ¥ ({z}) gives
the lowest energy. Hence the ground state is given by Ug({z}) with the
motif 0101...111101...01.

6.6 Thermodynamics
6.6.1 Parameters for exclusion statistics

In the Haldane—Shastry spin chain, we have derived thermodynamics by the
free-semion picture of spinons. One may naturally ask if the fractional parti-
cle picture can be applied in the presence of holes. The answer is affirmative,
as we now discuss in detail. In order to derive the fractional exclusion statis-
tics in the SUSY ¢-J model, we first count the available number W (M, Q) of
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states for the case where M magnons and @) holes are present. This number
is the same as the number of YHWS for a given number Ny = N —Q —2M
of up spinons, and @ holons. The number W (M, @) is also equal to the
number of motifs, or the number of ribbon diagrams without inscription.

Of the IV squares for the lattice sites, we set aside M squares which will
come back when recovering the part of a ribbon diagram for singlet pairs.
Equivalently, in terms of a motif, we first consider a sequence of N — M
digits of either 0 or 1. The digit 1 represents either a magnon or a hole.
Then the number of magnon plus hole states is given by

(N —M)! (M + Q)!

WM.Q) = GryoniN—asi =) qunt 0 (089

where the first combinatorial factor gives the possible ways of placing M + Q)
1’s among N — M digits. This number in fact gives the number of singlet
states. The second combinatorial factor gives the number of hole states for
given location of 1’s. To recover N + 1 digits representing a supermultiplet,
a 0 (zero) is inserted to the right of each 1, provided this 1 represents a
magnon. In terms of a ribbon diagram, a square out of M reserved ones is
placed on top of each magnon square.

In order to obtain the statistical parameter, we rewrite W (M, Q) in terms
of number Ny of up spinons, and @ of holons. Namely (6.88) is written as

W(Mv Q) = DTHNT X p,Hg, (6.89)

where the notation ,, H,, has been defined by (4.135), and
1 1
Dy=5(N+Q~-Np)+1, Dy=5(N-Q-N)+L (6.90)

Here D; gives the number of available orbitals for up spinons, and D), for
holons. We then obtain the relation

ADT = _gTTANT - gThAQ> (691)
ADh = —ghTANT - ghhAQy (692)

gt ogm y _ (/2 —1/2 ) 6.93

<9m ghh> (1/2 1/2 ) (6.93)

It is remarkable that the matrix is antisymmetric. Namely, spinons have
more states in the presence of holons, while holons have less states in the

presence of spinons. Another remarkable feature is that holons acquire the
statistical parameter 1/2, which is different from that of holes. The semionic

with
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holon statistics appears explicitly in the absence of spinons. On the other
hand, the fermionic statistics of holes appears explicitly in the absence of the
singlet pairs. The latter follows straightforwardly from (6.88) with M = 0.
Thus we conclude the following: the statistical parameter depends on the
reference state in the ¢—J model.

According to the general framework of exclusion statistics, the statistical
matrix {gns} gives sufficient information for constructing the thermodyna-
mics of spinons and holons. In order to apply the framework to the ¢—J
model, we have to extend the above results to be applicable to

(i) all states including the non-YHWS, and

(ii) a macroscopic number of states within the narrow momentum range.

We note that the magnon—hole picture applies only to the YHWS state,
and cannot meet the requirement (i). On the other hand, the spinon—holon
picture can be extended to meet (i), as has been demonstrated in the spin
chain. The spinons in the YHWS all have spin up by definition. As in the
spin chain, the statistical parameters are independent of the spin direction
of spinons and are commonly given by 1/2. Hence we obtain the result
including down spinons as follows:

1/2 1/2 —1/2

{9ap} = | 1/2 1/2 -1/2 |, (6.94)
12 1/2  1/2

where the first and second components are for up and down spinons and the
third one for holons. We note that the total number 3% of states is recovered
by construction of ribbon diagrams, as explained in Section 6.5.2. Alterna-
tively, the number 3% comes out if one sums up the number of combinations

W(NT,NL,Q) =Dy HQ X DspHNT X Dsp‘HNl (695)

over all possible combinations of up and down spinon numbers Ny, N}, and
the holon number @ [101]. Here Dy, and Ds, are given by (6.90) with the
replacement Ny — Ng, = Ny + N|.

The other necessary extension (ii) can be achieved by the standard tech-
nique established by Yang and Yang [195]. Namely, as we have considered
in Section 4.10, we take a region with small width Ap < 27 in the Brillouin
zone. Under the condition NAp > 27, the small region has a macroscopic
number of states for magnons and holes. We can apply almost the same
argument of counting the available states as that used for taking the whole
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energy range. Since the exhaustion of available states applies to this narrow
region as well, we also obtain (6.94) for the range around p, provided the
momentum p is common to both spinons and holons. We shall next provide
such a description.

6.6.2 Energy and thermodynamic potential

Let us return to the YHWS described by polynomial wave functions. By
regarding spinons as antiparticles of magnons, we can easily derive a part of
the excitation spectrum of the system by using (6.54). Although the present
derivation assumes a pair creation with the same momentum, the restriction
has no effect in the thermodynamic limit. Instead of changing the momenta
of many magnons as described by (6.64), we create two spinons by moving
a magnon with rapidity k to 7. Here we assume M = N/2, i.e., no spin
polarization. The energy change associated with the move is given by
N 2

AE = —%(/@2 -3 =2 [(2) —pQ] = 2¢(p), (6.96)
where p = —k/2. Namely, the change in energy and rapidity k is shared
by two spinons. The sign of the momentum is reversed because the spinons
are holes of magnons. For the fractional exclusion statistics to be described
soon, it is convenient to regard p as the rapidity of a spinon. It is related to
physical momentum ¢ by the relation p = ¢ — 7/2, as in the case of the spin
chain. Then we have €5(q) = €o(p), and the range of p is [—7/2,7/2].

In order to describe mutual exclusion of spinons and holons, we should use
the common rapidity p for a holon excitation as well. The simplest derivation
of the holon spectrum as a function of p is to use (6.54), and consider the
creation of a spinon-holon pair. Namely, we choose the rapidity k; of a
magnon, and reinterpret this as the rapidity of a hole with M — M — 1
and Q — @ + 1. This is equivalent to creating a spinon—holon pair with
the same rapidity. Owing to the supersymmetry with M + @ kept constant,
the change of total energy comes only from the last term in (6.54), which
sets the chemical potential to the center of the non-interacting energy band
described by t(k). Hence, apart from this chemical potential term 72/3, the
holon energy should compensate the spinon energy. From this consideration
we obtain the holon spectrum as 72/3 — ¢y(p). The physical momentum ¢ is
related to p by p = ¢ — w/2 with vanishing hole concentration.

It is clear in the present derivation that the total energy of the system
is given by the sum of elementary excitation energies, and there is no
interaction term in the p-space. Although the spectrum derived above is
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for the YHWS, the result can be generalized to all excited states other than
polynomial wave functions because of the Yangian symmetry. Taking the
reference energy as the ground-state energy of the Haldane—Shastry model,
we obtain the internal energy U(h) with inclusion of the Zeeman term as

7.‘_2
Uh) = 5@+ > [e1(P)p1(p) + €.(p)py(p) — €0(p)pn(p)], (6.97)

where €,(p) = eg(p) — oh and p,(p) is the distribution function for the
component a =T, |, and h. We define the density of available orbitals for
each species a by p(p) by the relation

Pa(P)Ap = ADq, pa(p)Ap = ANq, (6.98)

where N, denotes the number of particles with species «, i.e., up and down
spinons and holons. Then we obtain the entropy

S=> [(pa+ Pt (pa+ i) = paln po — plIn p). (6.99)
po
The particle and hole distribution functions are related by the statistical
matrix gog as

p) =1 gas psp), (6.100)

where the indices «, 3 specify either spin up, down, or holon.

In terms of these distribution functions the thermodynamic potential
Q=U(h)—TS+(u—7?/3)Q is obtained. The distribution functions are de-
termined by the stationary condition 6€2/dp,(p) = 0. As a result, we obtain
for each p

Beq =In (1 + wy) Zg,ya (1+w;t), (6.101)

with § = 1/T and w, = p},/pa. The quasi-particle energy €, includes the
Zeeman term for spinons, and the chemical potential term for holons. Ex-
plicitly they are written as

er(p) =p2 — 1, €(p) =p? —p*+2h, en(p) =p* —pl, (6.102)

P2 = (n/2)° h—(w/2>< —m)?, (6.103)
P2 = (7/2)” — = (/2)°(1 — )2, (6.104)
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Note that ps has already been used in Chapter 4. Provided the stationary
condition is satisfied, we obtain the simple form for Q) as

Q=-TY In(l+w,'). (6.105)
pe
The spectrum of spinons and holons can be defined only for rapidities out of
the condensate regions p. < |p| < ps. On the other hand, antiparticles arise
as elementary excitations in the condensate regions. Namely, antispinons
can be defined for ps < |p| < 7/2, and antiholons for |p| < pe.

6.6.3 Fully polarized limit

It is instructive to see the situation in the fully polarized case m = n,
or pi(p) = 0. In this limit, double occupation of a site is prohibited by
the exclusion principle. Hence the hard-core repulsion between electrons
becomes irrelevant, and the system behaves as free fermions. Note that this
limiting situation applies to any form of the t-J model, and has nothing to
do with the supersymmetry. We shall now discuss how the description in
terms of semionic spinons and holons with supersymmetry reduces to that
of free fermions. Let us put wl_l = 0 in accordance with p|(p) = 0. This
corresponds to h — co. On the LHS of (6.101), we consider cases & =7 and h.
Adding both sides in these cases we obtain

(u—h)B=In [mlph <1— p:)], (6.106)

where p = p; + pp with omission of argument p. We obtain the solution
p(p) = 2, which gives —oo on both sides. We now subtract the case a =7 in
(6.101) from the case av = h to obtain

[2e0(p) —h —p]f =1n [(1 — iﬁz) /(prh)} =In[f(p)~t —1], (6.107)

where p = p1 — pp and f(p) = p1(p)/2 = 1 — pn(p)/2. To make a connection
with free electrons we interpret { = p + h as the chemical potential, and
k = 2p as the physical momentum of the electron. Then we obtain from
(6.107)

f) = lexpBler, — )+ 1], (6.108)

where € = (72 —k?)/2. The function f(p) is precisely the Fermi distribution
with the band energy €x. The internal energy of (6.97) is reduced to

U(h) = Uo(h) + Y (e — O f(k/2), (6.109)
k
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Fig. 6.10. Distribution functions of holons py(p) and up spinons pi(p) at zero
temperature.

where Uy(h) is a constant.
The entropy of the system is written as

S=> " palwaIn(l+wy") +In(1+ wy)]. (6.110)

In the fully polarized limit, the finite contribution comes only from o =7
since wy, = (1 — p/2)/pn = 0 and p; = 0. By putting wy = f~! — 1 and
pt = 2f, we obtain

S=-23 [flnf+(1—f)n(1- f), (6.111)

which gives the entropy of free fermions. Note that the factor 2 is absorbed by
changing the summation variable to k. Thus we see that all thermodynamic
quantities derived from 2 = U — T'S give the free-fermion behavior.

6.6.4 Distribution functions at low temperature

We consider the zero-temperature limit where p,(p) reduces to step func-
tions. For example, we have p, = 2 and p,(p) = 0 for [p| < pc, where
en(p) < 0. Figure 6.10 illustrates the distribution functions at zero temper-
ature. We obtain the relation at T'= 0,

w/2 d e
/ D)= — 1, (6.112)
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Note that the halving of the Brillouin zone for holons is compensated by
pn = 2 in the semionic statistics in giving the hole density. With use of
(6.104) we obtain the relation at 7= 0

n=1—/1— <2>2 , (6.113)

s

with u = (7/2)? — p?. This is analogous to (4.152) or (6.103) for magne-
tization. At finite but low temperature T, (6.101) with o = h gives the
distribution function

2
~ Vaexp2Ben(p)] + 17

which corresponds to a single-component system with the statistical

pu(p) (6.114)

parameter 1/2 as discussed in Section 2.4.3. Thus holons at low temper-
ature behave as single-component semions. Because of the relation n > m,
we have p. < ps.

With finite magnetization, we obtain e;(p) < 0 for p; < |p| < 7/2. In this
momentum range we have py, = p| =0 at T' = 0. Then we obtain

w/2 dp 2p
=1-25 —m. 11
/W/Q 27rpT(p) T (6 5)

Using (4.152) we obtain the magnetization at 7' = 0

9\2
m=1—4/1-— <> h, (6.116)
0
for h < (wn/2)%. For larger h, we have m = n. Remarkably, the magneti-
zation increases in exactly the same way for any hole concentration. The
concentration n appears only in the value of saturation. This property is an
example of the strong spin—charge separation, as will be discussed in more
detail later.

With |p| much beyond p., we may keep only p; at low temperatures, and
neglect py, and p; which remain exponentially small. For |p| much smaller
than pg, on the other hand, we have to keep only py, and neglect p,. Namely,
the overlap of distribution functions of spinons and holons has an exponen-
tially small factor exp(—Tnix/T'). Here the characteristic temperature Tiyix
is given by

Tix = 2(p? — p?) = =7%(2 = n —m)(n —m). (6.117)
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We have seen that holons and spinons at low temperature are separated in
the rapidity space, and behave as independent particles. (6.101) gives

2
~ VAol @]+ 1

which describes thermally excited spinons with |p| > ps, and the condensate

o1 (p) (6.118)

of up spinons with |p| < ps. As in the case of holons, up spinons behave as
single-component semions at low temperature.

6.6.5 Magnetic susceptibility

Given the thermodynamic potential one can derive the susceptibilities and
the specific heat by appropriate thermodynamic derivatives. We shall first
derive the magnetic susceptibility at low temperature. In deriving p;(p) near
p = ps, we can set pp(p) = p;(p) = 0. The magnetization m is given by
integration of p;(p) and the differential susceptibility is derived as

om 2 27?2

Sy = Xm(m) 2| +Oo(T?), (6.119)

- % 14—
20—m) | 320 —m)
which agrees exactly with (4.170) in Chapter 4 up to O(T?). Accordingly,
there is no logarithmic singularity in the temperature dependence for any
charge density n. The independence of n is an example of the strong spin—
charge separation [101,121] at low T'. If we take the limit of zero magnetic
field first, i.e., h/T < 1, we have
2 2 9

Xm = —5 1+ ﬁT +O(T?), (6.120)
which is again the same as that for the spin chain. The spin susceptibility
Xs is related to the magnetic susceptibility xm by xm = 4xs. For general
temperature, it is necessary to include the mixing between spin and charge
degrees of freedom. By using explicit values of g,z given by (6.94) for frac-
tional exclusion statistics, we obtain

1 1 1 1
s —1—= - =—|1--5], 121
W = = [ 5(P1+ Py Ph)} o [ 20] (6.121)

1 1 1 1
L P i — =+ =5 6.122
wn = [ 51+ 1 ph)} o [ Ph 2/)], (6.122)

omitting the obvious argument p. Complementary to ps(p), we now
introduce distribution functions dy(k) of fermionic holons and d,(k) of
bosonic spinons with a variable k& by requiring wy,(p) = 1/d,(k) and
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wh(p) = [1 — dn(k)]/dn(k). The variable k is specified by the relation d, (k)
dk = pa(p)dp. Then differentials dp and dk satisfy

1 1-
dp — dk = 2 p(p)dk = —d(k)dp. (6.123)

In accordance with fermionic and bosonic distribution functions, we
rewrite (6.101) as

es(p) = T'In[l + we(p)] + %Qp, (6.124)
en(p) = T'nwy (p) — %Qp, (6.125)

where
Qp=-—TY Infl +wa(p)']. (6.126)

Summation over p of 2, gives the thermodynamic potential €2 as shown by
(6.105). The fermionic nature of holons and the bosonic nature of spinons
in d, become explicit in the form

dy (k) = [exp B <eh + ;Qp> + 1} _1, (6.127)

dy (k) = [expﬁ <ea _ ;Qp> - 1] - (6.128)

which can be obtained from (6.124) and (6.125). It is obviously possible to
regard d, also as a function of p. We can actually solve for either d, or pg

as follows:
1 \! 1 \!
dy = po <1 — 2,6) , dn = pn <1 — 2,6) , (6.129)

1\t 1-\!
=d, <1 T 2d) . pn = dy (1 + 2d) , (6.130)

with d = dT +dl —dy.
It is now straightforward to derive the magnetic susceptibility for an ar-
bitrary temperature. We obtain in the limit of h — 0

(1+d,) po(1+ pn/2)
m - = 2 =2 y 131
X ahz(’p ﬁzud —dh/2 52 =52 (G131

where d, actually does not depend on o, and we have used (6.129). In the
case of d, = 0, (6.131) reduces to (4.172) in Chapter 4. Figure 6.11 shows
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Fig. 6.11. Temperature dependence of the spin susceptibility for various electron
concentrations n = ne [101]. The crosses represent the crossover temperature Tx
above which the strong spin—charge separation breaks down. See (6.132) for the
definition of Tx.

the numerical results for the spin susceptibility xs = xm/4 [101]. Here we
have introduced a crossover temperature Tx such that

pn(ps) = 0.01, (6.132)

where the number 0.01 was just chosen as a typical magnitude to character-
ize the deviation from complete spin—charge separation. The temperatures
Tx and Thix defined by (6.117) are related by a numerical factor. At tem-
peratures above Tx the charge degrees of freedom influence the magnetic
susceptibility by more than an order of 1%. It is clear that y, is indepen-
dent of n = n, at low temperature, consistent with (6.120).

6.6.6 Charge susceptibility

Now we turn to the charge susceptibility. The density n at low enough T is

given by
w/2 dp 1 [ 8Ph
1—n= /0 ?Ph(P) ~ 7r/ decp(ec) <— 2, >, (6.133)

— 00
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with €. = 2en(p). Here we have used the delta-function-like character
of —0pp/0e. in extending the range of integration. We make the expansion

p(fc) ~ pe+ 6c/pc - 6(2:/(2172) + 6%/(2})3). (6~134)

Then in terms of quantities

Inz/ dee <—aph> n (6.135)
oo Oec

which is actually the same as appeared in (4.168) of Chapter 4; one can

perform a low-T expansion of n. The charge susceptibility x.(n) is then

given by
on 2 272 5

which is independent of m. The presence of the O(T?) term in (6.136) results
in a difference from the standard Sommerfeld expansion. It should be em-
phasized that x.(n) has precisely the same functional form as y,(m). That
Xc(n) is independent of m is another indication of the strong spin—charge
separation.

At general temperature, we use bosonic and fermionic distribution func-
tions d, to derive the convenient formula for x.. We observe

o0, ( 1 8Qp> 109,
— =1+ -—=|dh— z—=— . 6.137
Op 20u )" 23MZ 1+d/2 — (6.137)
Then we obtain the derivatives
ady, 1
— =—0dy(1—dp) |1—= 6.138
o= =1 ) (1 300, (6.139)
dd, p
— = —=dy(1+dy)pn. 6.139
5= o1+ d (6.139)
These results are substituted for derivatives appearing in
0 0 dy
c= — = — —. 6.140
X auzpjph(p) auzp:l+d/2 (6.140)

Then we obtain the formula for the charge susceptibility

ﬂZPh{ 1 —dy)+ ,Oh [ZPG 1 +dy) — pn(1 —dp) } (6.141)

We obtain p, and d, as functions of p by solving (6.101). Hence we can
evaluate y. by integration over p. Figure 6.12 shows the charge susceptibility
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Fig. 6.12. Temperature dependence of the charge susceptibility for various electron
concentrations n = d, [101].

obtained numerically [101]. Consistent with (6.136), x. tends to diverge in
the high-density limit at 7" = 0.

6.6.7 Entropy and specific heat

At low temperatures, thermodynamics is determined only by the distribution
functions near p. and ps. Hence they play the role of “Fermi momenta”. The
mutual statistical parameter is not important as long as p. # ps, which is the
basis of the independent semion picture. Let us now consider the entropy St s
per site of the t—J model which consists of the charge part S, and the spin
part S, for each spin. As in the case of a spin chain, we use the Sommerfeld-
type expansion including the semionic distribution function. Then S, is not
affected by the presence of holes in the low-temperature limit. We obtain
Se ~ 7T /(6ps), as given in Chapter 4. The charge part S. is given at low
temperature by

_ 8 _Opn\ T
Se = 5 /OO dep(€)6< e ) = oo (6.142)
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The total entropy per site is given by

T 1 1 72
Sty =~ 3 (1 o + 1_m> = ET(XC + Xm); (6.143)

which also corresponds to the specific heat vT'. The result describes a two-
component (spin and charge) Tomonaga—Luttinger liquid.

As the temperature T of the system increases above the characteristic tem-
perature T,ix or Tx, spin and charge contributions are no longer decoupled.
The entropy can be derived from (6.99) with the solution of w,, from (6.101).
To derive the specific heat C'y of the N-site system, one can use either the
relation Cy = T0S/9T),, or more conveniently the following formula:

U\ U\  oU\ o
_ _ AN 144
Cn 8T>n 6T>M+ 8u>T 6T>n (6.144)

The first term on the RHS is given by
ou 0pa
8T>u = Za: o7 > (6.145)

As in the case of susceptibility, it is convenient to use the distribution func-
tions d, in calculating the derivative. We obtain

1 9pa 1 dd, 1 ad
— ] =— — = — | . 6.146
Pa OT)M do 8T>M 2+d8T> ( )
“w
The derivatives of fermionic and bosonic distributions are given by
ady, 1
aF) =0 [+ - 35| (6.147)
0dy 1
— ] = 1 - .14
oT )u ﬁdo( + da) [ﬁfa + 2Sp]a (6 8)

where S, = —0Q,,/0T is the contribution to entropy from p. On the other
hand, to obtain the second term of (6.144) we observe

oU
— _N .14
m) n, (6.149)

o\ 8,0}1 Jdpn 1 Jpn
8T>n )/Z >T o), (6.150)

In this way, it is possible to derive the specific heat once we have the dis-
tribution functions. Figure 6.13 shows the numerical results for the specific
heat C'= Cny /N per site [101]. At low temperature, C' becomes linear in 7T,
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Fig. 6.13. Temperature dependence of the specific heat per site for various electron
concentrations n = n, [101]: (a) overall behavior and (b) low-temperature behavior.

consistent with (6.99). The charge contribution has a larger slope as n comes
closer to unity because of the factor (1—mn)~!. Figure 6.14 shows the decom-
position of C into spin and charge contributions. It is remarkable that even
at T larger than the hopping ¢t = 1, the approximate picture of independent
spinons and holons reproduces the exact results fairly well.
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Fig. 6.14. Decomposition of the specific heat C;_; into spin and charge contri-
butions [101]. Cy—s: specific heat of the spin chain, Cholon: contribution of holons
regarded as single-component semions. The cross denotes the crossover temperature
Tx defined by (6.132).

In the limit of high 7', we may neglect the p-dependence of p,(p). Then
for fixed density n, of each spin we recover the obvious result

Sty == nelnng — (1 —n)In(l —n). (6.151)

We have shown that the thermodynamics of the supersymmetric t-J model
is described exactly in terms of free particles obeying the fractional exclu-
sion statistics. At low T, the effects of mutual exclusion statistics become
negligible, and the strong spin—charge separation emerges. At higher T', the
multi-component character of fractional exclusion statistics appears explic-
itly, and the spin—charge separation breaks down. Thermodynamics for the
nearest-neighbor SUSY ¢-J model has been derived by the transfer matrix
technique [168]. The temperature dependence derived is similar to the case
of the 1/r? model. However, the strong spin-—charge separation as seen in
the magnetic susceptibility is absent in the nearest-neighbor model.



278 Supersymmetric t-J model with 1/r? interaction

6.7 Dynamics of supersymmetric t—J model
6.7.1 Coupling of external fields to quasi-particles

In interacting electron systems, it is in general hard to derive exact dynami-
cal properties. Even in the case where thermodynamics can be derived
exactly, the dynamics may not permit an exact solution. The super-
symmetric t—J model provides us with a rare opportunity that a substan-
tial part of the dynamical correlation functions can be derived exactly. The
most remarkable outcome of the exact solution is that the dynamical result
can be interpreted in terms of free quasi-particles with fractional exclusion
statistics. However, there still remain dynamical quantities which have been
derived only numerically. In this section, we describe the present status of
theoretical research on the dynamical correlation function in a self-contained
manner. Unfortunately, experimental work to compare directly with the the-
oretical results is very limited. This is firstly because the doping of mobile
carriers to the one-dimensional chain is difficult, and secondly because the
charge velocity is much larger than the spin velocity in real materials such
as TTF-TCNQ [41] where the supersymmetry is strongly broken.

The quasi-particles are characterized by their intrinsic quantum numbers.
Table 6.2 summarizes the spin and charge of each quasi-particle including
non-interacting electrons and holes. Let us consider the coupling of external
fields to quasi-particle excitations. We have already seen in Section 4.11.2
that the magnetic excitation spectrum in the spin chain is exhausted by two
spinons. The two spinons provide the minimal coupling to external mag-
netic fields with integer angular momentum. In the presence of holes, the
charge excitation may in principle be coupled. In reality, as long as the wave
number does not exceed the Fermi wave number kg, holons and antiholons
are not excited by external magnetic fields, as shown in this chapter. This
is another indication of the strong spin—charge separation, which has al-
ready been discussed in thermodynamics. Similarly, the minimal coupling of

Table 6.2. Spin and charge of quasi-particles and their antiparticles.

Quasi-particle species Charge Spin
electron -1 1/2
hole 1 1/2
spinon 0 1/2
antispinon 0 1
holon 1 0

antiholon —2 0
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external charge is the two holons plus one antiholon. This combination gives
the neutral total charge and zero spin. In addition to these excitations,
spinons can in principle participate provided their total spin is zero. Actu-
ally the strong spin—charge separation holds again for small wave numbers
q < kr where no spinons are excited by external fields.

The relevant variable for photoemission is the removal of an electron. The
minimal coupling in this case is the one spinon plus one holon excitation
which gives the right quantum numbers of spin and charge for an electron.
In this case, however, there appear two spinon excitations accompanying the
electron removal for any momentum. Because of this complexity, derivation
of the electron removal spectrum still has to rely on numerical work, although
the spinon—holon part has been derived analytically.

On the other hand, addition of an electron to the system is relevant
to Bremsstrahlung spectroscopy. The process corresponds to the inverse of
photoemission. In the electron addition spectrum, the minimal coupling is
provided by the creation of an antiholon, a holon, and a spinon. This cou-
pling in fact exhausts the whole spectrum. In deriving the response function,
we have to use the physical momentum ¢ for each quasi-particle. The spec-
trum of quasi-particles has been illustrated in Fig. 6.6. The easiest way to
derive the spectrum is to use the YHWS state which can be mapped to
eigenstates in the U(1,1) Sutherland model. Let us first consider the case
without magnetic field for simplicity.

In the mapping to the U(1,1) Sutherland model, we now take [—2m,0]
as the Brillouin zone as shown in Fig. 6.6(a). This choice gives positive
momentum for spinons and antiholons, but negative momentum for holons.
The size for the Brillouin zone is 27 for antiholons, but « for spinons and
holons. In dynamics, however, one cannot freely shift the momentum of
spinons and holons by 7. Namely, the conservation of physical momentum
requires that the shift 7 should be done simultaneously for a pair of semions.
Thus holes occupy the lowest part with 2kr < —q < 27 — 2kp, and magnons
occupy the rest of the Brillouin zone. A hole-like excitation from the ground-
state distribution of holes is the antiholon. The spinons are regarded as
holes of magnons, and can be defined in the following momentum range:
0 < g < kp which is called the right (R) side, and # — kp < ¢ < 7 which
is called the left (L) side. Note that R and L spinons keep each sign of the
group velocity after the particle-hole reinterpretation:

—em(—29) = 2€5(q), (6.152)

which has already been used in Section 6.4. The positive momentum of
spinons has a corresponding negative momentum of magnons in the range
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[—27,0], as shown in Fig. 6.6. On the other hand, holons are regarded as
particle excitations from the holon condensate and take negative values
of ¢q. The allowed momentum range of holons is given by sign reversal of
that of spinons.

For convenience of reference, we summarize the spectra in terms of phys-
ical momentum gq.

spinon: e(q) =q(mr—q), (0<qg<m),

holon: en(q) = (g +7/2)% —p2, (—m<q<—-n(l+n/2)
and — (1 —n/2) <q<0),

antiholon: e.,(q) = —(q —m)%/2+2p%, (mn < q < 7w(2—n)),

where p. = m(1 — n)/2, and we have taken ¢ = 1 for the transfer energy.
The spin velocity is given by vy = 7 without magnetization, and the charge
velocity is given by v, = 7(1 — n).

We now consider the case with finite magnetization m (0 < m < n) per
site. Then antispinons arise as antiparticles from the spinon condensate. We
have obtained the spectrum in Section 6.4 as

antispinon:  exs(q) = 3(q¢+m)? — 2p?, (27w <g<0), (6.153)

where ps = 7(1 —m)/2, and the allowed range is (R) 0 < —¢ < 7m, and
(L) 7(2 —m) < —q < 2w. The momentum range of spinons is accordingly
reduced: (R) 7m/2 < ¢ < kp, and (L) 7 — kp < ¢ < ™ — mm/2, to avoid the
antispinon region. In this case, down spinons have the energy gap

2h = (7% /2)m(2 — m), (6.154)

and the spin velocity is reduced to v, = w(1 — m). The holon spectrum is
not affected by finite magnetization.

6.7.2 Dynamical spin structure factor

We begin with the magnetic response from the singlet ground state |0).
We define the Fourier transform S;“ of the spin operator S;“ = Sf + 1S/
at site [ as

1
St =——
q VN

The dynamical structure factor is given by

> 8 exp(—igl). (6.155)
l

S(a,0) = 5 3|52 05w — By + By), (6.156)



6.7 Dynamics of supersymmetric t—J model 281

where |v) denotes an eigenstate of the Hamiltonian (6.1) with energy E, . As
in the case of a spin chain, which is recovered in the limit of high electron
density, S(q,w) is equivalently obtained if we use ﬂSf instead of Sl+ in the
singlet ground state. In the polarized case, however, the transverse response
with Sl+ is different from the longitudinal one with \/iSf In the limit of low
electron density, the response should reduce to that of free electrons since
the many-body effect does not operate in this limit.

In the hard-core boson representation with the completely up-polarized
reference state, Sl+ annihilates a magnon at site [. Given Sl+ with [ = 0
acting on the ground state W with M magnons and @ holes, we obtain

(1, em—1591, - - Y0l Sy Pa)
=Vq(z1,...,2m-1,2m = 0591, ...,YQ)- (6.157)

Namely, the final states are represented by polynomials of M — 1 complex
magnon coordinates z; = exp(2wiz;/N) with | = 1,...,M — 1, and @ hole
coordinates. Because of its polynomial form, the final state belongs to the
YHWS.

It is instructive, and useful for later purposes, to provide an alternative
proof of being the YHWS in terms of the Yangian generator introduced in
Section 6.5.1. By definition a raising operator At of the Yangian, which has
been defined by (6.84), annihilates the YHWS. Therefore, S;t ¥ belongs to
YHWS provided the following holds:

AN SFWG = AT S W + SFAT WG = 0. (6.158)

Here we already know that AT'Wq = 0. Furthermore, in the magnon-hole
representation, we put Sj = b; and derive the commutator as

(AT b =2 wibiby, (6.159)
J3(F#9)
where the summand is antisymmetric against interchange of ¢ and j. Then
by using the same reasoning as discussed below (4.116) in Chapter 4, we
obtain [ATY, ;] ¥g = 0. Hence, (6.158) indeed holds.

We derive the matrix element ¢, = (v|SF|0) explicitly by using the
coordinate representation. Let us represent the set of complex magnon co-
ordinates by 2°, and the set for holes by z". Note that any state vector |¥)
in the ¢-J model can be expressed in terms of the wave function (2%, z") as

0y = > w(es, ) [T of [ rhie). (6.160)

28,20 iczh  jezs
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where |F') is the fully up-polarized state. Let z® represent the complex
coordinates of M —1 down-spin electrons after the spin-flip at zp = 1 in | ).
We can represent the resultant wave function Wg;, (25, 21) = <zi,zh]5ﬁ0>
with z; = 0 by

M—-1

Q
Unip = 20 [ [ (=1 = 20) [] (2 = 20)*Pas- = 0,0y, (6.161)
i=1 i=1 w

where Wge_ is the ground state, and ¥, is a general eigenfunction for the
system with () holes and M — 1 magnons. Note that the state after the
spin-flip is given explicitly as the polynomial factors multiplying Wgs_.
The factor [[(2} — 20)? represents two spinons both localized at 2o, and
another factor [J(2 — z9) represents a deficit of holes around zp. In the mo-
mentum space, these factors represent elementary excitations. The actual
excitation contents were first identified by a numerical study [72] of a system
with a small size. The excitations are composed at most of two spinons, two
holons, and an antiholon. Their spin and charge are summarized in Table 6.2.
It is evident from (6.161) that relevant eigenstates contributing to b,
are given in terms of polynomials of z;. These states belong to the Yangian
highest-weight states (YHWS) related to the U(1,1) supersymmetry, and can
be given in terms of U(1,1) Jack polynomials [11] written as g (z). These
polynomials are also eigenfunctions of the U(1,1) Sutherland model [99,193],
and their basic mathematical properties are summarized in Section 7.5.
From the knowledge of J,g+_)(z), we can calculate most of b, exactly. Fol-
lowing the same procedure as that in the spinless Sutherland model [74,125],
we obtain the analytic expressions of S(¢,w) in the thermodynamic limit.
The formula for S(g,w) depends on dispersion relations: €(q) of spinons,
en(g) of holons, and €,(q) of antiholons. Since the necessary mathematics is
fairly complicated, we present in this section the results, and discuss their
physical implications. The details of derivation are given in Section 6.8.2.
In terms of quasi-particles, S(q,w) has three types of excitation contents:
(i) two spinons; (ii) two spinons, two holons, and one antiholon; (iii) one
spinon, one holon, and one electron. In type (iii), we obtain the spectrum
as if an electron is contributing without spin—charge separation. We shall
come back to this point later in discussing the electron addition spectrum.
According to types from (i) to (iii), we divide S(q,w) into three components:

S(q,w) = Sa2s(q,w) + Sgeon (¢ W) + Ssnelq, w). (6.162)

Each term on the RHS of (6.162) is further divided into subcomponents
Sx(gq,w), where X specifies the excitation content of quasi-particles. For
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each X, an integral region, or the support, Dx = Dx({¢}) is defined in
terms of the set {g;}iex of momenta. We obtain

Sx(q,w) = / [T daiFx({g})s (q +2nr =) ﬂh’) 5 (w -> 51’(%’)) :

Dx jex icX ieX
(6.163)

where n is an integer to bring ¢ inside the Brillouin zone, and Fx ({¢;}) gives
the intensity, and is given in terms of the square of the matrix element called
the form factor.

Contribution from 2sg or 2s,

For the two-spinon contribution of (6.162), the set X consists of 2sg or 2sy,,
i.e., S25(q, w) = Sasp (¢, w) + Sas; (¢, w).

The supports Daog, and Do, are shown in Fig. 6.15. Due to the relation
Sos.,(q,w) = Sasy (2 — ¢, w), we need only derive the formulae for Sas, (¢, w).
The integral region is defined by Dagp (¢s1,¢s2) = {0 < gs1,9s2 < kr}. The
corresponding squared form factor Fbs(gs1,¢s2) is given by

2
Fos(qr,q2) = i\fh — q|* Hl es(qi)% ", (6.164)

i—
where g; = 1/2 is the semionic statistical parameter of spinons. The form
factor for the region L is the same as that given by (6.164) except for the
allowed range which is now given by Dag, (gs1,¢s2) = {m—kr < gs1,¢s2 < 7}
It is remarkable that the two-spinon contribution (6.164) is the same
as that for the Haldane—Shastry model [81,198,199]. Namely, the spectral
weight in these integral regions does not depend on the electron density,
provided the external momentum is less than the Fermi momentum. The
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Fig. 6.15. The supports (shaded regions) for Sas, (¢,w) and Sas, (q,w) for n = 0.5.
Note that ¢ is taken as 1 in the text.
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only effect of holes is to reduce the integral regions Dgsp, ;. These phenom-
ena of mutual independence of spin and charge dynamics have been referred
to as the strong spin—charge separation [101,121]. We shall show later that
the dynamical charge structure factor has the corresponding spin—charge
separation in that the intensity does not depend on magnetization.

Contribution from 2sg2hrh, 2s1,2hih, or srSLhrAL

As the external momentum increases beyond the threshold ¢ = kg, charge
excitations also enter the spectrum. The contribution from two spinons, two
holons, and one antiholon is given by either X = 2sg2hrh, 2s1,2h1h, or
srsLhrhLh. It is found that in all cases the squared form factor factorizes
into the spin part Fps and the charge part ;. For example, Fy, o 7 is
given by

By g onnh (515 €25 An1s 23 @a) = Fas(ds1, s2) Fopp (qn1: @n2; 4a),  (6.165)

where each momentum of spinons or holons runs inside the region R for each
particle. Namely, Dy, o 7 s given by

{0 < gs1 < gs2 < kp, —kr < gn1 < qn2 <0, gs2 + qn2 > 0}. (6.166)

The momentum of the antiholon runs over the full range 2kp < q, < 27 —
2kp, or equivalently |g, — 7| < 2pc. The full range for the antiholon is always
the case for any support Dx, and its specification may be omitted.

In the product FosFy,;, the analytic expression for the spin part Fog is
given by (6.164), and the charge part is given by

1

thh(Qth;qa) = Tﬂg

2
291 a1 Non—1 (o D)7
g1 — g2 €alqa)? Heh((h)g <Q1 + 5) :
(6.167)
with statistical parameters g, = 1/2 and g, = 2. Remarkably the function
F, 5 is the same as that for the charge dynamics in the spinless Sutherland
model with the coupling parameter A\ = 1/2. As shown later, F},; also
appears in the dynamical charge structure factor in the ¢—J model [6]. The
support Dy, o 7 1s shown in the left part of Fig. 6.16.

The contribution from X = 2sp2hp,h comes from left-going spinons and
holons. Actually the result can be obtained by the relation Sy, o, j(q,w) =
Sosponph (2T — ¢,w). The support of Sy o 7(g,w) can also be obtained by
making the replacement ¢ — 2w — q.

The other contribution S, 4.5, (¢ w) has the zero energy threshold at
q = 2kp and 27 — 2kp. The corresponding momentum of each quasi-particle
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Fig. 6.16. (Left): The support of Sy, op.7(¢,w) and Ssynpe(q,w). (Right): The
support of S, ¢ pon n(q,w) for n=0.5.
is given with 2p. = 7w — 2ky by

451 =0, gs2 =7, qu1 = =7+ kp, g2 = —kp, ga =7 £ 2pc, (6.168)

all of which have zero excitation energy. The momentum range for sgsp,hrhr,h
can be obtained from the case 2sg2hrh by replacing one of the right spinons
and one of the right holons in Sy, o7 (¢,w) with left ones, i.e.,

qs;, = T — (4sly Ghy, = —T — 4h2.

Then we can use the same form of Fy,F,,; as that for the region R, except
for the integral region. The relevant region D
part of Fig. 6.16.

spsphrhyh 1S shown in the right

Contribution from sghre or sphre

We proceed to discuss the remaining contribution Sgpe(q,w), which consists
of R and L components as

Sshe(Q7w) = SsRhRe(Q7w) + SsLhLe(% w)

with Sg pnpe(q,w) = Ssphge(2m — q,w). It is therefore sufficient to derive the
R component using the R branch of spinons and holons. The integral region
for the R branch is defined by

Diyhpe(@s;qn; ga) = {—kr <gn <0, 0<¢gs <7 —qn}, (6.169)

with the full range |g,— 7| < 2p. for antiholons as in other cases. The squared
form factor Fspe(gs; qn; ¢a) has been derived in the following form [10]:

1 Qa/2 — (s 1 1 Ea(Qa)
Fone(qs; qn; ga) = =— s\@s 9s Ih , 1
he (453 Ghi Ga) = 5 a2 (g5)* ™ “en(an) o (6.170)
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where €y(q) = q(2m—q)/2 gives the free-electron spectrum in the low-density
limit. The support of Ssynpe(q,w) is the same as that of Sy, o 7(q,w),
as shown in the left part of Fig. 6.16. The square-root factor in (6.170) is
interpreted as a renormalization factor of the electron. As discussed in detail
later, the same factor appears as the coefficient of the delta function in the
electron addition spectral function on the upper edge of the support [8,11].

As we have described, the part Syyo7 (¢, w) factorizes into spin and charge
parts, and can be interpreted in terms of the fractional exclusion statis-
tics [79]. This part of the form factor and Sis(¢,w) in the SUSY ¢-J
model look very similar to those in the related continuum systems [103].
On the other hand, the part Sgpe(g,w) does not factorize into the spin and
charge parts, and cannot be interpreted by fractional exclusion statistics
straightforwardly. Thus we prefer an alternative interpretation in terms of
unfractionalized electrons. Namely, one spinon with spin (S) and charge (C),
(S,C) = (1/2,0), one holon with (0, +e), and one antiholon with (0, —2e)
combine to give one electron (1/2, —e). However, this “electron” should not
be regarded as an ordinary bound state since there is no binding energy, and
the momenta of the holon and the spinon are fixed, i.e., (¢sr,qur) = (0,0)
or (gsr, qnr) = (m, 7). This spinon—holon pair does not give the momentum
shift but increases the energy by €s(kr) in the spectrum.

By rewriting a part of the form factor as

Qa/2 — (s _ (Qa/2 - QS)QQS(Qh + Qa/2)2gh
Gh + Ga/2 (gn + ¢a/2)?

with gy, = gs = 1/2, we can interpret that a fractionalized spinon (gs) or a

: (6.171)

holon (—g¢y,) interact with each unfractionalized counterpart (g,/2) making
up the electron. In the electron addition spectrum as described later, the
unfractionalized electron appears more explicitly as a delta-function peak.

We can obtain analytic results even for a finite size, although the compli-
cated analytic expressions, to be given by (6.220) and (6.221), do not allow
any intuition. Figure 6.17 shows the results of S(gq,w) for a large but finite-
size system (N = 60), which is due to Arikawa (unpublished), together with
the lines that give thresholds of the spectrum.

From these analytic results, we can derive the behavior of the S(q,w)
near boundaries of the supports. There are divergent singularities at lower
boundaries w = €(q) and w = (27 — ¢q) (0 < ¢ < kp). At these boundaries
S(q,w) diverges by the power law with exponent —1/2. At other boundaries,
S(q,w) has threshold singularities but no divergence. Along the “electron”
dispersion which appears in the lower edge of the spectrum in the left part
of Fig. 6.16, the threshold singularity is large, as seen in the central region
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Fig. 6.17. The dynamical spin structure factor S(g,w) for N = 60, @ = 30, and
M = 15 with Fermi momentum kr = /4 (n = 0.5), calculated by Arikawa (unpub-
lished). The intensity, which is derived analytically, is proportional to the area of
each oval. The solid lines are determined by dispersion relations of the elementary
excitations in the thermodynamic limit.

of S(q,w) in Fig. 6.17. This feature clearly distinguishes the dynamics in the
presence of holes from that in the spin chain.

6.7.3 Dynamical structure factor in magnetic fields

To understand the effects of magnetic field in the SUSY ¢-J model, it is
instructive to compare it with the dynamics for the spin chain which we
have discussed in Chapter 4. As in the spin chain, we can derive S~ (q,w)
analytically since all relevant excited states |v) contributing to (1/|qu|0)
belong to the YHWS. Other components St~ (¢,w) and S*?(q,w) contain
excited states out of the YHWS. Hence we can derive only a part belonging
to the YHWS analytically. Derivation of the whole intensity needs numerical
calculation.

In order to simplify the notation of the limiting values of the momentum
for each quasi-particle, we use here the variable p = ¢ — w/2 for spinons
and holons, and p = ¢ — 7 for antiholons and antispinons. By this shift
all spectra of quasi-particles become symmetric about p = 0. The variable
p has already been used in discussing thermodynamics. In the presence of
holes and magnetic field, the spinons can exist only for p. < |p| < ps, where
pe = m(1 —n)/2 and ps = w(1 —m)/2 with m being the magnetization per
site. As in the spin chain, up and down spinons have the same restriction
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for the momentum range because of the Yangian symmetry. Thus the only
difference from the spin chain is that the range of |p| is bounded from below
by p.. As a result, a clear distinction emerges between the right and left
branches of the spinons. In the spin chain, on the other hand, the right and
left branches are connected continuously. We note that the antispinons are
not affected by the presence of holes.

Let us begin with the simplest case of S™%(q,w) for which the YHWS
exhausts the spectrum. The form factor is rather similar to the spin chain
except for the smaller range of momentum for spinons. The spin-flip operator
qu on the ground state creates two spinons with spin up. There is no effect
of holes as long as ¢ runs within the momentum range [7m, 7(n +m)/2] for
the left spinons, and [2m — 7w(n + m)/2,2m — m] for the right ones. The
range is equivalently written as p. + ps < |¢ — 7| < vy, = 7(1 — m). The
result of S~1(q,w) for this range is given by

O (eu(p) —w)O (w—eL(p) O (w — Ly (p))

S~ (q,w) = , 6.172
0. 2/ — e o) — 0+ () (0472

where O(w) is the step function, p = ¢ — 7, and
eL+(p) = —p(p T qm) = €1(p F ps), (6.173)
eu(p) = 2p3 — p°/2 = 2¢1(p/2). (6.174)

In the high-density limit (n = 1), this expression reduces to (4.214) for the
spin chain. The upper and lower thresholds are determined by the spectrum
of up spinons. Figure 6.18(a) shows the numerical results with N = 16 and
m = 0.25 [156]. In addition to the two-spinon contribution derived above,
there appear contributions 2hh beyond the threshold ¢ = 7(n +m)/2. The
difference from the zero-field case is the finite threshold ¢ = mm of the
momentum below which there is no intensity.

We proceed to discuss the component S%*(q,w). Analytic results relying
on the YHWS are exact only for small enough ¢ that does not create charge
excitations. In this range S**(q,w) can be interpreted as the density response
of magnons as in the spin chain. Then the spectrum agrees with the spinless
Sutherland model with the coupling parameter A = 2. The excitation con-
tents in the range 0 < ¢ < m(n—m)/2 are simply given by 2sgsr. Beyond the
threshold momentum, charge excitations with the excitation contents 2hgh
or 2hih also enter the spectrum. As a result, the support of $%(q,w) be-
comes rather complicated. Figure 6.18(b) shows numerical results for N = 16
and m = 0.25 [156]. The upper and lower thresholds of the spectrum are eas-
ily identified. The upper threshold near ¢ = 0 is determined by the spectrum
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Fig. 6.18. Numerical results of dynamical structure factor: (a) S~ F(q,w), (b)
S#*(q,w), and (¢) ST~ (q,w) with N = 16,Q = 2, and m = 0.25 [156]. The in-
tensity is proportional to the area of each circle. The solid lines are determined by
the dispersion relations of the elementary excitations in the thermodynamic limit.

of the antispinon sg. The difference ¢,, = mm of the threshold momentum
from 27 is compensated by the two spinons with zero energy. On the other
hand, the lower threshold near ¢ = 0 is determined by the up spinon, whose
finite momentum for the threshold is compensated by the zero-energy an-
tispinon. As in the spin chain, the periodicity of the antispinon spectrum
makes the difference from the dynamics of the Sutherland model.

Finally we discuss the component S*~(q,w). The action S—, on the ground
state corresponds to the creation of a down-spin magnon, i.e., an antispinon.
Equivalently, S:q annihilates two spinons with spin up in the condensate.
The analytic expression of ST~ (g, w) within the YHWS is analogous to the
particle addition spectrum in the U(1,1) Sutherland model with the cou-
pling parameter A = 1. Namely, the maximum excitation contents are given
by 2s5r51,2hh, which has been found numerically [155]. Although the an-
alytic expression for the whole spectrum is not available now, upper and
lower thresholds for the support can be derived from the excitation con-
tents. Figure 6.18(c) shows the numerical results of ST~ (¢,w) for N = 16
and m = 0.25 [156]. The upper and lower thresholds can be interpreted
in terms of quasi-particles as in the spin chain. For example, the anti-
spinon 5y, takes zero energy at q = ¢,, = mm, and SR takes zero energy
at ¢ = 27 — g = T+ 2ps. Hence the support for ST~ (¢, w) begins from zero
energy at ¢ = +q,,. To the right of ¢ = ¢,, the singularities of the spectrum
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Table 6.3. Maximum contents of quasi-particles for S*?(q,w) in magnetic
field. The subscripts R and L indicate the branches of antispinons.

S=*(q,w) 2s+2h+h
ST (q,w) 2% +5r+5,+2h+h
S**(q,w) 2s+3r+2h+h,2s+ 35, +2h+h

consist of the dispersion curves of 2ssg. To the left of ¢ = ¢,, the lower
threshold follows the dispersion of 51, down to ¢ = 0, where the excitation
energy 2h is required. The support for larger ¢ is very complicated since the
charge excitations with the contents 2h + h enter the spectrum.

Table 6.3 summarizes the excitation contents relevant to the dynamical
structure factor of the SUSY ¢-J model in a magnetic field. The effect of
charge degrees of freedom can be seen by comparing it with the correspond-
ing Table 4.1 in Chapter 4. The spinons and holons can take various combi-
nations of R and L. Numerical results show that the number of spinons plus
holons for each branch R and L should be even. For example, combinations
such as sgsp2hph are not allowed for S~ (q,w).

6.7.4 Dynamical charge structure factor

The charge correlation function is relevant to dielectric and elastic responses
of real systems which have quasi-one-dimensional electrons as their active
constituent. The density operator is defined by

ng = 1/QZ:E:X exp(—iql), (6.175)

where the X-operators have been defined in (1.39). Because of the constraint
of completeness, we can alternatively use

N
ng =—N"123" hlh exp(—iql), (6.176)

=1

as long as ¢ # 0. The dynamical charge structure factor is defined by

N (q,w) =Y [(VIn_g|0)]* (w — B, + Ey), (6.177)

where |v) denotes a normalized eigenstate of the Hamiltonian (6.1) with
energy F,.



6.7 Dynamics of supersymmetric t—J model 291

Analytic derivation of N(g,w) is more difficult than the spin structure
factor S(q,w). The reason is that the state n4|0) has a part outside the
YHWS, and the polynomial wave functions are not sufficient. To see this,
let us look at the commutator with the Yangian generator

[Afhi, AT = > wij (Al — hlhi)b;, (6.178)
3(F#)

where the summand is no longer antisymmetric against an interchange of
i and j because of the presence of b;. Thus hjhi\IlG does not belong to
the YHWS. However, if the external momentum ¢ is sufficiently small, only
charge excitations enter in the dynamical charge response. In this region the
final state belongs to the YHWS and we can obtain the analytic solution. The
first analytic solution for N(q,w) with small ¢ was obtained using the freez-
ing trick [6]. In the following, however, we shall use mapping to the U(1,1)
Sutherland model in line with the derivation of other dynamical quantities.

The form factor with excitations 2k + h is precisely the same as the
dynamical correlation function of the single-component Sutherland model
with the repulsion parameter g, = 1/2, which properly describes the semionic
statistics of holons. One may wonder how the fermionic hole with A = 1
acquires the semionic repulsion parameter without spin excitations. By tak-
ing the allowed states in the lattice, we have discussed in detail the origin
of the semionic exclusion statistics in Section 6.6.1. Similar evolution of
fractional exclusion statistics in the multi-component Sutherland model has
been discussed [15,197]. Namely, even though the magnons are not excited
in the mapped U(1,1) Sutherland model, their presence in the ground state
leads to a renormalization of the coupling parameter for hole excitations as
A — A/(A+1). In the case of A =1, we obtain g, = A\/(A+ 1) = 1/2 as the
statistical parameter for holons. The mathematical structure leading to this
situation will be explained later in Section 7.5.3.

The threshold momentum for spinon excitation is given by ¢, = 7(n —
m) /2, which corresponds to the Fermi momentum of minority-spin electrons.
Below the threshold, N(¢,w) is independent of the magnetization m. This
independence corresponds to the strong spin—charge separation. We thus
obtain for g < qip:

q2 T+2pc , —m/2 —7m/2 , 2
N(q,w)Zﬂ/ dq/ dQI/ dg2 6 (g —q = >

—2pc —mn/2 —7mn/2 i—1
2

x 0 (w —€alq) — ZGh(%)) Fopr(a1,a2;4), (6.179)

=1
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Fig. 6.19. Numerical results of dynamical charge structure factor N(g,w) with N =
16 and (a) @ = 2, (b) @ = 8 [155]. The intensity is proportional to the area of each
circle. The solid lines are determined by the dispersion relations of the elementary
excitations in the thermodynamic limit.

with ¢ > 0 and m being the magnetization. The squared form factor Fj, is
the same as the one given by (6.167).

It should be emphasized that (6.179) is valid only for such momentum
q that is too small to excite spinons. In this range, it can be shown that
N(q,w) diverges as [en(q — 7mn/2) — w]~'/2 as the frequency approaches the
upper edge determined by the holon dispersion [6]. This behavior has been
found in the corresponding quantity in the Sutherland model [138], which
has been discussed in Section 2.6.3.

For ¢ > g1, we have to rely on numerical calculation. Figure 6.19 shows
numerical results for the dynamical charge structure factor [156]. In addition
to two holons and an antiholon, spinons enter in the excitation spectrum for
q > kr in the following way:

2sg + 2hRr +h, 2s;, +2hy, +h, (sg+hr)+ (sL+hy)+h,  (6.180)

where the spinons make the singlet and participate in the charge excitation.
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6.7.5 Electron addition spectrum

The electron addition spectral function with the ground state |0) is de-
fined by

At (k,w) = [ Ne + 1]c], [0, Ne) 6 (w — By + Eo + ), (6.181)

where N, is the total electron number and g the chemical potential, cL 5 18
the electron creation operator with momentum & and spin o, and |v) denotes
an eigenstate of the Hamiltonian with energy F,. We choose 0 =1 and work
with the representation c;.rT = h;. The excited states are exhausted by the
YHWS since the wave function of the final state is given by a polynomial.
Alternatively, the supersymmetric Yangian generator A9 as given by (6.86)
has the anticommutation property

{Rs, AT} =0, (6.182)

which leads to AT%h;]0) = 0, since A'°|0) = 0. Thus we confirm that h;|0)
belongs to the YHWS.

Let us consider annihilation of a hole from the ground-state wave func-
tion Wgpy with @ + 1 holes and M magnons, the explicit form of which is
given by (6.18) to (6.20). After the annihilation, the resultant wave function
W (25, 21) = (2%, 28R |¥any ) with @ holes and M magnons is written as

Q
W2 2") = [ [ (20 — =)

i=1 7

(20 — 25)Wq(25, 21), (6.183)

e

Il
fa

where zj is the complex coordinate of the annihilated hole, and ¥q/(2*, zh)
is the wave function of the ground state for the system with ) holes and M
magnons. Note that if Q) + M is odd with even N, the wave function ¥qp
describes one of the doubly degenerate ground states. We have taken the one
with total momentum m. Analogously, a proper choice can also be made in
the case of Q + M and N even. The excited state after the hole annihilation
is given explicitly as the polynomial factors multiplying ¥g. Assuming the
hole removed at the origin, zyp = 1, we expand the polynomial factor as

M+Q M+Q

I[Ta=z)="> (-)"en(2), (6.184)

i=1 m=0
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where z; refers to either hole or magnon coordinate, and e,,(z) is the ele-
mentary symmetric function of order m. It is defined by

em(z) = Z Ziy  Zig s
i1<ia< - <im €I

with the interval I = [1, M + Q]. Now the problem is reduced to rewrit-
ing e (2)¥q in terms of the U(1,1) Jack polynomials J,ng*)(z). As in the
case of the dynamical structure factor, we present here the results in the
thermodynamic limit, and relegate the mathematical details to Section 6.8.

The final results for A" (k,w) with 0 < k < 27 consist of the following
components:

AT (k,w) = Ag(k,w) + Ap(k,w) + Ay(k, ), (6.185)

where Ag(k,w) involves spinons and holons in the R branch, and Ar,(k,w)
involves them in the L branch. The third component Ay (k,w) includes an
unfractionalized electron, as explained below. The contribution to Ag(k,w)
can be understood in the following way. The added electron, or a removed
hole, decomposes to a spinon and a holon, leaving an antiholon. According
to the illustration in Fig. 6.6, the threshold momentum ¢y}, is determined by
an antiholon with momentum 7 — 2p. = 7n, a right holon with momentum
—7/24+p. = —7mn/2, and a right spinon with momentum 0, all of which have
zero energy. Then we obtain

Gth = 7/2 — pc = /2 = kg, (6.186)

which agrees with the threshold in the non-interacting Fermi gas.
The spectrum in the region R is given by

Ar(k,w) = [ dgsdgndgalR(gs, qn; a)d (k -> qz) 4 (w -> Ei(%’))a

Dr i€R i€R
(6.187)
where Dg is the integral region defined by

Dr ={0<¢s < kp, —kp <qn <0, |ga — 7| < 2pc}. (6.188)

It is not allowed to shift ¢, by 7 to bring it to the positive momentum
region, although the periodicity of e, (g) is 7. This is because a spinon mo-
mentum and a holon one should be shifted together in this case. Note that
the semionic particles appear only in pairs in physical excitations. In (6.187),
the squared form factor FR(gs, qn, ¢a) is given by

ES(QS)gS_leh(Qh)gh_lea(Qa)ga_l
(Qh + Qa/2)2

FR(gs, qn; a) = : (6.189)
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where gs = 1/2, g, = 1/2, and g, = 2 correspond to statistical parameters
of spinons, holons, and antiholons, respectively [72,101]. Thus the matrix
element in (6.187) can be interpreted in terms of the fractional exclusion
statistics as in the case of correlation functions in related continuum systems
[103]. The left-branch contribution is simply given by the relation Ay, (k,w) =
AR (27 — k,w) from (6.187).

The third component is given by

€a(k)

AU(k,w) = Eo(k)

d(w — wau(k)), (6.190)

which contributes only in the region 2kp < k < 27 — 2kp. Here ¢y(k) =
k(m—k/2) describes the spectrum of non-interacting electrons, and w,iy (k) =
€s(kr) + €a(k). The contribution Ay(k,w) comes from antiholons with fixed
energies of spinons and holons. Such an entity may be regarded as an
unfractionalized electron. A similar contribution with the delta-function
peak also appears in the particle addition spectrum in the Sutherland model,
as discussed in Section 2.6.2. The difference here is that Ay(k,w) has the
finite threshold for energy. This threshold is naturally understood by as-
suming that a spinon and a holon with fixed momenta (¢sr,qur) = (0,0)
or (gsr,qn,) = (m,m) are attached to the antiholon to make up an elec-
tron. In either case, the energy es(kr) is added in the spectrum of an anti-
holon, while no momentum is added. We note that the characteristic energy
es(kp) = (7/2)?n(2 —n) corresponds to the m = 0 case of Tjix/2 defined by
(6.117), which controls the spin—charge separation in thermodynamics.

In the dilute limit with kp — 0, both w,y (k) and €,(k) tend to €y (k). Hence
the coefficient in (6.190) becomes unity, and Ay (k,w) tends to the spectral
intensity of non-interacting electrons. The other contributions Agr,(k,w)
can be neglected in this limit.

Figure 6.20 shows the results of analytic calculation for N = 60, @ = 29,
and M = 15 [8]. The spectral edges are shown by solid lines, and the spectral
intensities for a finite system are shown by the area of ovals. The threshold
behavior in Ag(k,w) is summarized in Table 6.4.

6.7.6 Electron removal spectrum

The electron removal spectral function is defined by

A™ (k,w) =) (v Ne = ko |0; No) 6 (w + By — Eg + 1), (6.191)

v
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Fig. 6.20. The electron addition spectrum A™(k,w) in the case of N = 60, Q = 29,
and M = 15 with Fermi momentum krp = 7/4 [8]. The intensity is proportional
to the area of each oval. The solid lines are determined by dispersion relations
of the elementary excitations in the thermodynamic limit. The equations for the
upper boundaries w,y,ws and lower boundaries w,r,,wy, are described in Table 6.4.
Copyright (2001) by the American Physical Society. Reproduced with permission.

Table 6.4. Threshold behaviors in A" (k,w) for 0 < k < . The results for
m < k < 27 can be obtained by the reflection symmetry
A(k,w) = A(2m — k,w). Power-law behavior near the upper threshold is
indicated by (—Aw)®, while that near the lower threshold by Aw®. The step
function is represented by the exponent a = 0.

Range of k Threshold energy Singularity
kg, 2k] ws = €s(k + kp) (—Aw)~1/2
[2kp, 7] wau (k) (—Aw)?

[kp, ] War, = €a(k + kr) Aw®
[2]6}:*, 3k’p] wh = €h(k‘ — 21{‘1:‘) Aw3/2

where the notation is the same as in the previous subsection. It is finite for
negative w. In the free electron gas, A~ (k,w) is reduced to 6(w — eo(k) + p),
which probes the one-particle states below the Fermi level. In the presence of
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interactions, A~ (k,w) is in general finite over a certain range of w for each k.
Experimentally the photoemission is the best way to measure A~ (k,w).

By choosing o =], we make the replacement ¢;] — h;rbi. The electron
removal spectrum is the most difficult quantity to derive analytically. The
reason is that the final states do not belong to YHWS. This is seen by the
commutator

AT Rib = 37 wi (bl + hhbsbs, (6.192)
J(#0)

which does not vanish, nor annihilates Wg. Moreover, in contrast with the
case of AT (k,w), there is no region in the momentum space where the
YHWS exhausts the spectrum. As a result, analytic study is limited to
the YHWS contribution which constitutes a part of the spectrum.

6.7.6.1 Electron remouval from spin chain

Let us first consider the spectrum from the high-density limit. It is easy to
conclude that the YHWS is exhausted by one-spinon plus one-holon (1s1h)
states; the charge neutrality excludes two or more holons in the absence of
antiholons, and the full polarization in the YHWS constrains to a single
spinon. Within this 1slh sector, analytic solution has been obtained. The
idea of derivation is as follows [104]. With the ground state Uqg with M =
N/2 magnons and no holes, one can explicitly obtain the wave function

M-1
(22 [bo%a) = 20 [ ] (2 — 20)° T (22), (6.193)
=1

where U is the ground state with M — 1 magnons. The magnon annihi-
lated by by is located at z = zy. The set 2z® describes the M — 1 magnon
coordinates. Similarly, if an eigenfunction Wy is known for the mapped
U(1,1) Sutherland model with M — 1 magnons and one hole, one can obtain
the wave function (z° |hgWyy,) explicitly. Combining these known wave func-
tions, one can derive

(Uinfeoy|Pa) =3 (Wilhb|=5 ) (2 bo| Te), (6.194)

zs

by summation over z° . The complete set of eigenfunctions W1 in the mapped
Sutherland model is given in terms of Jack polynomials. We can then derive

(25 [ho|Wyp) = Wyp (2™ = 1,2%), (6.195)
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n (6.194), and the RHS can be computed for an arbitrary size of system
[25,104]. The result in the thermodynamic limit is given by

_ QS T — gs
Alslh / dqs/

[6(k — g5 — qn) + (K —27r—qs—qh)]
X 5(w + €5(gs) + enlqn)), (6.196)

where e(q) = g(m — q) for ¢ > 0 and e,(q) = (¢ + 7/2)? for ¢ < 0. The
integration can be carried out to give [104]

Ao (k,w) = ik —w—ep(k—7)’

(6.197)
for 0 < k < . The result for m < k < 27 can be obtained by the reflection
symmetry A~ (k,w) = A~ (27 — k,w) .

In addition to the contribution from the YHWS derived above, excitation
contents involve three-spinon plus one-holon (3slh) states [72]. Figure 6.21
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Fig. 6.21. Numerical results for the electron removal spectrum A~ (k,w) from the
high-density limit with N = 16 [155]. (a) One spinon plus one holon contribution,
(b) three spinons plus one holon contribution. The intensity is proportional to the
area of each circle. The solid lines are determined by dispersion relations of the
elementary excitations in the thermodynamic limit.
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shows the numerical result of A~ (k,w) for 16 sites [155]. The chemical po-
tential is given by u~ = Ey(Ne) — Eo(Ne — 1) for the finite-size system. The
region with finite intensity, i.e., support, is determined by the spectrum of
spinons and holons as indicated in the thermodynamic limit.

For each momentum, the pole positions of 3slh states with dominant
intensity are indicated by the black circles in Fig. 6.21(b). Remarkably, the
reversed energy —w finds good correspondence with the two-spinon excita-
tions in the Haldane—Shastry spin chain. Namely, the values of —w — €5(kp),
where —es(kp) gives the position of the single pole at k = 0, agree with the
pole positions of S(q,w) for the spin chain. These facts lead to the follow-
ing interpretation: The 3slh state with dominant intensity consists of two
moving spinons together with another spinon with zero energy and a holon
with maximal energy es(kp) = €,(0). The 3slh intensity is suppressed com-
pared with the two-spinon intensity S(¢,w) in the spin chain, since addition
of a further spinon and a holon reduces the matrix element. By combining
the previous remark on the 1slh contribution, we find that the dominant
weight in A~ (k,w) involves either two spinons with fixed momenta (0, ),
or a spinon—holon pair with fixed momenta (0, 7).

Electron removal with holes

In the presence of holes, A7 (k,w) has a contribution from charge excita-
tions. It is found by numerical study that the maximum excitation content
is given by (sr, hr,) + h+2(sr, hr), plus the mirror states where R and L are
interchanged [72]. However, no analytic results are available. We show nu-
merical results for N = 16 sites with electron numbers N, = 14 and N, = 6
in Fig. 6.22(a) and (b), respectively [155]. The electron addition spectrum
obtained in Section 6.7.5 is also shown in the positive energy region. The re-
moval and addition spectra together give the spectral intensity of the single-
particle Green function. The chemical potential for the finite-sized system
is defined as p= = Ey(Ne) — Ep(Ne — 1) for the electron removal, and as
pt = Ey(Ne + 1) — Eg(N,) for the electron addition. In the thermodynamic
limit, 4~ and p should merge to p, which is given by

1
= —Eﬂ2(3n2 —6n +4). (6.198)

This is obtained by differentiating the ground-state energy Ey with respect
to Ne. The broken line of Fig. 6.22 indicates the value given by (6.198). The
support, which was first given in [72], is shown by the solid lines.

As the hole density becomes larger, the main intensity accumulates along
the upper boundary of the compact support. This boundary corresponds
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Fig. 6.22. Numerical results [155] for A~ (k,w) for w < p and A1 (k,w) for w > p
with N =16 and (a) @ =2 (n =7/8) or (b) @ = 10 (n = 3/8). The dashed line
denotes the chemical potential u, and the intensity is proportional to the area of
each circle. The solid lines are determined by dispersion relations of the elementary
excitations in the thermodynamic limit.

approximately to the energy band in the low-density limit n — 0. The
intensity of A*(k,w) increases with increasing w at each k. On the other
hand, the w-dependence of A~ (k,w) is more intricate because of the large
number of elementary excitations involved.

6.7.7 Momentum distribution

By integrating the electron addition spectrum, we can derive the momentum
distribution function ny (k) of electrons with spin o. Let us define the density
matrix of electrons with spin ¢, and that of holes in terms of X-operators by

po(i— ) = (X°X), pu(i—j) = (hihy), (6.199)

with h; = XZ»T O Then ny(k) is given by the Fourier transform of p, (i — j).
The holes behave as hard-core fermions with the anticommutation rule:
{f,hi} = 855 (X + X]1). We thus obtain

pi(i =) + puli — §) = 3y (1- (X1H). (6.200)
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In the singlet state we have (Xz-u) = n/2, and write n(k) = ny(k). Then we
obtain

n(k)=1-n/2 - AT(k), (6.201)

where the Fourier transformed density matrix A1 (k) of holes is given by
integration of the electron addition spectral function. Namely, we have

AT (k) = /000 dwA™ (k,w)

= 77,1(]{?) + 77,1(271' — k) + ng(k), (6.202)

where the component n (k) originates from Ag(k,w), and is given by

ni(k) = / dgsdgndgaFr(gs; Gn, ga)d </€ -3 %’) : (6.203)
Dr i€R
where the integration range Dg has been defined in (6.188). In accordance
with the support of Agr(k,w), ni(k) is nonzero for kp < k < 27w — 2kp.
The term n; (27 — k) in (6.201) originates from Ar,(k,w), and no(k) from
Ay(k,w). We obtain from (6.190)

€a(k)
co(k)

Since ni(k) = 0 for k < kp, n(k) is a constant 1 — n/2 below the Fermi
wave number kr. Obviously the distribution tends to that of non-interacting

no(k) = 0(k — 2kp). (6.204)

fermions as n — 0. The distribution n(k) is also given by the frequency
integral of the electron removal spectrum A~ (k,w). Hence (6.201) is regarded
as the following sum rule [155]:

/oo dw [AT (k,w) + A (k,w)] =1— %n (6.205)

which is independent of k.

Another form of the exact expression of n(k) for U was first derived by a
diagrammatic perturbation theory [131]. The results presented above should
correspond to the integral representation of the same results. Unfortunately,
no direct proof is available that the perturbative result in terms of infinite se-
ries is equivalent to the integral representation presented above. Figure 6.23
shows the numerical results of momentum distributions [11]. The solid lines
represent results obtained from the infinite series [131] by truncation, and
the dots are obtained from A" (k) for a system with N = 100. The agreement
of both results is excellent. This gives strong support for the equivalence of
the integral representation presented above and the infinite series.
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Fig. 6.23. The momentum distributions for electron densities n = 0.1,0.5 and n =
0.9 [11]. The solid lines represent the results of perturbative theory [115,131] and the
dotted ones those obtained from the integral representation. The actual numerics
was performed for a finite system with N = 100.

The presence of a discontinuity v/1 — n at k = k reflects the fact that the
SUSY ¢-J model has exponent K, = 1 in terms of the Tomonaga—Luttinger
theory [119]. In other words, unlike most one-dimensional fermion systems,
the ground state of the SUSY ¢-J model can be adiabatically connected with
the free-fermion ground state. However, in contrast with the Fermi liquid,
the coefficient of the §-function peak of Ay (k,w) cannot be expressed simply
in terms of the discontinuity in n(k).

With a completely different method, which directly manipulates the wave
function ¥, a closed-form solution has been obtained in the real space
[140, 141]. Although the derivation does not use any information on the
excited states, the result is interpreted naturally in terms of elementary
excitations.

6.8 *Derivation of dynamics for finite-sized t{—J model

In this section we outline how to derive exact dynamics for the ¢—J model.
Fortunately, the relevant states for dynamical response are mostly confined
to a family called “separated states”, which is specified in detail in Section
7.5.3. In this case, calculations of matrix elements and the norm of the wave
function are factorized into the product of hole and spin parts. Each part
can be evaluated on the basis of corresponding results for symmetric Jack
polynomials. In the following, we outline the procedure to derive the electron
addition spectrum and the dynamical structure factor by using the U(1,1)
Jack polynomials.
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6.8.1 Electron addition spectrum

In order to calculate AT (k,w) of (6.181) for a finite-sized (N) system, we
take the singlet initial state with M magnons and ) holes, satisfying the
condition N = 2M +@Q. We consider the state (6.183) after hole annihilation.
We use the binomial formula of J,.SJF_)(Z) given in Section 7.5.3 for the case
(p,q) = (1,1) with the expansion coefficient b,(:r_)(l, 1). Since the relevant
excited states belong to a special class of spin and charge excitations, called
separated states [11], the binomial formula is factorized into the spin part

and the charge part. Taking zp = 1, the wave function is expanded as

M+Q-1

IT -z)96= Eb )(1,1) 57 (2) Ty (2), (6.206)

i=1

where z; represents both hole and magnon coordinates, and

Up(z) = H (zi — 25) H 2;(2M+Q_1)/2 (6.207)

1<J )

gives the ground state for M +Q —1 holes. The function ¥y, (z) also generates
the similarity transformation for the U(1,1) Sutherland model. Namely, we
take O(z) = |¥p(z)| in (3.163) with A = 1.

In the expansion (6.206), each composition x describes the momentum
distributions of magnons and holes, which are subject to the Galilean shift.
Namely, the ground state of M magnons and () — 1 holes corresponds to the
composition

ﬁi:{(M—l)/Q, (i=12...Q-1), (6.208)

M+Q-1—-i, (i=Q,Q+1,...,.M+Q—-1),

which is referred to as kgg. As seen from (6.208), the amount of the Galilean
shift is (M — 1)/2 per particle. The total momentum associated with a
general excited state « is given by [k| = |kgs| +m with |k[ = >, k;. The
difference from the case in Section 7.5.3 is the nonzero value of x; for the
bosonic momentum. The result b,(j_)(l, 1), however, remains the same as
that in Section 7.5.3 for separated states. Note that the binomial coefficient
for symmetric Jack polynomials does not depend on the Galilean shift.
The momentum % in the electron addition spectrum A7 (k,w) is given by

k =27 [m+ (M +1)/2] /N,
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where the integer m describes the deviation from the Fermi momentum. The
electron addition spectrum AT (k,w) is then expressed as

(Jngr_)\I/h, J/g+_)l1]h>0
(Ta, ¥a)o

where the prime indicates restriction of the summation over x by the momen-

A (k,w) = QY 8(w— B+ Eo— k)bl )2 , (6.209)

tum conservation. The norm (Uq, U)o in the denominator can be obtained
by a procedure described in Section 7.5.6.

In the spin part of b,(f*), relevant excited states are limited to those that
are represented by

K. = kg + (17, 0M7rs), (6.210)

Here 1% means the sequence 1,...,1 with the number of 1’s being k.
Namely, the spin part can be parameterized by the single variable kg. In
this case, the momenta of magnons and holes are not mixed in the expan-
sion coefficient, hence the name of “separated states” [11]. Then i) s
determined only by hole excitations.

The hole excitations are specified by

KD = kg + v = (1%L 09 Fa), (6.211)

Correspondingly we obtain [11]

b (1,1) = H( | _a,(s()gi Tilg,/l((s S))_ 1 (6.212)
seD(v

where N = A\/(A+1) = 1/2 and a(s),d'(s),1(s),!'(s) are the combinatorial
quantities introduced in Section 7.1.6. The renormalization A — ) is due to
the spin degrees of freedom in the background, which is discussed fully in
Section 7.5.3.

The result (6.212) should be compared with (2.227) derived for the hole
propagator in the Sutherland model. Namely, b,(f_)(l, 1) takes the same
form as the coefficient of binomial expansion in terms of symmetric Jack
polynomials. Although b,(ff) (1,1) is independent of ks, spin excitations enter
A™(k,w) through the norm (J,g+_)\I/h, J,£+_)\I/h>0 of U(1,1) Jack polynomials
in (6.209). Consequently, AT (k,w) is determined by the three parameters

Ks, Kn, and k., which are related directly to the momenta of elementary
excitations of spinons, holons, and antiholons, respectively.
In this way we obtain the finite-size version of (6.187):

Ar(k,w) =Y Ir(r)6(w — AE,) (6.213)
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and similar results with the suffix R replaced by L and U. In (6.213) we have
1 D(kn — 1/2)(kn + Q/2)
2(0'(1/2))* D(kn)D(kn + (Q +1)/2)
Ka(Q — Ka +1)
(26pn + Ka — 1)(26n + Ka — 2)
I(ks+1/2) T'(N/2 — ks)
T(ks+1) T((N+1)/2—kg)’
with Nk/(27) = kp + Ka + ks + (M — 1)/2. The Gamma functions appear
in analogy with (2.233). The excitation energy is given by

IR(R) =

(6.214)

AE, = 3322 Ks(N — 1 — 2kg)
Frn(2n 4 Q — 2) + (ke — 1)(Q — ﬂa)]. (6.215)

The maximum increase of the momentum is m < M +@Q by the elementary
symmetric function e,,(z), which appears in (6.184). In this increase, the
sum of spinon and holon momenta in the positive direction is limited by
ks + kp < (M —1)/2. The parameter k, varies from zero to (). For the case
where kg > (M — 1)/2, we use the reflection symmetry about k = 7. We
then obtain It (k) = Ir(k~), where the components in K~ = (kg , Ky, Ky )
are given by k; = M — kg, and by the relation

KU (097Ra 1R 71 ) = kg 4 (19).

We obtain the allowed range 0 < k; + Kk, < (M +1)/2.

The special case where kg = (M — 1)/2 should be considered separately.
In this case, there are no states with the same momentum that mix with «,
given by (6.210). This comes from the ordering and squeezing of the basis
set as discussed in Section 2.1.3, and may be called the triangular structure.
Hence b,(:r_) should be unity, and &P = "5}(1}5 + (1%, 097%) with 1 < K, < Q.
We then obtain for this special case
I[(ra +2)/2]0[(Q — £a +2)/2]

Dl + 1/2I0(Q — ra + 1)/2]
L[(M + ka) /2IT[(M + Q — Ka +2)/2]

C[(M + ko + 1)/2I0[(M + Q — ka4 + 2)/2]
where Nk/(2m) = ka + M. The excitation energy AFE, is given by (6.215)
in the case

Iy(k) =

(6.216)

(Ksy Khy Ka) = (M —1)/2,1, ky).
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This means that the part of the addition spectrum is determined completely
by an antiholon; the other constituents, spinon and holon, take a fixed mo-
mentum for each. As a result, (6.216) tends to the delta function in the
thermodynamic limit.

In terms of Iy, Ir,, and Iy, we obtain the finite-size version of A" (k,w).
For Ig(x) and I1,(k), the thermodynamic limit is taken by essentially the
same procedure as that in the Sutherland model. Details for the latter have
been discussed in Section 2.7.1. Then we obtain the results described in
Section 6.7.5.

6.8.2 Dynamical spin structure factor

In order to derive S(q,w) = S~ (q,w)/2 for a finite size with M = (N —
@)/2 in the singlet ground state, we expand (6.161) in terms of U(1,1) Jack
polynomials as

Wps, = Zb+ )(1,2)J7) (2) Wy (2), (6.217)
where
Uy(2) = [] (2 = 2) [T o 197272 (6.218)
1<J i

gives the ground state for M + @ — 1 holes, but with the total momentum
different from (6.207). Since Wg;;, contains M — 1 magnons and @ holes, the
corresponding ground state is written as Wgg—. The expansion coefficient
b,(ff)(l, 2) can be derived from the binomial formula in Section 7.5.3 for the
case (p,q) = (1,2).

We then obtain

<Jfg+7)lllh7 Jfg+7)‘llh>0
(Uas—, Uas—)o

25(q.w) = MY "6(w —w,) b (1,2)]? (6.219)

where w, = E, — FEy is the excitation energy. The expansion coefficient
b,(;r_)(l7 2) can be derived easily if the momentum shift |k — kgg| is smaller
than Nkp/(27). Namely, bS" ) factorizes into the hole part b( =) and the
magnon part b,(.g ) as b,(:r ) — b,(.gs )b,(ﬁ; ). Hence we specify the excitation
in terms of quantities v, and v5 defined by k = kgs + (vh, vs), and obtain
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the form analogous to (2.227) as

b2 =] ! _GZI(‘S) jﬁ%gig 2), (6.220)

2 —al(s) + Ali(s)
ot as(s) + 1+ Ails(s)

EIS%N

br)(1,2) = (6.221)

Details of the derivation are given in Section 7.5.6.

If vy, contains s = (1, 1), the coefficient bg_) vanishes because we have

N=XNA+1)=1/2, al(s)=1(s)=0.

Namely, the charge excitation does not enter the dynamical spin response
in the small momentum region. On the other hand, if v5 contains s = (3,1),
the coefficient bl ) vanishes because al(s) = 2 and Ii(s) = 0. Therefore
only such states contribute to S(q,w) as are characterized by

Vh =0, = (282 1K1 Hs2 OM—rm—l)_

The parameters kg1 and ks2 (kg1 > ks2) are related to the momenta of
spinons. By using these parameters we can derive the expansion coefficient
b,(:r*) and norm explicitly. The analytic expression of S(gq,w) from this con-
tribution is written in the form

Soen (0,0) = D> Togy (£)6(w — wyo), (6.222)
where

1 1
1281’{(’{;) = Z <"£Sl — Kg2 + 2>

o Dl +1) T(N/2 =k = 1/2)T(ka +1/2)  T(N/2— rip)
F(/€51+3/2) F(N/Q—K:Sl) F(/ﬁ}sg—i-l) F(N/Q—KSQ—I—I/Q)’
(6.223)

2
W =2 (%) [N =14 (N = 3)ra — 262 + (N — 1)kag — 26%] . (6.224)

The momentum ¢ is given by

2

q = (Kt + hsp + 1) (6.225)
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The analytic result obtained above is actually almost the same as that for
S(q,w) in the Haldane—Shastry spin chain. The only difference lies in the
allowed range of momentum parameters: (M — 3)/2 > kg > Ks2 > 0 in-
stead of N/2 —1 > kg1 > kg2 > 0 in the spin chain. The difference comes
from the smaller kg in the presence of holes. In the thermodynamic limit,
this contribution gives Sasy (¢, w). Contributions from other regions of  are
more complicated, but can be derived analytically in the thermodynamic
limit [10].
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Jack polynomials

In this chapter, we discuss the mathematical properties of Jack polynomials.
Since the content is a little intricate, we first explain the scope of the chapter,
and the relationship between different kinds of Jack polynomials.

In deriving dynamics of the single-component Sutherland model, the sym-
metric Jack polynomial Jy(z) plays a fundamental role since each eigenfunc-
tion is a product of a Jack polynomial and a power of the Vandermonde
determinant. Here z = (z1,...,2n) represent complex coordinates, and
is a partition specifying a set of momenta for particles. The product of a
Vandermonde determinant A(z) and a Jack polynomial is an antisymmetric
polynomial, which is called an antisymmetric Jack polynomial .J, ) (z). Thus
the fermionic eigenfunctions of the Sutherland model are constructed as the
product of an antisymmetric Jack polynomial and an even power of the
Vandermonde determinant. The Yangian highest-weight states (YHWS) of
the Haldane—Shastry spin chain are also expressed in terms of the symmetric
Jack polynomials with the particular value A = 2 of the repulsion parameter.

In the multi-component Sutherland model, on the other hand, proper
eigenfunctions must be symmetric or antisymmetric against exchange of co-
ordinates with the same internal quantum number. Such eigenfunctions can
be constructed from non-symmetric Jack polynomials F; (z), which do not
have any symmetry against exchange of coordinates, but which are eigen-
functions of the Hamiltonian. Here 7 is a composition specifying a set of
momenta for particles without ordering of magnitudes. For example, with
the YHWS in the supersymmetric {—J model, eigenfunctions are constructed
from Jack polynomials which are odd against exchange of hole coordinates,
and even against exchange of magnon coordinates. These Jack polynomials
are called U(1,1) Jack polynomials J,(f*)(z), where U(1,1) refers to the su-
persymmetry between holes and magnons. It should be noted that the t-J

311
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model itself has the SU(2,1) supersymmetry. The reduction to U(1,1) is anal-
ogous to the reduction from SU(2) to U(1) in the spin chain for describing
the YHWS.

From a mathematical point of view, the non-symmetric Jack polynomial
E,(2) is the most fundamental among a family of Jack polynomials, in the
sense that every type of Jack polynomial can be constructed from E,(z)
by antisymmetrization with respect to complex coordinates. Hence we or-
ganize the chapter beginning from the non-symmetric Jack polynomials. As
a set-up, we define the composition and the Cherednik—Dunkl operators.
Two kinds of inner-product, integral and combinatorial, between polynomi-
als are introduced, and it is shown that the non-symmetric Jack polynomials
form an orthogonal set of polynomials for both norms. We evaluate E,(z)
for a special value z = (1,...,1), which is useful in deriving matrix ele-
ments in dynamics. Then we introduce J (_)(z) as an auxiliary object for
deriving the norms of F,(z), and derive the norms explicitly. Following this
analysis of non-symmetric Jack polynomials, we proceed to various sym-
metrized versions of Jack polynomials in succeeding sections. The chapter
is self-contained, and is intended to be understandable without recourse to
other references.

7.1 Non-symmetric Jack polynomials
7.1.1 Composition

A composition is any sequence

n=(M,n2,--,1N) (7.1)

of non-negative integers n; for i = 1,2,..., N. The length (1) of a compo-
sition 7 is the maximum number i for nonzero 7;. The weight |n| of a com-

position 7 is defined by |n| = SN n;. Let Ay = {n = (1,72, -, nn5) |7 €
Z>y,1 < i < N} denote the set of all compositions with I(n) < N. A
partition

k= (K,K2y...,KN) (7.2)
is a composition satisfying
IﬂZFLQZH-Z/ﬁlN. (7.3)

For example, (2,1,0,3) is a composition with length 3 but it is not a par-
tition. (3,3,2,1,1,1,0,0,0) is a partition (and hence a composition) with
length 6. The set of all partitions with (k) < NN is written as

A]—C:{ﬁ:(ﬁlaKZa”-a’iN)6AN|’€1ZKQZ"’ZK/NZO}-



7.1 Non-symmetric Jack polynomials 313

(a) (b)

Fig. 7.1. Diagrams of (a) n = (4, 3,5,3,2) and (b) partition x = (5,4, 3,3, 2).

For a composition n € Ay, we denote by 57 the (unique) partition which
is a rearrangement of the composition 7. For example, for the composition
n=(2,1,0,3), we obtain n = (3,2,1,0).

It is convenient to define a diagram D(n) of composition 1, which is simi-
lar to a Young diagram. The diagram of a composition 7 consists of squares,
the coordinates of which are (7,7), 1 < i <I(n) and 1 < j < n;. In draw-
ing diagrams, the first coordinate i (the row index) increases as one goes
downwards and the second coordinate j (the column index) increases from
left to right. Figure 7.1(a) is an example of a composition derived from the
partition shown in (b).

We define an order of partition and composition. The dominance order
(<) on partitions is defined as follows: for x, u € A} satisfying |x| = |ul,
k < pif |k| = |p| and Zlem < Zle,ui forall k=1,...,N. k < u means
that x < p and k # u. For example, we obtain

(3,0,0) > (2,1,0) > (1,1,1).

The dominance order is a partial order; the order cannot necessarily be
defined for any pair of partitions. For example, the dominance order between
(3,1,1,1) and (2,2,2) cannot be defined.

We define a partial order < on compositions as follows: for v,n € Ay,
v < nif v+ < n* with dominance ordering on partitions, or if v = n* and
Zle v; < Zle n; for all k =1,..., N. For example, we obtain

(1,1,1) < (0,2,1) < (1,2,0) < (0,3,0). (7.4)
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7.1.2 Cherednik—Dunkl operators
We introduce the Cherednik—Dunkl operators [39,45]
N

~ Z
di: ?, ’ 1= ij —1 1
/\aZZ+ZZl_ZJ ])+-2 Zi—zj( Kij) —i+
j=i+1
P N

7j=1

for 1 < i < N, where 6;; = 2;/(2; — #;) has been used in (3.163). The
operator K;; = (i,7) interchanges coordinates z; and zj, and is called the
coordinate exchange operator [148]. The operator d; is generally a mapping
within homogeneous polynomials of z = (z1,...,2nx). As shown below, all
the operators {CZZ} commute with each other, and hence can be diagonal-
ized simultaneously. In terms of the Cherednik-Dunkl operators (7.5), the
Hamiltonian H (3.16) can be written as

N

N-1

H=XY" (d + 2) ~ & (7.6)
i=1

N -\ 2 2 2

N+1-—-2 MNMN(N- -1

So,N—A2§< 5 )— (12 ). (7.7)
=1

with

From this expression, we can see that joint eigenfunctions of c?, are eigen-
functions of the Hamiltonian. This is the reason why we introduce d;. The
Cherednik—Dunkl operators take a slightly more compact form through a
similarity transformation as given by (9.1) in Chapter 9.

Let us take monomials 27 = z]"--- 27V as a basis of polynomials. For

n € Ay, the action of a?z on 2" is given by
di(2") = 72" + Z (g (7.8)
vEAN, V=N

Here the v;,’s are constants, dependent on A, and the diagonal elements 7;
are given by

_ i Y i
m= = (ki+k) =T —r (7.9)

Here k and k) are numbers of 7, specified by
ki =g{l € {1,...,i—1}m > n}, (7.10)

Kl =t{le{i+1,...,N}m>n}, (7.11)
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where § denotes the number of members in the set. The sum r; = k, +
k! indicates the ranking of the row in the partial order (<). Intuitively,
A7; describes the rapidity which has the minimum separation of A from
neighboring ones. We call the property (7.8) triangularity because all matrix
elements of d; below (or above) the diagonal are zero in the ordered basis
defined in the previous subsection.

Examples.
For i =1, N = 3, direct calculations show that

70,3 3 2 2
dy(25) = —z5 — 2125 — 2523,

A 1
dl(zlzg) = <)\ — 1) 212’% + Z%Zg,

di(2323) = —22323 — 212023,
5 212223
dy(z12923) = o

These results are written out in the following matrix form with ordered basis
(7.4):

P -1 -1 -1 0 z3
5 2125 0 % -1 1 0 2125
2323 N 0 0 -2 -1 2323
Z1%22%3 0 0 0 % 212973

Proof of (7.8).
We introduce an operator

Nij = (1 — Kij) (7.12)

for ¢ # j. In terms of Nij, the operator d; is rewritten as

di="= A@zl +§N1]zj+ Z 2 Nij. (7.13)

Jj=i+1
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For positive integers (a, b), the actions of Nijzj and ZjNij on zfzé’ are given,
respectively, by

—b—1 a—
a—bol e lzé’“, for a>b+1,
- 0 for a=b+1
Niiz; <zqzb> = ' ’ 7.14
W)\ —zgz;.l, for a=0"0, ( )
—zf2b — Sba zf“z;?_l, for a<b
and
azh zf_lz?H, for a>0b,
- 0 for a=05b
b ) )
2 Ny; <zaz) = 7.15
JVij \ #i %5 _zgz;?‘*‘l, for a=b-1, ( )
—2828 — Sobra-t zf+lz?_l, for a<b—-1.

=1

First we consider the diagonal part of )  N;;jz;(2"), which is given, from
j=1

(7.14), by

(=1 xgfie{l,....i=1}|m = ni} (7.16)

N .
and that of )  2;N;;(2"7), which is given, from (7.15), by
j=it1

(=) xt{lefi+1,...,N}Hm > n}. (7.17)

These results, combined with 2,02"/0z; = 1;2", yield (7.9) for 7j;.
Next we consider the off-diagonal part of Z;;ll N;j;z;. For composition 7
satisfying n; > n; +1 (j € {1,7 — 1}), we obtain

ni—n;—1

Nz ()= > (™). (7.18)

=1

Here the triangularity n = (---nj---ni---) > (--n+1l---m—1---) is
obvious. Similarly, for n satisfying n; < n; (j € {1, — 1}), we see that

ni—n;—1

Nijz (") = — Z <...zj’?j_l...zg7i+l...> (7.19)

=0
andn=(---mj--mi---)>(-m—1l---m+1---) are satisfied for 1 <[ <
n; —n; — 1. The triangularity of Z;V:Z +1%jNij can be shown in a similar way.

From these results, we see that the action of d; on 2" has triangularity. [
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Now we discuss the mutual commutativity of the Cherednik—Dunkl
operators. Prior to Cherednik [38], Dunkl originally introduced the following
operators [45]:

o 1 0 A
Ty=<5-+ Y Ny, i=1...,N. (7.20)

By a similarity transformation generated by O = [[,_. |z — z;|*, the Dunkl

operator acquires another form:

10 1

T.0- -7

oT,0™ )\82'@ —~ 2 — %
J(#4)

A Hermitian operator similar to (7.21) has been utilized by Polychronakos

1<J

Kz’j = ;. (721)

[148], who derived the conserved quantities of the Calogero and Sutherland
models with internal symmetry.
In order to prove the commutativity [d;,d;] = 0 of the Cherednik-Dunkl
operators, we first prove that the Dunkl operators commute:
[Ti,fj] =0=[m, ). (7.22)
To show this, we begin with the fundamental commutation property
1
Nij=) Z [ Kits -———Kjm| =0, (7.23)
I(#i)m
which can be proved by stralghtforward calculation. Namely, with ¢ # j,

nonzero contributions in the summation of (7.23) come only from cases: (i)
Il =m, (ii) I = j, and (iii) m = i. In the case (i), we obtain by using the
notation g¢;; = (z; — 2;) 71,

@l 41 K1) = quqji KK — quqi; K Ka. (7.24)
Similarly we obtain for (ii) and (iii) the following results:

[0 Kij, 01K 1) = 4i5qaKi; Kj — ¢qu K K, (7.25)

lqa K, ¢ Kji) = auaKaKji — qjiqu;iKy, (7.26)

where [ denotes the remaining summation index which differs from ¢ and j.
Furthermore the product of K;; has the following property:
KijKj = KKy = Kiji = Kji; = Ky, (7.27)

which means that only two kinds of K. appear in A;; of (7.23). Using these
results, we obtain

A = Z(%’j%’l + gjiq + @) (Kiji — Kjar), (7.28)
1
which indeed vanishes because g;;q; + ¢;iqj1 + quq; = 0 for i # j # 1 # i.
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It is now easy to prove the commutativity of Dunkl operators. By intro-
ducing the notation Q; = Zj (£1) qi; Kij, we obtain

0 0
0 0
= [821 + 9z’ sz‘sz‘] =0, (7.30)

where we have used [Q;,Q;] = 0 and ¢;; K;; = —q;iKj;. Obviously 0/0z; +
a/ 0z; commutes with Kj;, and hence it also commutes with ¢;; K;;. As a
result, we obtain (7.22).

In terms of (7.20), the Cherednik-Dunkl operators are expressed as

N
czl:z,j’ﬁ— Z KZ]+1—N
Jj=i+1

Algebraic properties of constituent operators are summarized as follows:

KijTy = T;Kyj, Kyl = Tuki;, for k# {i,j}, (7.31)
. 1
|:Ti; zj:| = 0;j N + Z Ky —-(1- 5ij)Kij- (7.32)
U(#1)

From these relations, it is easy to derive the following relation:
[ZiTi, ZJ‘T’]} = —(ZZ'T'Z‘ - ZJT})KU (733)

The commutator of d;’s is then given by

N
[dudj} = [ZiTiaijj} + | &1, Z Ky,
k=j+1

N
5T Y Kil] . (7.34)

l=i+1

We assume ¢ < j without loss of generality. The second term on the RHS
then vanishes, and only [ = j in the third term on the RHS survives. Con-
sequently, (7.34) becomes

[di,cij} = [zif},zjfj} — [ziﬁ,Kij] =0. (7.35)

The last equality is due to (7.33).
Further, using (7.31) and (7.32), we obtain the commutation relation be-
tween K;(= Kj;41) and dj. The algebraic relations between K; and d; are
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given by
d;K; — Kidj =0,  for j#4,i+1,

diK; — Kidip1 =1, (7.36)

di—l—lKi — KldAz = —1.
The set of commutation relations (7.35) and (7.36) is called a degenerate
affine Hecke algebra [38]. Alternatively, one may proceed in the opposite
direction of logic; if one starts from the defining relations (7.36) for the
degenerate affine Hecke algebra, a representation of the element dj is ex-
plicitly constructed as the Cherednik—Dunkl operator defined by (7.5). One
may then naturally ask about the explicit basis set composed of simultane-
ous eigenfunctions of azj with 1 < j < N. The basis set can be constructed
in terms of non-symmetric Jack polynomials, as discussed in the following.

7.1.3 Definition of non-symmetric Jack polynomials
Now we define the non-symmetric Jack polynomial F,(z) as the homoge-
neous polynomial satisfying the following two conditions [127, 147]:

(i) E,(z) is a simultaneous eigenfunction of d; for 1 <7 < N.
(ii) The polynomial E,(z) has the form

E,(z)=2"+ Z e’ (7.37)
veEApn
v<n

which is consistent with (7.8). The property (ii) fixes the normalization of
non-symmetric Jack polynomials.
From this definition and (7.8), we can immediately see that

diE, = B, (7.38)
for i € [1, N].

7.1.4 Orthogonality
In this subsection, we discuss the orthogonality of non-symmetric Jack poly-
nomials with respect to two kinds of inner product.
Integral norm

For functions f(z) and g(z) in complex variables z = (z1, ..., zx), we define
the inner product (-,-)o by the following formula:

(f. b0 = /sz<z>g<z>. (7.39)
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Here [ Dz denotes

H [ s lsoP, (7.40)

where A(z) = [[,;(zi — #;) is the Vandermonde determinant, and f(2)

denotes the complex conjugation of f(z), i.e., f(z) = f(2)*. The RHS of
(7.39) is rewritten as

C.T. f(,z—l)g(,z)l‘[<1—zi)A : (7.41)

i#] J

where the symbol C.T. denotes the constant term, and 2! represents

(21 L. ,z&l). The non-symmetric Jack polynomials are orthogonal with
respect to the inner product (-,-)g [16]. Namely, we have
(En, Ev)o = 0pu(Ey, Ey)o. (7.42)

Combinatorial inner product
Define the polynomials {¢,(2)}neay by

N N
Gy =[[a-zw) [TQ -z = Y a(z)y". (743)
Jj=1 t,j=1 nEAN
The combinatorial inner product (-,-)¢ for non-symmetric polynomials is
defined by [47,154]

<QV7 27)>c = 5m]- (744)

Note that this inner product is different from the symmetric case written as
(-,)c in (2.176). Then we can show

(Ep, BL)C o 6. (7.45)

Namely, the non-symmetric Jack polynomials are orthogonal with respect to
the combinatorial inner product (-,-)¢ [38]. The proof of this orthogonality
is a goal of the subsection. We also show that (7.44) is the non-symmetric
generalization of the combinatorial norm for symmetric functions defined by
(2.176).

The values for the norms (E,, E,)¢ and (E,, E;)o will be derived, respec-
tively, in Sections 7.2.4 and 7.2.2. The combinatorial norm is related to the
matrix element of correlation functions, while the integral norm is related
to the norm (¥|W¥) of the state vector. In the following we show the ortho-
gonality of E; using the properties of Cherednik—Dunkl operators in the
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combinatorial and integral norms. We prove the orthogonality with respect
to the combinatorial norm following a few steps [154].

For z = (z1,...,2n) and y = (y1,...,yn), Q(z|y) in (7.43) has the follow-
ing property:

Q(zly) = dYQ(2ly), (7.46)
fori=1,...,N.

Proof of (7.46).

It suffices to show that afo(z|y) is symmetric against an interchange of z;
and y; for all j. Let P be such an exchange operator, giving P[f(z|y)] =
f(y|z) for a general function f(z]y). In the present case we have P[de(z]y)] =
d?’Q(z|y). For the constituents of d?, we obtain

2;0;2 2iYi 2iYj 2iYi 1
e _— — — N
AQ +)\(1 — 2iYi) * Z =z M1 — zy) * Z

J |:1 _ ( 2y )( Z]yj):| — Y. y_] (748)
2 — 2 (1

Q (1 = zi;) (1 = zw:) — ziy;) (1 = 2y:)”
where N;; has been defined in (7.12). We call the function f(z|y) P-invariant

if it satisfies f(z|y) = f(y|z). Writing f = g to denote equivalence modulo
P-invariant terms, we combine (7.47) and (7.48) to obtain

G~ [1=0y | 0= Daulii=w) | 06 =)z~ v)
{ 2 [1 — ZiYj i (1= ziy;) (1= zm) (1= ziy5)(1 — 2u) (7.49)

_2[1_51] 6(i —J) 9(3'1‘)] (7.50)

1 — zy; 1—zjyi  1—2zy;
1 1
:ZQ(i—j)( — + ' > (7.51)
J

In going from (7.49) to (7.50), we have replaced the numerator using

zi(yi —yj) = —ziy; +1—1— —zy; +1 (7.52)

because the terms z;y; and —1 can be removed by the P-invariance. The
third term in (7.50) is obtained in a similar manner. The final form (7.51)
is obviously P-invariant. Hence chQ(zLy) is proven to be P-invariant, and is
equal to d/Q(z|y). ]
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As a result of (7.46), we can write Q(z|y) as
Qzly) = > En(2)En(y)/gy. (7.53)
neEAN

The result (7.53) is equivalent to g, being the combinatorial norm, defined by
(En, E)S = 6nqugy- (7.54)

We note that (7.53) is an example of the Cauchy product expansion formula.

Derivation of (7.53) from (7.46).

From the form (7.37), there is a one-to-one correspondence between mono-
mials z7 and E,. The non-symmetric Jack polynomials F, therefore form a
basis of polynomials of z. When we regard Q(z|y) as a polynomial of z, it
can be expanded with respect to E(z):

= Y Cyy)Ey(2), (7.55)
neEAN

where “coefficients” C)(y) are polynomials of y. From (7.46) and (7.55) we
obtain

S A WEz) = S CudE () = Y miCyy)Ey(2).  (7.56)

nEAN neAN neAN
From this result, we see that C,(y) o< Ey(y). By setting Cy(y) = g,/ LB, (y),
we arrive at (7.53). ]

Proof of equivalence between (7.53) and (7.54).
Since both 2" and g,(z) form a basis of polynomials of z, we expand Cj(2)
and FE,(z) using these basis functions as

Cy(z) = Z anp 2, (7.57)

HEAN
2)= Y bpay(2). (7.58)

YEAN

From (7.44), we obtain
(Cp B =) anybuy. (7.59)
YEAN

Then the relation (Cy, E,)¢ = J,,, means

> by = Oy (7.60)

YEAN
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Now the equivalence between (7.53) and (7.54) is translated into the equiv-

alence between (7.60) and (7.55), which we shall show in two directions.

(i) (7.60) — (7.55)

Let us introduce the (infinite-dimensional) matrices A = {a,,} and B =
{b,n}. Then (7.59) means ABT = 1, or the transpose of B is the inverse
matrix of A. Hence we obtain BT A = 1, which gives the relation

> bty =y (7.61)
YEAN

With use of (7.61), we obtain
Z Cn(y)Ey(z) = Z by ay (2)y" = Z gy (2)y" = Qzly).

nEAN n,u,YEAN YEAN
(7.62)

(ii) (7.55) — (7.60)
If (7.55) holds, we take the combinatorial inner product of z# and both sides
of

Y CwE(R) = Y a(2)y. (7.63)

neAN YEAN

Then the orthogonality (g,(2),2*)¢ = 6., leads to the relation

D (Bn(2),2)° Cyly) =y, (7.64)

neEAN

which gives the inverse expansion of the first equality in (7.57). Hence the
coefficient should satisfy

<E7I<2)72N>C = (Ail);ur (765)
On the other hand, expansion (7.58) in terms of g,(z) leads to
<E77(Z)7 Z,u>c = bn,u = (BT),urr (766)

Since we have (BT),, = (A71),, for all matrix elements, (7.60) follows. [}

Let us turn to the integral norm. First we show that the Cherednik—Dunkl
operators are self-adjoint with respect to the integral norm

(f,d;g)o = (d; f, g)o- (7.67)
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Straightforward calculations show that

<f’zigi>o < "0z >_)\Z< Zr—l—z >0 (7.68)

and

(.29 = (il f o + (£, 2 g) (7.69)

i %)

In the second terms on the RHS in (7.68) and (7.69), (2;+2;)g/ (2 —2;) is not
necessarily a polynomial. However, these two unwanted terms cancel with
each other when we consider the action of the Cherednik—Dunkl operators
on g. Using (7.68) and (7.69), we can readily show (7.67). The eigenfunctions
of a self-adjoint operator with different eigenvalues are mutually orthogonal.
Therefore, the non-symmetric Jack polynomials form an orthogonal basis
with respect to the inner product given by (7.39).

7.1.5 Generating operators

To deduce mathematical properties of the non-symmetric Jack polynomials,
we introduce operators that generate one non-symmetric Jack polynomial
from another [114]. As a prerequisite, we introduce cyclic permutation 7 on
the homogeneous polynomials of z = (21, ..., 2N):

7T=Ky_1- KK,

with K; = K ;1. The operator 7 has the following properties:

2T = Tzip1, fori=1,2,... N —1, (7.70)
INT= T21, (7.71)
8i7 = 7011, fori=1,2,...,N — 1, (7.72)
Ont=70). (7.73)
Using 7, we introduce an operator ©
O = zNT. (7.74)
Namely, the action of © on an N-variable function f(z1,...,zy) is given by

(OF) (21,.--,28) = 2nf(zN, 21, -, 2N—1)-
The operator © satisfies the following properties:
di®=0di 1, fori=1,2,...,N—1, (7.75)
dn6=6 (d +1). (7.76)
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These properties are proved as follows. First, from (7.73), it follows that

2162@ == 921‘+18i+1, for i = 1, 2, e ,N - 1, (777)
ZNON©O= O (2’181 + 1) . (7.78)

We further obtain for 1 <i # j < N,

Nij2j© = ONit1j+12j+1,

7.79
2jN; ;O = Oz 11N;1j11, (7.79)

while for i =1,2,..., N — 1, we have
2NN NO = ON;i1 121, (7.80)

Nn,izi© = Ozi11N1i11.

These results yield the algebraic relations (7.76) between d; and ©; the
operator d; consists of 2;0/0z;, ziNi,j, and Ni’jzi.

The operator © will turn out to be a generating operator of non-symmetric
Jack polynomials, as shown later in this subsection. Further, we will show
that the transposition Kj,

Kl-f(zl, BRI N/ S ZN) = f(Zl, e s B4l %Gy e ,ZN), (781)

is another generating operator of non-symmetric Jack polynomials. The al-
gebraic relations between K; and d; have been given by (7.36).
So far we have defined © and K; as operators on the N-variable function

of z1,...,zn. For convenience, we further define the actions on compositions
n e Ay as
Kin =1, ... .0i41,Ms -, IN), (7.82)

In the following, © and K; are regarded as operators acting on both func-
tions and compositions. An example of correspondence between 7 and On
is illustrated in Fig. 7.2.

Remarkably, the same form of relation holds among the eigenvalues 7;
defined in (7.9) of Cherednik-Dunkl operators d;:

(©n); = Nit1, (7.84)

(©n)y =m+1, (7.85)
fori=1,...,N —1.
Proof of (7.84) and (7.85).

First we show (7.84) by counting the numbers k. and k! in (7.9). The reader
is advised to consider an example shown in Fig. 7.2. Let #A denote the
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@ m| Q| &ald|S (d) @ & | b |t
m| f | b |8 (©n)2
13 (©n)s
g2 (©n)4
M5 (©n)s Ol sl O &

Fig. 7.2. Diagrams of (a) n = (4,3,5,3,2) and (b) ©n. The cells marked by the same
symbols such as O, ..., f, ... in (b), respectively, illustrate the mapping (7.120) and
(7.121), to be presented later. The shaded cell in (b) represents the cell s'.

number of elements in a set A. For i =1,..., N — 1, we obtain
tie{l, ..., i = 1}[(On); = (On);} = H{j € {2,.. ., i}|n; = nira}, (7.86)
from the definition of ©7. Furthermore, we have
tie{i+1,...,N}[(On); > (©n);}
=tieli+L....N=1}[(On); > (On);} + {7 = N[ (On)y > (On),}

1, (for ny +1>niq1),

(7.87)
0, (otherwise).

:ﬂ{]€{7f+277N}|77]>771+1}+{

From (7.86) and (7.87), the relation (7.84) follows. Next we consider (7.85),
which follows from the definition (7.83) and

ﬁ{] S {17'” N — 1}’ (977)]- > (977)1\/}

:ﬁ{je{LaN_]-Hn]-i-l 2771+1}

=i {2, N}nj >m}. (7.88)
|

We now show that © generates one non-symmetric Jack polynomial from
another. Namely, the action of © on F), is given by

OF, = Eeo,. (7.89)

Proof of (7.89).
From (7.76), it follows that

d; (OE,)) = ©d;i 1B, = 7i410E,
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fori=1,...,N —1 and

~

dn (OF,) =0 (di +1) B, = (i + 1) OB,

These results show that ©F, is a simultaneous eigenfunction of d; for
i=1,...,N,ie., OF, < E,, where v is the composition satisfying

vi=mgfori=1,....N—1and vy =71 + 1. (790)

Comparing (7.90) with (7.84) and (7.85), we see that v = On. Next we write
the action of © on F) in the following form:

OF,(2) =0 | 2"+ Z e’ | =27+ Z e 2.

veEA N vEAN
v<n v<n

The action of © on a monomial 27 is given by ©(2") = 297, and obviously
29v £ 2O if u £ 5. Thus the coefficient of 27 in O FE;, is unity. We therefore
obtain (7.89). i

Now we turn to the other generating operator K;. The action of the trans-
position K; = Kji11 = (i,4+ 1) on E, is given by [114,154]

GEy+ (1= &) Exyps 15 > Mg,

KiEn = E7]7 i = Ni+1, (791)
&y + B, N < Nit1,

where

& =1/ (T — i) - (7.92)

Proof of (7.91).

(A) The case of 1; = 7;41.

Here we set = K,E, — E,. From the algebraic relation (7.36) between K;
and cij, we obtain

d;E =m;E, forj#i,i+1,
dil) = i1 E (7.93)
dip 1 B =nE
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From (7.93), it may seem that F is a joint eigenfunction of d} for j =

1,..., N. However, there is no composition v satisfying
Vi = Ti+1, Vig1 = 7, 17]' = ﬁja for J 7& 1,1+ 1. (794)
From this fact, we see that £ = 0, i.e., KB, = E,. |

(B) The case of 7; # ni+1.
In order to prove (7.91) for the case of 7; # 1;+1, we set

E' = (KZ + fz) EKm- (7.95)
The function E’ satisfies the following relation:
djE/ = ﬁjE/ (7.96)

for j = 1,...,N. We show (7.96) for (i) j # i,i + 1, (ii) j = 4, and (iii)
J =1+ 1, separately.

(i) For j # 4,7 + 1, we obtain from (7.36)

d;E = d; (K + &) Exy = (K + &) d; By

= (Kin); ' =7;F". (7.97)

(ii) For j = i, we obtain

d;E = d; (K; + &) Exn
= (Kiczi—&-l +&d; + 1) Exn
= (Kin)i1 KiErkn + (&(Km)i + 1) Erky,
= KiEry + (&T41 + 1) By
=niE, (7.98)

where the last equality follows from the relation (&ﬁiﬂ + 1) =&
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(iii) Similarly, we obtain for j =i+ 1,

di1 B = diy1 (K + &) Bk,
= (Kidi + &idir — 1) Ex.n
= (K KB + (&K1 — 1) Er
=i 1 KiBry + (&7 — 1) By
= ﬁi+1El. (799)

From (7.96), we see that E' o< E,. Now we are ready to prove (7.91) for n
with 7; # n;41, following the same classification as above.

(i) If m; > miq1 is satisfied, then K;n < 7 and hence Ek,, does not con-

tain 2". The monomial 2" in K;Fk,, comes only from the top term 2 in
Ek,y. From these facts, the coefficient of 2" in E’ is unity, i.e.,
(Ki + &) B,y = Ey, (7.100)

with 7; > m;41. Further, we apply (K; — &;) on both sides of (7.100). After
rearrangement, we can arrive at (7.91) for n; > 7;41.

(ii) For n satisfying n; < 7,11, we use (7.100) by noting (K;n); > (Kin)it+1,
and obtain

(Ki+&) By = B (7.101)

where éz = 1/ ((Km)l — (Kin)iH). When 7; # n;11, the relation 7; =
(Kin);,, holds. We hence obtain the relation & =—¢& and

(Ki — &) By = Ek,n, (7.102)

which is nothing but (7.91) for n satisfying 7; < 7;+1. |

7.1.6 Arms and legs of compositions

In this subsection, we introduce additional notation to describe properties
for non-symmetric Jack polynomials.

For a given composition n = (n1,m2,...,ny) € Ax and pairs of integers
s = (i,7) satisfying 1 < i < I(n) and 1 < j < 1n;, we define the following
quantities:
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a(s) = — J, (7.103)
d(s)=j-1, (7.104)
I(s) = ul(s) +1U(s), (7.105)
U'(s)=ul'(s)+1'(s), (7.106)

ul(s) =g{k € {1,...,i = 1}j — 1 < mx <m;}, ( )
Us) =tk e {i+1,....N}Hj <m <}, (7.108)
ul'(s) = ¢{k € {1,...,i — 1}|m > mi}, ( )

) ( )

I'(
W(s)=t{ke{i+1,...,N}Hn > n},

S

where j — 1 in (7.107) is not a misprint.

In the above expressions, a(s), a’(s), I(s), and I'(s) are called arm length,
arm colength, leg length, and leg colength, respectively and they reduce to
(2.84) when 7 is a partition. In terms of these quantities for each s, we
construct the following quantities for a composition 7:

dy = Sl;[d(s), d(s) = (a(s) +1)/A+1(s) +1, (7.111)
d, = ﬁd’(s), d(s)=d(s) —1=(a(s) +1)/A+1(s), (7.112)
ey = sl;fe(s), e(s) =(d'(s)+1)/A+ N —1'(s), (7.113)
e, = Slile’(s), e(s)=(d(s)+1)/A+N—1U'(s) — 1. (7.114)

The quantities d;(s) and d(s) may be called generalized hook lengths
since d'(s) reduces to the upper hook length h}(s) defined by (2.186) if
n corresponds to a partition , and e, and 6;7 may be called generalized
shifted factorials by the relations (7.174) and (7.180) to be discussed later.

As we shall prove, they satisfy the following recursion relations [154]:

!/

d@n _ 1 d@n = 1
=i +~+N, —L=fjg+-+N-1, (7.115)
dy A dy, A
/
€on — 1 on A 1
_ 4N, =20 —+N-1 7.116
en N+ \ + N, o m + \ + , ( )

eK;n = €ns ele = e%, (7.117)
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for all n. In particular, the invariance (7.117) against permutations follows
from the fact that o’(s) and a/(s) are completely determined by the corre-
sponding partition n*.

On the other hand, we have for n; > n;11

di;n disn 1
il — 1 4 g, LA/ R , (7.118)
dy vood 1=
and for n; < nj41
dg, 1 dy,
Kin L (7.119)

d, 1-& d

These formulae will give a concise description of several quantities derived
in the following subsections.

Proof of (7.115).
The diagram of ©n is generated from that of by (1) removing the top row,
(2) moving all the other rows one unit up, (3) appending the removed row to
the bottom of the diagram, and (4) adding a cell to the bottom row. From
these procedures, a mapping from a square in a diagram of 7 to a square in
a diagram of On

(4,7) inn— (i —1,7) in On (7.120)
fori=2,...,l(n)and j=1,...,n; and
(1,7) inn— (N,j+1) in On (7.121)

for 5 = 1,...,m naturally follows. The implication of (7.120) and (7.121)
can be understood from Fig. 7.2. It can easily be checked that the above
mapping leaves the arm a(s), I(s) and hence d(s) of a square s = (i,)
unchanged. From this, we immediately see that

dey/dy = d(s'), (7.122)

where s’ is the “surplus” cell (IV, 1) in the diagram of ©n and it is shown by
the shaded square in Fig. 7.2. An inspection shows that a(s’) =7, and

I(s) =8{j > 1n; <m}=N—-1-4{1 <j < Nln; >m}.

These results lead to d(s) = 71 + 1/A + N. The quantity dg,/d; can be
evaluated in a similar way. |
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@ m|{QO | &[> (b) ©m| & | b | &
UC I R Oz
3 O3
un On4
75 Ons| O & | O | &

Fig. 7.3. Diagrams of (a) n = (4,3,5,3,2) and (b) ©n. The cells marked by the same
symbols such as O, ..., f, ... in (b), respectively, illustrate the mapping (7.123) and
(7.124). The shaded cell in (b) represents the cell s”.

Proof of (7.116).
Now we consider another mapping from a square in D(n) to a square in

D(On)
(i,7) in D(n) — (i — 1,7) in D(On) (7.123)
fori=2,...,l(n)and j =1,...,n; and
(1,7) in D(n) — (N, j) in D(On) (7.124)

forj=1,...,m.

This mapping is described in Fig. 7.3. This mapping does not change the
arm colength a'(s) and leg colength I’(s) and hence e(s). Consequently, we
obtain

Con _ (s

er] - 6(3 )7
where s” is the cell (V,7n;) in the diagram of O, shown by the shaded
square in Fig. 7.3. We can see that e(s”) = 71 + 1N + N from the facts that
a'(s") =m and UI'(s") = #{j > 1|n; > m}. We thus arrive at the first equa-
tion of (7.116). The second equation of (7.116) can be shown in a similar
way. |

Proof of (7.118).

Now we consider a mapping from a square in D(n) to a square in D(K;n)
(¢,4) in D(n) — (¢,4) in D(K;n) (7.125)

for i’ #4,i+ 1 and

(i,7) in D(n) — (i+1,7) in D(Kn), (7.126)
(t+1,7) in D(n) — (4,7) in D(K;n). (7.127)
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i s’| | | Ni+1
Ni+1 Ni s

Fig. 7.4. Two rows in the diagram of (a) n and (b) K;n. The shaded squares in (a)
and (b) represent, respectively, s’ and s”.

This mapping does not change the arm a(s) and leg I(s) except for s’ =
(4,1 4+ 1m;41) in . We thus obtain
Ay _ d(s")
dy d(s’)’
where s” = (i + 1,1 4 7;41) is the image of s’ in the above mapping. The
squares s’ and s” are shown in Fig. 7.4.

Straightforward calculations show that
a(s) =mi—nip1 — 1, U(s") == (Kj + k) + (Fijq + k1) =1, (7.128)
and
d(s") = 7 — Tit1-
Further we obtain
d(s") =1+ 7 — Nita

in a similar way. From these two results, the assertion on d, in (7.118)
follows. The expression d’Km / d% can be evaluated in a similar way. |

7.1.7 FEvaluation formula
Here we prove the following [154]:
E,(1,...,1) =e,/dy, (7.129)

which is called the evaluation formula.

Proof of (7.129).
We first quote the (almost trivial) relations
@f(zl, Ce ,ZN)lzlz...:ZNzl = f(l, ooy 1),
Kif(z1,. -y 2N)|zy=mzn=1 = f(1,...,1), (7.130)



334 Jack polynomials

which hold for any function f. Then the recursion relations

Egy@d,...,1) )1+ &)t formi > mig, (7.131)
E,(1,...,1) 1-&, for m; < miq1,

Eoy(l,...,1)

Eey(l,...,1) 132
E,(1,...,1) (7132

can be derived from (7.89), (7.91), and (7.130). By the relations from (7.115)
to (7.119), we see that (7.131) and (7.132) have the same form as the recur-

sion relations of e, /d,. Further, F,(1,...,1) and e,/d, have the same value
(=1) for n = (0,...,0). Thus we arrive at the expression (7.129) for any 7
by repeated application of © and Kj. |

7.2 Antisymmetrization of Jack polynomials
7.2.1 Antisymmetric Jack polynomials

We now proceed to derive the integral and combinatorial norms of non-
symmetric Jack polynomials. It turns out that the antisymmetric Jack poly-
nomials J; ’(z) are helpful for this purpose where a partition s consists of
distinct entities: k1 > ko > --- > k. The set of those k is denoted by AE>.
Then J, (_)(z) is defined by the following two conditions:

(=) has the form

TSNz = al ) Ey(2) (7.133)
n

(i) The polynomial J

(=)

taken over such composition as satisfies n = k.

with the normalization a, ° = 1. Here the sum with respect to 7 is

(ii) Under the action of the transposition K;, we obtain
K J () = =T (2), (7.134)
fori e 1,..., N—1. Namely, J(f)(z) is odd against the transposition.

We first derive the following recursion relation for the coefficient a,:

(=) | /(& —1), forn; < mit,

(-)
Ogn { -1-&, for n; > i1, (7.135)
an

where i = 1,..., N — 1. Note that the RHS is the same as —d,,/d,.
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Proof of (7.135).
Let us introduce the notation
1—¢&,  forn; > nipa,

7.136
L, for n; < miva. ( )

-Ai,n = 62 + 17 Bi,n - {
Using (7.91), we then obtain
(Ki+1) 70 => al) (K + 1) E,

= a7 (AinBy + BinEr.n)
=3 (7 Aiy + 0l Bikin) By =0, (7137)
n

Thus we obtain ag)n/a,(f) = —A;,/Bi K.y, and the recursion relation (7.135)
follows. |

Let sign(n) be the sign of the permutation & which gives 67 = n where

n™ is the corresponding partition. Then a%_) is expressed by

al™) = sign(n)d,/d,+. (7.138)

We can express ') in another way as

a7 =sign(n) ] <1+ ! > (7.139)

1<j;s.t.mi<ny 3 i

where the notation with s.t. means that the product is taken over j and
i (< j) such that n; < n;. We call (i,j) a “reversed pair” if 1 <i < j <N
and 7; < 1. The product in (7.139) is then taken over the reversed pair.

Proof of (7.138).

Both sides of (7.138) obey the same recursion relations (7.118), (7.119), and
(7.135) and satisfy the same initial condition (=1) for n = n*. From this
fact, the relation (7.138) follows. |

Proof of (7.139).
Both sides of

C;Ln: 11 (Hl) (7.140)

T icjistmi<n; g

obey the same recursion relations (7.118) and (7.119), and satisfy the same
initial condition (= 1) for n = 5. From this fact, (7.139) follows. |
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Example 7.1.
Recalling the relation K1k = (k2, k1, k3, ...), we obtain
(=) 1
=—-1- . 7.141
aKlH R1 — Ro ( )
Example 7.2.
By repeated application of transpositions, we obtain
() ) _ 1 _ 1
a a =—-1- =—1—-=—- 7.142
Kafn/ Ui (K1k)y — (K1K)3 R1 — R3 ( )

from which

() (o1 g 7.143
R, Kk ( = _m) < 7 (7.143)

immediately follows.

Example 7.3.
Let x® be the composition given by

K= (KN, ..., Ko, K1). (7.144)

We then obtain

_ 1
o =T] <—1 - Hj>. (7.145)

1<J

This expression can be obtained immediately from (7.139).

Now we define the operator ¢ € Sy on a function f as

(}f(zl,...,zN) :f(zg(l),...,zU(N)). (7146)
Then the antisymmetrization operator on a function f is defined as
Asym f(z) = Z sign(6)o f(z). (7.147)
6ESN

We can then write J,gf) as

P I (2) = Asym E,(2), (7.148)

where 7 is a composition such that ™ = &, and p(_) is given by

p7(7_) = sign(n)d,,/d, x. (7.149)
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Proof of (7.149).
Applying K; with ¢ € [1, N — 1] on both sides of (7.148) for n such that
n; > Ni+1, we obtain
Py KT\ (2) = ol I () (7.150)
on the LHS and
K;Asym E,, = Asym K;E,
= Asym (& + (1= &) Ex)
= (&r7 + (1= €0 pic)) I (7.151)
on the RHS. From (7.150) and (7.151), the recursion relation
(=)
. 1
Piin _ for n; > mi1, (7.152)

py) Gl

follows. Performing a similar calculation for n; < 7,41, and comparing both
results with (7.118) and (7.119), we find that

(=)

py ) o sign(n)dy,. (7.153)

The coefficient of proportionality in (7.153) can be obtained by considering
p,g;). On the RHS of (7.148) for n = k&, E, comes only from the term

sign (6%) 6" E,x, (7.154)
where
R =(N,N—-1,...,2,1).

With successive use of (7.91) for n; < n;41, the coefficient of E,; in (7.154)

is derived as (—1)N(N71)/2. The coefficient of E,; on the LHS of (7.148) for
(=)
xR

n = k® is given by p'’. Thus we obtain

P = (~)NW-D2, (7.155)

K

From (7.153), (7.155), and using sign(s%) = (—1)N(V=1/2 e obtain (7.149).
Alternatively, ,0,({_ can be expressed as

(=) — m 7156
Px H < Ki — Rj ’ ( ’ )
1<J

Using (7.152) and (7.155). |
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7.2.2 Integral norm

Now we are ready to calculate the integral norm (E,, E,)o. First we note
that © introduced in (7.74) and K; (= Kj ;1) are isometric:

(©f,09)0 = (f,9)0, (Kif, Kig)o = (f,9)o, (7.157)

i.e.,, ©® and K; preserve the inner product with respect to (-,-)g. Using this
property and (7.89), we obtain

(Een; Eon)o = (Ey, Ey)o. (7.158)
Using (7.91), we have for n satisfying 7; > 7,41,

<EKm7EKm>0 = (1 - 51'2)_2 <KiEn — &by, KiEy — fiEn>0
_ (1+€) By, Bp)o  26(By, KiEy)o

(1-¢7)? (1-¢7)?
<E777 En>0
=—r—. (7.159)
1-¢)
On the other hand, for n satisfying 7; < 7,41, we have
<EKm’ EKH])O - <KiE77 - fiEna Kz'En - giEn>O
= (L+&) (By, By)o — 26(Ey, KiEy)o
= (1-&) (Ey, Eyo. (7.160)
Recall that © and K; are sufficient to generate the arbitrary composition 7
from the trivial composition (0,...,0). Using these recursion relations, we
obtain

<E77aEn>0 _ d%en
(1, 1>0 dn€;7

(7.161)

for arbitrary 7. Here the denominator (1, 1) denotes the norm of the zeroth-
order non-symmetric Jack polynomial for the composition (0,...,0).

Proof of (7.161).
Here we set the RHS of (7.161) to be A,,. The recursion formula for A,,

Ao A 1/ (1-¢), formn > miy1,
A—" =1, AZ" = 1, for m; = niy1, (7.162)
! " 1-¢2, for m; < g1,

follows from (7.118) and (7.119). Both sides of (7.161) are equal because
these two satisfy the same recursion formula and have the same value (=1)
at the trivial composition (0,...,0). |
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In the following, the denominator of the LHS of (7.161) is shown to be

(1,19 = LINATY (7.163)
(14 M)
for positive integer A. This relation generalizes Dyson’s conjecture given by
(4.76) for the particular case of A = 2.
Before going into details of the proof, we explain the outline. First we
show that

317 = ] (i—2) =A%), (7.164)

1<i<j<N

where § = (N — 1, N —2,...,1,0). From this fact, the relation

(0 I+ 1,N)
5<1’1>0 =0 (7.165)

follows. Here we have introduced the notation
I()‘v N) = <17 1>0

to make explicit the A\-dependence of (1,1)y. Next we evaluate the LHS of
(7.165) and obtain

(57,07 TINA+1) +1]
Lo  TENA+LOA+DY

as shown below. Using (7.165), (7.166), and the result I(A = 1, N) = N! for
free fermions, we can prove (7.163) by mathematical induction.

(7.166)

Proof of (7.164).

Any antisymmetric homogeneous polynomial of z can be written as a prod-
uct of the difference-product A(z) and a symmetric homogeneous polyno-
mial. Both J(f)(z) and A(z) have the same degree (= N(N — 1)/2)) and
hence we can put J, é_) (2) = cA(z) with a constant to be determined. We ex-

pand this expression with respect to monomials and consider the coefficient
2% of both sides. On the RHS, obviously the coefficient of 20 in A(z) is unity.

When we expand J (_)(z) in terms of non-symmetric Jack polynomials, only
Ejs contains the monomial z° and the coefficient of Fj in .J (7)(2) is unity.

Thus the coefficient of 20 in .J (g_) (z) is also unity. From these facts, we obtain
c=1. i
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Proof of (7.166).

We note the following relation:
(I 0o _ N
<Em Em>0 ,0/(4_)

(7.167)

which results from
(p)? (I, JE))0 = (Asym By, Asym Ey)o = (Ey, Asym(Asym Ey;))o
= NYE, (Asym Ey))o = N'p{ ) (Ex, J))o
= NpS B, Ex)o. (7.168)
Using (7.161) and (7.167), we rewrite the LHS of (7.166) as follows:

Iy I _ Ty IS0 (Bs, Bsdo N djes _ nones (7.169)
(1,1)0 (Es,Es)o  (1,1)0 p((;_) dsel Cdsel

Figure 7.5 shows (a) the diagram D(d) of the partition 6 = (N—1,...,0) and
(b) the diagram D(6%) of 6% for N = 5. In the one-to-one correspondence
between s’ = (4,7) in D(§) and s” = (N +4 + 1,4) in D(6%), we find that
a(s') = a(s") and I(s") + 1 = I(s”). We then obtain d(s") = d’(s”) and hence
ds = dgr. For the RHS of (7.169), we next derive

es  TINO+1)+1]
e5  NID(NA+1DA+1D)Y

Then (7.166) follows. |

(7.170)

Proof of (7.170).
For the partition §, arm colength and leg colength are respectively given by
d(s)=j3—-1, U'(s)=i—1. (7.171)
From (7.171), we obtain
-l —i+DA+j
1,1_[1 ]1_[1 — DA+
TNV — )+ T [(1+A) (N — i+ 1)]

:izlF[A(N—H1)+1]1“[(1+,\)(N_¢)+1]~ (7.172)

In the second equality, we have taken the product over j. We can confirm
that the expression on the rightmost is equal to that of (7.170) by noting



7.2 Antisymmetrization of Jack polynomials 341

(a) (b)

Fig. 7.5. (a) Diagram of the partition § = (N, N —1,...,0) and (b) diagram of 6%
for N = 5. For the two shaded squares, the relation d(s’) = d’(s”) holds.

the following relations:

—i)—i—l] - I‘[)\_|_1]
I;IF —Z+1)+1] T[NA+ 1]
H N-—i)+1 NI (1+)\)NF[)\+1]' (7.173)
i

7.2.3 Binomzal formula

To describe the binomial formula, we first introduce the generalized shifted
factorial (1), for an indeterminate r and a partition k = n* as

(M= J[ [r+d(s)=N(s)]. (7.174)

seD(k)
In the special case of a single row with k1 = k, we have ’(s) = 0 and obtain
(Me=r(r+1)---(r+k—1)=C(r+k)/T'(r), (7.175)
which justifies its name. In the general case, (7.174) can be written as
HF A(i—1) —i-m: MH [+ A —1)+1]
pale Llr— A —1)] Il=r+Ai—1)4+1—r]

(7.176)
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For later use, we derive (r), in the limit of large r. We obtain from (7.176)
(P = (1) ()™ - ()™ =l (7.177)

which is again a generalization of the limiting behavior of the shifted facto-
rial: (r); = I'(r +&)/T(r) — r*. With this notation, the binomial formula is
given by
N ,
X)) B (2
[[a-="=> () B ). (7.178)

d
i=1 neAyn n9n

Proof of (7.178).
We start with the formula (7.53) for z = (21,...,2nm) and y = (y1,...,Ynm),

where M is an integer larger than N. Setting y; = --- = yyr = 1 and
ZN41 = -+ = zp = 0, the expression (7.53) reduces to
N M
(1—z) "M => "9 By (1, DEy (21, 2w). (7.179)
=1 n

On the RHS, we have the evaluation formula E, (1M) = e, /d, with reference
to (7.129). By comparing (7.113) and (7.174), we obtain
ey = (MX+1),; A1, (7.180)

From this expression, we see that the RHS of (7.179) depends on M A + 1
only through (MM + 1)77+’ and hence it is a polynomial of M\ + 1. Since
the LHS is an analytic function of M\ + 1, the relation (7.179) holds for
arbitrary complex values of M\ + 1. Replacing M A + 1 by r, we obtain
(7.178). |

7.2.4 Combinatorial norm
We are in a position to derive explicitly the combinatorial norm g, of non-
symmetric Jack polynomials. We want to show [16] that
(Ep,Ep)¢ =gy = d%/dn. (7.181)

The key quantity for the derivation is the expression

ST, (1= 2)" (1= 27")" Ey(2)

JDIL, (1= z) (1 - 271)"
where the weighted integral defined by (7.40) has been used. In the limit
a — 00, the integrand in the numerator is dominated by the contribution

: (7.182)
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around the neighborhood of z; = 29 = -+ = zy = —1. Namely, (7.182)
reduces to

Ey(~1,-1,...,-1) = (=1)Ie, /d,, (7.183)

where we have used (7.129). Furthermore, (7.182) can be expressed in terms
of the integral norm (E,, E,)o, which is known, and the combinatorial norm
gn- Therefore, by comparing this with (7.183), we can extract g, as shown
below.

To represent the integrals in (7.182) concisely, we introduce the notation

N
Fla,b,n) = C.T. | T (1 - 2)* (1 — z7Y)" Ey(2)w(z) |, (7.184)
i=1
where w(z) = Hi#(l—zi/zj))‘ is the weight function and C.T. [X (z)] means
the constant term in the Laurent expansion of X (z). We further introduce
the notation

R — (NS IN=15- -+, 1), = (2N, ZN—1, -5 21)- (7.185)

n
Then the relation
F(a,b,n) = F(b,a,~%) (7.186)

can be derived using

C.T.[f(2) Ey(2)w(2)] = C.T. [f(2) Ey (™) w(2)], (7.187)
C.T. [f(z)g(z_l)w(z)] =CT.[f 2 Hg(2)w(z 1, (7.188)
En(z"") = E_r(z"), (7.189)

where f(z) and g(z) are symmetric functions. The relations (7.187) and
(7.188) are easy to prove. The relation (7.189) is derived below.

Proof of (7.189).
Let y=1/z=(1/z1,...,1/zN). Direct calculation shows that

R

& = -d,,_,+1-N. (7.190)
Using this relation, we obtain
AZR . R
di " Ey(y) = {~Tinp1i + 1= N} Ey(y) = (=1%), 5y (y), (7.191)

which means that E,(y) is proportional to EinR(ZR). The coeflicients of

Yy = (zR)_"R in E,(y) and E_nR(ZR) are both unity. Hence we obtain
(7.189). i
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From the binomial formula (7.178), we obtain

N
[T-="= >0 A (=a),e Ba(="")/(dygn), (7.192)
=1

neAN

where we have set 7 = —a and replaced z by z~!. Multiplying this expression
by E,(z)w(z), and extracting the constant term, we obtain

F(0,a,n) = A" (=a), £ (Ey, Eyo, (7.193)
dngn

where k = nT. According to (7.186), the same quantity can also be expressed

in terms of n™*. We use the following relation corresponding to the Galilean

boost:

2"Ey(2) = Eyya(2), (7.194)

where 1 + a represents (n1 + a,...,ny + a). In order to prove (7.194),
we first note that 2?F, is the eigenfunction of d; with eigenvalue 7; + aj.
Furthermore, the coefficient of 27+ in 2% E,(z) is unity. Then (7.194) follows.
Furthermore, from (7.189), we have

<E777E77>0 = <E—77R+a7 E—nR+a>0' (7.195)
Using the relation
N N N
[Ta-=Y"=]] (=) ] -2)", (7.196)
i=1 i=1 i=1

we obtain

=

F(a,0,—n%) = C.T.

(1-2)"E_r (a:)w(z)]

i=1

N
H (1— 2 _nR+a(Z)UI(Z)]

= (-nN“C.T.

=1

= (_1)Na)\\7]|—Na (_a)75R+a<E7], En>0

, (7.197)
d—nR+ag—nR+a

where we have used (7.195) in the last step. Since F(a,0, —n®) = F(0,a,n)
from (7.186), we now have the following identity for any composition and
number a:
(—1)NCLA'"‘—N“—(_“)*“R+“ Py (7.198)
dfnRJragfnRJra dngn
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n (7.184), on the other hand, the factor (1 — z)** emerges inside C.T.[- -],
by setting a = b and using (7.196). Namely, we obtain

—2a
Flaam) = (<)o Noi-No_20osn gy o
777R+agf Riq

(—a), (—2a)_,r,
(—a)_ryq dngy

where (7.198) has been used in the second equality. In the special case of
n=1(0,...,0), (7.199) reduces to

— )\l

(Ey, En)o, (7.199)

(*QCL)a+ <1’ 1>0
(—a)q+
using d,, = g, = 1 for n = (0,...,0). Here we have written a™ = (a,q, ..., a)
to avoid confusion between the partition and the number. In the explicit

expression using (7.176):

F(a,a,0) = , (7.200)

|N|H a—l—)\z—l)-i-l]
Pla+Ai—1)+1—a+rd]

(~0) _yiya = (7.201)

we observe that the a’s in the denominator cancel each other. Using (7.201),
we divide (7.199) by (7.200), and find a ratio

(—a),+ e z—l )+ 1+ kR
(—CL) HR—i—a H 2_1)+1]

K _]+ 1+’{])/A]
HH N —j+1/A]

=(- )\)Iﬁle/ — <_/\)\n|e;7’ (7.202)

where we have put ¢ = N — j 4+ 1 in the second equality, and used the
invariance property (7.117). Using (7.176), we obtain in the limit of a — oo,

(—2a)_.ryq —|x|
RStz o Y A o 7.203
e (7.208)
which cancels (—a),, — (—a)l*l in F(a,a,n). Then we find the limiting value
F(a,a,m) ey (En, En)o dyey
lim —— 1) 1)l A= =m0 qyInl 2 7.204
a—oo F(a,a,0) = (=1 dngy (1,1)0 (=1) d%gn ( )

Since the LHS of (7.204) is given by (7.183), we finally obtain the combina-
torial norm

gy = d.,/d,. (7.205)
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7.3 Symmetric Jack polynomials
7.3.1 Relation to non-symmetric Jack polynomials

We discuss symmetric Jack polynomials J,;(z) for a partition x, which has
been defined in Section 2.5 as the unique eigenfunctions of (3.16), or equiv-
alently of the similarity-transformed Hamiltonian

al N -1)?

H = A2 Z (dz + 2) - 5()71\7 (7.206)
=1

satisfying the triangularity condition (2.172). Alternatively, on the basis of

non-symmetric Jack polynomials, the symmetric Jack polynomials can be

defined as the homogeneous symmetric polynomials satisfying the following

two conditions:

(i) The polynomial J,; has the form

Je(2) = alPE,(2) (7.207)
n
with the normalization a,(f) = 1. Here the sum with respect to 7 is

taken over compositions such that nt = k.
(ii) Under the action of the transposition Kj, the polynomial Ji(z) is
invariant: K;Ji(z) = Je(z) fori e 1,...,N — 1.

Every E, in (7.207) is an eigenfunction of (7.206) which has the common
eigenvalue

N 2
N -1
)\2 Z (,‘ii + 2> — 507]\],
i=1

and hence J,; in (7.207) is the symmetric eigenfunction of (7.206). Further,
from the normalization and triangularity of non-symmetric Jack polyno-
mials, J,; in (7.207) satisfies the normalization and triangularity (2.172).

Thus the definition of J, in the present subsection is equivalent to that in
Section 2.5.

The relation between FE, and J is useful to derive the mathematical
formulae for J, in the following subsections. Further, the symmetric Jack
polynomials can be related to the antisymmetric Jack polynomials as

Tz N) = A2)Ju(z A + 1), (7.208)

where k = p+dand d = (N—-1,N—-2,...,0) € AE. We have made explicit
here the A-dependence of J () and Sy
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(+)

Now we derive the recursion relation for the coefficient a,"’:

(+) /
O dn _ 1-&, for n; > Mi+1,
{ y (7.209)

oD i, L1+ &), form <,

withi=1,...,N — 1.

Proof of (7.209).
From the symmetric property of Ji(z) and (7.91), we obtain

(Ki—1)Jo =Y al? (K; - 1) Ey
n
= al") (AinEy + BiyEx.y)
n

= Z <Q%+)Ai7n + a%LB’Lv(Kzn)> En = 07 (7210)
n

where
1—&2, form; < mip1
o 1 f ] ) 1 (2 1+1,
Ay =G formE g g =000 for g = mi,s
n 0, for 1; = Mis1 J(Km) +
1, for n; > ni41.
(7.211)

The only difference between B; ;, and B; (g, is the interchange of the cases
ni < Miy1 and 1; > Mip1. From this, and using (7.118) and (7.119), the
recursion relation (7.209) follows. |

It is instructive to compare (7.209) with (7.135) for antisymmetric Jack
polynomials. The relation (7.209) suffices to generate a,, for every n satisfying
nt = k for a partition . We obtain from (7.118) and (7.119) [154]

d 1
alH) = (;77/ = H <1 — - > (7.212)

n 1<j;s.b.m;<n; i =

for n satisfying n* = k. The product in (7.212) is taken over the reversed
pairs as in (7.139).
For later convenience, we give an example of a%ﬂ. For a partition x € AT,

let k® be the composition given by
KR = (KN, EN—1,..., K1) . (7.213)

We then obtain

NEOTR | (1_1 ) (7.214)
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which excludes the pairs with x; = x;, and can be obtained immediately
from (7.212).

We introduce the symmetrization operator on a function f(z1,...,2yN) as
Symf(z) = ) 6f(2), (7.215)
GESN

where 6 f has been defined in (7.146). We can then write J(z) in terms of
E,(z) with k =77 as
P T(z) = Sym By (2), (7.216)
(++)

with a constant p,' ’. Putting x = ", we shall derive

i —Rj+1 Ri —Ri—+1

= 1l - (Hpr ) I —2— (27

1<i<j<N ki = 1<icien; T K
s.t.ni>ﬁj

Here the second expression excludes the pairs with x; = k;, and p, is the
number of 7 in x; the factor ([[, p,!) is the number of elements in Sy which

. . +) .
leave k invariant. We can express p,g ) in another way as

d,r alfée,i
(Hm) =N (7.218)

Proof of (7.217).
We compare the coefficient of E,r on both sides of (7.216). On the RHS,
E, r comes only from

> 6E. (7.219)

We set 68 as

AR —
o =\|...,1+p1+p2,...,p1 +p2+p3, 1 +p1,...,p1 +p02,1,...,01 |,

(7.220)
for a given partition k. The expression (7.219) then turns into

(Hpﬂ) GRE,. (7.221)
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With successive use of (7.91) for n; > n;11, the coefficient of E_r in 6RE,
is derived as

1
H {1 - 2} ; (7.222)
i<jis.t.ki >k (Ri — Rj)

which is to be compared with (7.214). The coefficient of E,r on the LHS

of (7.216) is given by p,(j)a,(_;). From these results and (7.222), we obtain

(7.217). i

Proof of (7.218).
For composition 7, we have the relation

diﬂ: H <1+1 > (7.223)

+ =1
n 1<g;8.t.m;<m; 77] i

This is proved by observing that both sides obey the same recursion relation

and satisfy the same initial condition (= 1) for n = n*. Setting n = xR, we

obtain the first equality of (7.218). Next we show the following equality:

d,.r €x
(Hw) —r =N (7.224)

where we have introduced

dy = H d"(s), d"(s) = (a()\s) +1(s) + 1) : (7.225)

o = ¢!l = ¢'(s), ()= T N ). (7226)

Note that d”(s) reduces to the lower hook length h(s) in the case of ) being
a partition k.

Figure 7.6 shows diagrams of partitions x (a) and x® (b). For the two
squares s’ and s” in the two diagrams, the relations a(s’) = a(s”) + 1 and
I(s") =1(s") are satisfied, from which d”(s") = d(s") follows and further

I1 d(s) / I1 d"(s) =1 (7.227)
s: white squares in D(xkR) s: white squares in D(k)

follows. We thus obtain

“ij - I1 d(s) / I1 d"(s).  (7.228)

s: shaded squares in D(kR) s: shaded squares in D(k)
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Fig. 7.6. (a) Diagram of a partition x and (b) that of k®. In the two squares s’ in
D(k) and s” in D(k?), we note that a(s’) = a(s”) + 1 and I(s’) = I(s”) and hence
d"(s") =d(s").

For the shaded squares in D(k), i.e., the rightmost squares in each row, the
arm a(s) is zero and [(s) measures the number of squares located below s.
The denominator (7.228) hence becomes

11 d"(s) = 11 Us)+ 1) =]]p"

s: shaded squares in D(k) s: shaded squares in D(k)

(7.229)
For the shaded squares in D(FCR), i.e., the leftmost squares in each row, we
have a(s) = ki — 1 and I(s) = i — 1 as determined by the ranking ;. The
numerator (7.228) then becomes

I1 d(s) = ﬁ (% YN it 1), (7.230)

s: shaded squares in D(xR) i=1

to which the LHS of (7.224) reduces. By a similar argument, on the RHS of
(7.224) we obtain

== I1 e(s)/ I1 " (s),

k s: lightly shaded squares in D(k) s: heavily shaded squares in D(k)
(7.231)

where lightly and heavily shaded squares are shown in Fig. 7.7. In the nu-
merator of (7.231), a’(s) = k; — 1 and I'(s) = ¢ — 1 from which

!
K1

I1 e(s) =[] (% YN it 1) (7.232)

s: lightly shaded squares in D(k) =1
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(a)

Fig. 7.7. Diagram of a partition x. The leftmost squares in each row are heavily
shaded and the rightmost squares in each row are lightly shaded. These are used in
(7.231).

follows. In the denominator of (7.231), a’(s) = 0 and I'(s) =i — 1 lead to

R
11 e(s) =J(V—i+1). (7.233)
s: heavily shaded squares in D(k) i=1
Using (7.232) and (7.233), the RHS of (7.224) is given by
NUTS, (sif A+ N =i+ 1) Tr (ki |
—H(X—I—N—z—i—l). (7.234)

[T (N —i+1) -1

From (7.230) and (7.234), we obtain (7.224). Multiplying both sides of
(7.224) by d!!/d,, we arrive at

(H pT!> dor/dx = Nd e,/ (dell), (7.235)

which is nothing but the second equality of (7.218). |

7.3.2 FEvaluation formula
The evaluation formula for symmetric Jack polynomials is given by

Nle, e’
Jo(1,...,1) = =&, 7.236

: +
with k € Ay.
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Proof of (7.236).
From (7.215) and (7.216), the LHS of (7.236) is written as

1
Jo(l 1) = 5 > Ee(Zot)s- - Zo() (7.237)

Pk oESN

z—1N

Each summand on the RHS takes a common value e, /d, owing to (7.129).
Thus we obtain the first equality in (7.236). The second equality follows by
(7.218). |

7.3.3 Symmetry-changing operator
)

the fermionic function to a bosonic one. An analogous operator for the U(2)

We introduce an operator O) which transforms .J. ’ into Ji, namely from

Jack polynomials will be used in order to derive the evaluation formula, as
explained later. Since the nature of the symmetry change becomes clearest in
the single-component case, we discuss here its simplest version. The operator
O) is defined by [63]

0 =T] (cZi —d; + 1) (7.238)

1<J

in terms of the Cherednik—Dunkl operators. We shall prove the following

relation:
0TI (2) = medi(2), (7.239)
with
me =] (Fi— R +1). (7.240)
1<J

Proof of (7.239).
A non-symmetric Jack polynomial £, is an eigenfunction of O with the
eigenvalue

H (i — 7 + 1) (7.241)

In the case of n™ = k, this eigenvalue is rewritten as

n— s 41 a(+)
| E”f i 1; =M, (7.242)
i<j;s.b. i <n; M5 = 7 an
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in terms of (7.139), (7.212), and (7.240). With use of this, we obtain

017 =3 alIOE,
n

=my Y aDVE, = med,. (7.243)
n

Let us introduce a symmetric polynomial J, (7)(2) by
T (2) = JO(2)A®2), (7.244)

where A(z) =[], (zi — 2;) . Consideration of the integral norm and trian-

gularity shows that j,gf)(z) is actually equal to the symmetric Jack polyno-
mial with shifted A and k:

TNz A) = Jeos(z A+ 1), (7.245)

K

where 6 = (N—1,N—2,...,1,0), and we have made explicit the dependence
on the repulsion parameter \.

In the particular case of kK = d, we obtain j(_)(z) = 1 from (7.245)
and J (g_)(z) = A(z) from (7.164). We shall prove the following evaluation

formula for j(f)(z, A) with k € A%

k€
JOaN) = o (7.246)
where
e =] (R — Rj). (7.247)
1<j
Since j(_)(lN) =1, (7.246) requires the relation
5 = ds, (7.248)

which can easily be checked. Namely, by putting explicit values for k; =
(N —1i)/A—(i—1) for the case of Kk = §, we obtain &k; —k; = (1+1/X)(j —1)
and

N(N—1)/2
7y = (ﬁl) (N — 1IN —2)1.-.21. (7.249)

On the other hand, we have a(s) = [(s) for k = §, and the product of
d(s) =[a(s) +1]/A+1(s) + 1 over s leads to the same expression as (7.249).
Hence we obtain (7.248).
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In order to prove (7.246), we begin with the evaluation

( )dJ —d ngn a-- ZO’(N))
ceSN
= Y s5gn(0)Fo-1()Bx(20(1) - - - 20 ()
ocESN
€k _
—v g 2 senl@)Fe =0, (7.250)
7= F ocESN

where we have used the relation sgn(c) = sgn(c~1). The RHS vanishes for
N > 2 after summation over permutation. More generally, for any set of
non-negative exponents n(i), we obtain
=) 5n(1) m(2 n(N) (- € n(1 _n(N
Oy )dl( )dz( )---dN( )J,g )(z) - = Z sgn(o)r Elg ’QNEN; (7.251)
Z:].N d}{,
gESN
Note that the RHS vanishes unless the n(7) are distinct from each other.
The set with the minimum sum of exponents is given by n(i) = N — ¢ and
its permutations. In this case we obtain

> sen(o) R Fa Ry = 1 i — &) = 7. (7.252)

ceESN 1<j

In the next stage, we shall show

O f(2)A(z) — fAM)OTIA()

z=1N

(7.253)

21N
The derivation uses the identity

(Kij — 1) [A(2) f(2)] = f(2)(Kij — DA(2) + [Ki; A(2)](Kij — 1) f(2),
(7.254)

which is analogous to the chain rule in differential calculus. Because of the
odd property K;;A = —A, the RHS can also be written as —A(K;; + 1) f.
Using (7.254), we obtain for any polynomial f(z)

0 [f(2)A()] = F(A() + g(2)A(2), (7.255)
where
9(z) = [2/\%;; - c&} f(z) (7.256)

is also a polynomial of z. We can show that the second term in the RHS

of (7.255) can be neglected in the limit of 2" — 1 after operation of O(~).

Namely, in the expansion of O) in terms of cz,-, any product J?“)cig(?’ .
JM-1 d””N(N)

i operating on g(z)A(z) has a sum of exponents less than
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N(N —1)/2. Then the resultant terms vanish in the limit z = 1V, owing to

the antisymmetric property of A(z) = J () (z). The only surviving term con-

tains all operators d; acting on A(z). Namely, any term containing d; acting

on f(z) need not be kept in the evaluation z = 1V, This leads to (7.253).
In the final stage, we put f(z) = j,g_)(z) and obtain

0 (z) — JOAMOHIA(z) : (7.257)
2=1N 2z2—1N
On the other hand, using (7.239) gives another evaluation:
A N! KEK Nrn K
0 (z) — (f) Cx _ TRk (7.258)
2=1N Pk d,. d,.
where we have used p,(f) = 7, /7. In particular, the case k = ¢ gives
5-) ) 5() _ Mses
O\ Js (2) i O'7A(z) N T T d Nles. (7.259)

Comparison between (7.257), (7.258), and (7.259) finally leads to the eval-
uation formula (7.246).

7.3.4 Bosonic description of partitions

The evaluation formula of (7.246) is rewritten as

(1) = (eji/dy)
in terms of the quantities defined on the Young diagram for the partition
p =k — 6. Here ej; and dj; have been defined in (7.226) and (7.225), respec-

tively. The expressions (7.260) and (7.245) reproduce the evaluation formula
(7.236) for symmetric Jack polynomials. More generally, we obtain

(7.260)

A—A+1

)\ + 1 |,LL| ,
dp/Ttg = | —— d! 7.261
/ < A > Hlix—a+1 ( )
and
A+ 1 |l "
ex/es = ()\> sy’ (7.262)

The relations (7.261) and (7.262) involve the transition from a fermionic
partition k£ € A} to a subpartition 4 € A} [17]. This procedure amounts to
concentrating only on the excitations from the ground state, and is analogous
to bosonization in field theory. The increase A — X + 1 of the coupling
constant follows the transition.

We shall first derive the relation between 7, and d,. In the special case
of kK = 0, we have already shown their equality in (7.248). Let us take a
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o 3
sy 8 R
M S +2 4 K+l
M +1 2 L
M +2

Fig. 7.8. Part of a fermionic partition x € A*t> with indication of d(s) for two
columns flanking the column (#) representing an excitation. The row index is writ-
ten as M, etc.

fermionic partition x € AE> which has a part as shown in Fig. 7.8, and
consider a cell s = (M, kps) in the figure. Then we obtain

d(s) = “(S)A“ Fls) +1= % +1 (7.263)

Figure 7.8 shows the value of d(s) for each cell with column j = kpy =
kar+1 + 1. Let us factorize 7, as 7, = HJ\N/[_:ll Py, with

PM H — HM—i—l (7264)

Then we obtain for the case in Fig. 7.8,

PM:<)1\+1> <i+2)---<]\)\4+M>. (7.265)

The result is precisely the same as the product of d(s) taken over the column
with j = kpr41 + 1.

Figure 7.8 also shows some values of d(s) for another column with j =
ka+2 + 1. The d(s)-product taken over the column agrees now with

M+1
_ B 2 3 M+ 2
PM+1:H(’<51‘_/‘5M+2):<>\+1> <)\+2>~-< \ +M+1>.

i (7.266)

As indicated by # in Fig. 7.8, d,; can have a remaining column that does
not correspond to any of the P;.
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(a) (b)
¢ ¢

Fig. 7.9. Diagrams of (a) a partition x = (7,5,3,2,0) and (b) the partition p =
(3,2,1,1) corresponding to W (k), with the relation k = p+4. In (a), white squares
form the set W, while shaded squares form the set S.

Generalizing this result for 1 <i < j < N, we find the relation

Iii—/ij
A

For k € A}, we define a subset S(k) of D(k) as

d(s = (i, 55 + 1)) = —j+i=F; — R (7.267)

S(k) ={s=(i,r; +1)]1 <i<j< N} (7.268)

and W (k) as the complementary set of S(x) in D(k). Figure 7.9(a) shows
an example for a partition k = (7,5, 3,2,0), where shaded squares belong to
S(k) and unshaded squares W (k). From (7.267), we obtain 7 = J[;cq()
d(s) and

b _ I des). (7.269)
T SEW (k)

By comparing Fig. 7.9(a) and (b), we see that there is a one-to-one corre-
spondence between s” € W (k) and s € D(u). Namely, we obtain Fig. 7.9(b)
by removing shaded columns in Fig. 7.9(a), and putting the remaining ones
together by a horizontal shift. We parameterize s” € W (k) as

"= (i,N —1(s) —i+j) € W(k), wheres=(i,j) € D(u), (7.270)

as illustrated in Fig. 7.9(a) and (b). The squares marked by © in the two
diagrams represent s and s” related by (7.270). The same applies to squares
marked by <. This parameterization does not change the leg lengths, but
does change the arm lengths by the number of shaded columns to the right
of the square s” in D(x). We thus obtain

a(s") ey = (a(s) +1(5) D> Us")pgery = Us) p(a)-
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We obtain, using the notation N = A/(1+ A) and Ay =1+ A,

1T )d(s”): 11 <“(3/2+1+1(5")+1>

s"eW(k s"eW (k)
AN "
— ()\/)_|H| H <a(8 ))\ Z(S ) + l(S”) + 1)
s"eW (k) +
_ als _
=) ] <)§)+l(s)—l—1> = (X)) lay N (7.271)
seD(u) ~ 7 "

A similar bosonic description is applicable to e, /es. The LHS of (7.262)
is written as

ex a'(s)+1
o= H <()A + N — l’(s)). (7.272)
s€D(k)\D(9)

We consider the one-to-one correspondence between squares in D(x) \ D(9)
and D(u) as

s=(i,j+ N —1i)in D(k)\ D(6) « s’ = (i,5) in D(u) (7.273)
so that the relations
/ A gty
@) g = @ N =T =D
/ T
l (S)‘D(n)\D(é) =160 (7.274)

follow. From (7.274), we obtain
e (! N N N AN 1 1
67: H (a(8)+ Z(S) + +N_l/(sl))

“ s'€D(p) A

=) ] <“;(3/) + N — z/(sf)) = (X)Ilen

s'€D () + A
— (V) M, (Aus As ), (7.275)
where we have introduced the notation
euMAM) = [ (@(s)/ A+ M =T's)). (7.276)
s€D(p)
Note the relation
AEle, (G AM) = (AM),, (7.277)

where the generalized factorial on the RHS has been introduced by (7.174).
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For later use in (7.306) and (7.5.4) we shall also derive the relation
/ _|_ 1
d /xF = d(s) = (N~ IH a(s) +1 (s 9
= I =0 I (i) )
SEW (k) s' €W (u)

where
775 = H (I_{i —kKj — 1) . (7279)

i<j
As a special case, we obtain dj/m5 = 1. To derive (7.278), we carry out the
factorization wf = HAA/[[;ll Qs such that

M

Qum = H (Ri — Rpg1 — 1), (7.280)

i=1

and make a correspondence with d,.. For example, we obtain for « in Fig. 7.8

1/2 M
which agrees precisely with the product of
1
d'(s) = a(s);r +1(s), (7.282)

taken over the column with j = kps41 + 1. The product of d'(s) taken over
another column with j = kpr42 + 1 agrees with

2 /3 M +2
QM+1:)\<)\+1>~~< ; +M>. (7.283)

Then, following the same argument as that for d./7, we obtain the first
equality in (7.278).
The second equality can be shown by following the same step as in (7.271).

7.3.5 Integral norm

In this subsection, we discuss the integral norm of J,, which satisfies

(JurJu)o  N!

= . 7.284
<Em EH)O p,(j_) ( )

In the derivation of (7.284), the following two relations are used:
Sym (Sym f) = N!Sym f, (7.285)

(f,Symg)o = (Sym f, g)o. (7.286)
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The relation (7.285) is obvious, and (7.286) is derived as follows. Replacing
f,g by K;f and K;g in the second equation of (7.157), we obtain

(f, Kig)o = (Kif, g)o, (7.287)

since Kf = 1. A permutation & in Sy can be expressed in the form of a
product of {K;}, and hence

(f.69)0=(6""f,9)0 (7.288)

follows from the above relation. Summing both sides of (7.288) with respect
to o € Sy, we obtain

<f, > &g> = < > [71f,g>, (7.289)

cESN oc€SN

from which (7.286) follows. The definitions (7.215) and (7.288) lead to
(7.286). Using (7.216), (7.285), and (7.286), we obtain

2
(PE7) (s Tudo = (Sym By, Sym Buo = (B, Sym (Sym Ex)o
= NYE,, (Sym E,))o = N'piP(E,, J)o
= NIp"NE,, E.)o, (7.290)
where the last equality follows from the monic property (7.207). Then we
obtain (7.284). Since we know (E,, E,)o by (7.161) and (7.163), and ,0(+)

by (7.218), the integral norm (2.191) of symmetric Jack polynomials is
derived as

T (NA+1) d.e!

Iy Ji)o = 7.291
W Jelo = R 0O e, (729
7.3.6 Combinatorial norm

We shall prove (2.185) written as
, a(s) + Al(s) R (s)
o = (Jo, Ji)e = o 7.292
2 ) H a(s) + N( s) H ht(s) ( )
s€D(k) €D(k)

for k € A']t,. We first show that the combinatorial inner product for symmet-
ric Jack polynomials can be formulated in a manner analogous to the non-
symmetric version given by (7.44). For two bases of symmetric polynomials
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{uk(z)} and {v.(z)} indexed by partitions &, the following relations can be
shown to be equivalent:

(U, Vp)e = O s for all i, € AL
N N
= > ux@ely) = [[ ] (0 - zw) (7.293)
reAL i=1j=1

where the combinatorial inner product is defined by (2.176). We set u,, = Jy,
v, = (hf/h}) J. where the upper and lower hook lengths, i} and hf, are
given by (2.186). Then we shall show

Z <ZH> = f:[ﬁ[ — zy) (7.294)

which amounts to proving (7.292).

Proof of (7.293).

We extend the number of variables to infinity by setting z; = y; = 0 for
j > N in the end. Such a device is necessary in dealing with power-sum sym-
metric polynomials. The RHS of the second relation in (7.293) is rewritten as

[T —zm)™ =exp [ =AD" In(1 - 2y)
i=1j=1 i,j=1
_ NN~ A Pn(2)Pn(y)
=exp /\ZZZ - exp(AZn
n=1i=1 j=1 n=1
A" Ul l o A2 la lo
= X (e w) S P2 (2) P2 ()
=0 la=0
)\l(n)
= 2. T Pe(pely), (7.295)
kEAL "

where Al is the N — oo version of A}, and (, in the last equality is defined
n (2.175). The second equation in (7.293) is then equivalent to

)\l(m
Z uk(2)vg(y) = Z —r(2)Dk(y). (7.296)

The power-sum polynomials {p,} form a basis of symmetric polynomials.
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Hence we can expand u,(z), v.(y) as

I(k)
= > ampu(z), vey) = Y ACH brppp(2)- (7.297)

pEAL neAL

Using (7.297) and (2.176), the first equation of (7.293) can be rewritten as

> tpbry = . (7.298)

rEAL

The equivalence between (7.298) and the second relation of (7.293) is now
obvious by imposing z; = y; = 0 for j > N. |

Proof of (7.294).
We need a few steps for the proof and begin with the relation

N N N
TTIT @ = zww) Asymi,) [T (1= ziw) ™

j=1k=1 i=1
N N
= H (zjyr — 1) Asymg, H ziy; — 1) = A(2)A(y), (7.299)
jk=1 i=1

where Asymy) is the antisymmetrization operator of the variables {zi}. The
relation (7.299) is a variant of Cauchy’s double alternant formula, where the
alternant refers to the Vandermonde determinant on the RHS. To confirm
(7.299), we note that the LHS is an antisymmetric polynomial of {z;}, and
also of {y;}. Hence the LHS is divisible by A(2)A(y), and the quotient must
be a symmetric polynomial of {z;} and {y;}. Since the maximum power of
zj is N — 1 on both sides, the symmetric polynomial is actually of zeroth
order, namely a constant. The constant is found to be unity by inspecting
the coefficient of zN ly{V ! which is unity on both sides.

Secondly we quote the result

N N

[10 =z~ [T (- 2wy Z d7E (), (7.300)

i=1 1,j=1
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which follows from (7.43), (7.53), and (7.181). By antisymmetrization of
(7.300) with respect to z and using (7.299), we obtain

AWTIIT0 - 5007 = 5 % oy 5,21 Byt

j=1k=1 neAy M

=2 0@ pnd,d"En(y)- (7.301)
n

KEAT, nis-tyt=r

The leftmost side of (7.301) is antisymmetric with respect to y. Hence the
expression

d
oo LBy (y) (7.302)
n;s.t.yt=k n

in the rightmost side of (7.301) is also antisymmetric, and is proportional
to J,g_)(y). Recalling al) =1in (7.133), (7.302) is rewritten as

(-)g (=) g
S S ) = SO, (7.303)

mstyt=s 1 "

Substituting (7.303) into (7.301), we obtain

HH A—zy) = > p( STz NI (g M)

Jj=1k=1 K€A+>

(7.304)
Using the relation (7.208) to factor out A(z)A(y) in (7.304), and putting
A — XA — 1, we obtain

N

N
[[TL 0=z -y

j=1k peA; di

Ju(z; NI (y; A 7.305
AoA—1 ,U(Za ) M(yv )a ( )

where @ = k — §. Here we have again made the A-dependence of J.(z)
explicit. Referring to (7.293), we have here proven that the symmetric Jack
polynomials are orthogonal with respect to the combinatorial inner product
defined by (2.176).

‘We now obtain

(*)d F d d//
Pk s _ L/n; =k (7.306)
di, =x-1  dp -1 d),
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where (7.156) has been used with 77 defined by (7.278). The last equality
is derived by use of the bosonic interpretation in Section 7.3.4:

1 _‘ ‘ dl 1 —‘/L|
=(1-= d, = =(1-= d 7.307
A—A—1 < A) AN i D | < )\) wo )

with 4 = x — d. By using the relation dj, = h% and dj, = h;, for a case of u
being a partition, we arrive at (7.294). |

di

Tx

7.3.7 Binomial formula

Proof of the binomial formula (2.227).

We can now prove the binomial formula by using the corresponding results
for non-symmetric Jack polynomials. From (7.181) and (7.178), we obtain
the relation [154]

AT (=) v Ey(2)

Z1_[11—,2'Z _Z d;:

neEAN
)\_"ﬂ (—7*)){ d/ 4
= Y k)
KGA?\} " nEA;; s.t. nt=xk n
= > (=D)Flb(r)Ju(2), (7.308)
HEA?\}
with
1 r— al(s) /
be(r) = a 1T (A +1'(s) ) . (7.309)
seD(k)
The relation (7.308) reduces to (2.227) when r = \. |

7.3.8 Power-sum decomposition

We shall derive the power-sum decomposition given by
m
pm('z) = X Z 19/9]/4(2), (7310)
HEA;rO;s.t.|H|:m

where

ﬁﬁzdz 11 (“’(jl)z’(s’)) (7.311)

s'(#(1,1))eD(r)

Note that d), for a partition x is the same as the product of the upper hook
length h}(s) over s € D(k). This formula has appeared in (2.308)
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Proof of (7.310) [12,65].

The power-sum decomposition used in Chapter 2 can be derived from the
preceding binomial formula. We start with (7.308). By extending the number
of variables to infinity, we rewrite the LHS of (7.308) as

H (1—2z)" =exp (—ern(l - zl)> = exp (—r Z I%;n(z)> (7.312)
' i=1 m=1

=1

in terms of the power-sum symmetric functions p,,(z). Then we find the
following relation:

d > pm(2)
From (7.308) and (7.313), we obtain

_ w11 00u(r)
) =m 3 (s

3 Pm(2) (7.313)

m
r=0 m=1

). (7.314)

KREAD; s.t.|k|=m

It remains to find the expression of 9b(r)/0r|,—¢. Noting that d, is inde-
pendent of r, we get

_ 1 a(syy .,
r=0 A} > I ( N ) ) (7.315)
s€D(k) s'(#£s)eD(k)

The factor 1/ on the RHS of (7.315) comes from the derivative of [a/(s)—7]/
A —U'(s) with respect to r. Because a'(s') =1'(s') =0 for s’ = (1,1), all the
terms but s = (1, 1) vanish in the summation with respect to s. Thus (7.315)

wle1 Ok (7)
(-1) \+17

becomes
1 a(s) Uy,
— — = —. 31
A 1T [A (s)| =5 (7.316)
s(#(L,1))eD(x)
From (7.314), (7.315), and (7.316), we obtain (7.310). |

7.3.9 Duality

In the particle-hole excitations in the Sutherland model, the particles have
exclusion statistics characterized by A. On the other hand, the statistical
parameter for hole excitations is 1/A, and the holes are represented by con-
jugate partitions. Thus we have encountered the correspondence

1
particles: (A, k) <= holes: <)\, /<a'>,
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where k' is the conjugate partition of x. In this subsection, we describe
the above correspondence at the level of wave functions. As in the previous
subsection, the variables z may include the infinite sequence. Hence we pre-
fer the name of Jack functions rather than polynomials. By restricting the
number of variables to a finite value, we recover the Jack polynomials.

Writing the A-dependence explicitly, we define the duality transformation
in the following manner:

wrdi(z;A) = Ju(N)Jw (2; 1)), (7.317)
where j, is the combinatorial norm given by
. dl.(\) a(s) + Al(s) +1 hE(s; \)
== 11 = 11
d"(\) o2D(r) a(s) + Al(s) + A o€D(r) ht(s; \)
Noting that the arm and leg lengths are interchanged in D(x'), we obtain
. 1 hy, (s 1/A a(s) + Al(s) + A 1
o (D)= I B i 1 gy

A s€D() ht' (s;1/A) o€D() a(s)+ Al(s)+1 7N

(7.318)

Namely, we have
Jr(N)gwr (1/A) = 1, (7.320)
which guarantees the property wywy/y = 1, or
wyt = wy (7.321)
In the special case of A = 1, the property is referred to as involution, where
the inverse of the duality transformation w; is itself. The Schur function

sk(z) is relevant to the case, and satisfies the duality: wys.(2) = sw(2).
This duality transformation has the remarkable property

wpe(2) = (=A) 1 (1) py(z), (7.322)

which means that the power-sum symmetric functions are eigenfunctions of
the duality operator wy. In order to prove (7.322), we operate wy on both
sides of (7.310). Then we obtain

m 1 d.(N) 1
wWAPm(2) = > d. (N dg(A)J“' <Z’ /\>

KREAL;s.t.|k|=m "
/
X 11 [“f’)—z’(s)}
s(#(1,1))eD(r)
=(—1)""" I\ p,(2). (7.323)
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Note that the arm and leg colengths are interchanged in the conjugate par-
tition, and

d"(N) = dL,(\) = X (1/N). (7.324)

Then the second equality in (7.323) follows by summing over ’. For a par-
tition kK = (K1, ke, ...) with length (), we obtain p, as the product of p;,
with m = k; # 0. Then we apply wy on the product to obtain (7.322).

We next show

wi(2) H(l — z;) N = wa(y) H(1 — ziyy) N = H(l +zy;),  (7.325)

i i 1

where wy(z) means the duality operation on functions of z. It can be con-
firmed by the expansion

H(l + z;yj) = exp (Z In(1 + z;y; ) = exp ( Z Z Zzy] )

iJ 7 n=1 1,j

= exp (Z(—n"“p"(z)j" (y)>

n

o )14k oy
N (Z (l)llh!pl(z)llpl(y)ll> (ZZ (2)1212!172(2)12192(1/)[2)

l1:0 2:O
)l

= > (Tpn(z)p,@(y). (7.326)

REAL

The final form is precisely the result we obtain by the duality transforma-
tion (7.322) for each term on the rightmost side of (7.295). Conversely, we
obtain

wipn(2) [+ zimy) = [J (@ = 2igy) ™ (7.327)

i iJ

If we use the Jack polynomials instead of power-sum polynomials for the
expansion, we obtain the relation

ZJ s M Twr (2 1/0) = [T (1 + w2) (7.328)

1,J

where the RHS does not depend on A.
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7.3.10 Skew Jack functions and Pieri formula

For partitions p C k, we define the skew Jack function by the following
combinatorial inner product:

<J/4/,u7 Ju>c = <Jm Jy,Jl/>C = gﬁ,,, (7.329)

which also defines the quantity gy;,. Equivalent relations can be written in
terms of the combinatorial norm j, = (Jy, Ji)c as

H/},L Zg/u/ /]Va (7330)

ZglJJ/ /]f‘i) (7'331)

where z is the infinite sequence of variables. We have suppressed the repul-
sion parameter \ in the Jack functions J(z) for notational simplicity. We
shall first derive the relation [169]

y) = Z']n/u(w)JH<y)j;:1' (7'332)

Proof of (7.332).
By a variant of the Cauchy product expansion formula (7.305) for variables

r=(x1,...,ZN), Yy = (yl,...,yM), and z = (zl,...,zN+M), we obtain
ZJ IQIADIRACY
N N+M M N+M
—H H 1—arjzk ’\H Yizm)
j=1 k=1 =1 m=1
—ZJ z,y) e (2)j (7.333)

where J,(z,y) has a combined set (z,y) of variables. Note that the Cauchy
product expansion formula for Jack polynomials is valid even though the
number of variables in = and z is different. This can be verified from (7.295)
for power-sum symmetric functions by linear transformation to Jack poly-
nomials.

For fixed p, we have the relation

Z Jn/u(x) Z J ( )]u ) (7'334)

which can be confirmed by taking the combinatorial inner product of both
sides with J,(x)Jk(z). Here, for two sets of variables, we define the inner
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product as
(Ju(@)Ju(2), Jo (@) 7 (2))e = (Ju(@), Jo () (Ju(2), Jr(2))e- (7.335)

Let us multiply both sides of (7.334) by J,,(y)/ju, and sum over p. The RHS
then becomes equal to the first side of (7.333). Comparing the coefficients of
Ji(z) in the final side of (7.333) and the LHS of (7.334) after multiplication
by Ju(y)/ju, we obtain (7.332). |

By taking x =1 in (7.332), we obtain

Te(Ly) =D Fapdu(v), (7.336)
I

where the coefficient is given in (2.260) by [169]
1. hi\ ([ Rk
fon=ginin '3t = ] (};) (h) , (7.337)
s€Cx/u\Rysp a

with n = |k| — |p|. The first equality uses (7.330) and J,(1) = 1, and the
second equality is derived below.

Proof of (7.337).
In order to derive g, we consider a partition p with length {(x) = N. Then
we may restrict x to IV variables: x1,x2,...,zy. In the special case where v

in (7.331) consists of a single row with length n, we expand the product as
Tu(@) (@) = Y ghnde(@)ii (7.338)

The result is a generalization of the corresponding result

su()sn(2) =) sx() (7.339)

for Schur functions s, introduced in (2.5). The nonzero contribution x on
the RHS of (7.338) or (7.339) comes only from such x as has at most one
more cell for each column of y, and |k| = |u|+n. The latter restriction can be
interpreted as the momentum conservation, while the first one is due to the
single row of n. The Young diagram x/p in this case is called the horizontal
n-strip. A similar simplification occurs if v consists of a single column. In
this case, the nonzero contribution of k£ in k/u comes only from a vertical
m-strip where m is the length of the single column v. The results (7.338),
(7.339), and their vertical strip versions are called the Pieri formula.
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We derive g, by induction, noting that the only relevant cases are
(a) (k) =1l(u) =N, (b)l(k)=1l(pn)+1=N+1.
Let us first consider case (a). By a Galilean boost, we obtain the relation
Ju(z) = 2129 - andu—1(2) = en(2)Ju—1(2), (7.340)

with the notation I = 1. By performing the same boost on the RHS of
(7.331) with v = n, we can factor out ey (z) and obtain

Ju-1(2 Zg,m we1(2) /G = ngj T deet(2) [eer,  (7.341)

where the last equality results from (7.338) by replacing p by p — I. Com-
paring the coefficients of J,_1(z,y), we obtain

Ghinldr = o1l du1- (7.342)

Since we know the combinatorial norm j, for any partition, we can iterate
to partitions of shorter rows.

Let us now assume another case with I(k) = N +m > N. We apply the
duality operator wy on both sides of (7.338). Writing the Jack functions with
the repulsion parameter 1/\ as j#/ for notational simplicity, we obtain

Ju(2)Jin(z) = 3 2 1 (2), (7.343)

— Judn

where we have used (7.317). The maximum power of z; on the LHS is N +1,
where N now corresponds to the length p} of the first row. Then such ' as
have k) > N + 1 do not enter the summation on the RHS. This confirms
that we need to consider only the case with I(k) = N + 1.

The Jack polynomials have the property

Je(z1,20,...) = 270 e _(22,...) + -+, (7.344)

where k_ = (kg, K3, ...) and the omitted terms do not have the factor zy™.
Then by comparing the terms with the factor Z{V 1 on both sides of (7.343),
we obtain

Ty (2)Jpn-1(2) = jgl?jn/(z), (7.345)
o Jun
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where we have relabeled the variables z to begin at z;. Now we apply the
duality operator w;/y on both sides of (7.345). We obtain

k—1I

gﬂ .7 —Ij -1 9y—Tn—
Jy—1(2)In-1(2) = Z e e 1(2) = Z el g 1(2),

P JuInJk—I - Jk—I

(7.346)

where we interpret I = 1V*! if I appears together with x. Then we have
K ]H]'ﬂ k—1
= B g 7.347
Gy ]u—]]n—lg’u In—1 ( )

Using either (7.342) or (7.347), we can continue the iteration until ggﬁ is
reduced to zero or unity with a = 0 or 5 = 0. The product of factors j, /jn—1,
which goes like (7,,/jn—1)(Jn—1/Jn—2) - . ., becomes equal to j, because of the
successive cancellation. Then the resultant j, cancels with j, ! in (7.337).
Furthermore, the factor j,/j,—r cancels with the contribution from Ju I for
such a column as corresponds to k/u. Then we finally obtain the second
equality in (7.337). |

7.4 U(2) Jack polynomials

7.4.1 Relation to non-symmetric Jack polynomials
The coefficient afff)
to the case of antisymmetric and symmetric Jack polynomials. From the def-

inition (3.177), (3.178), and the recursion relation (7.91) of non-symmetric
(—)

appearing in (3.177) can be obtained in a way similar

Jack polynomials, we derive the recursion relation for the coefficient a
in (3.177) as [15]

afe,) = —(1+&)a™), ne (A3, A7), (7.348)
for i € [1, Ny —1JU[Nt + 1, N — 1] and 7; > n;41. An analogous calculation
can be performed for the case of 1; < 7;11. From (7.348) and the initial
(=) = 1, we obtain for n = (n!,n}) € (AN, An))

condition a', | =
A

— d
) = sen(n')sen(n') -

= sgn(n')sgn(n’) H H (1 i if )

o="1,] (i<j)€ls;s.t.n;<n; mj i

. 11 (’71 — it 1>7 (7.349)

o=1 | (i<)eloistm<n; © 16

where = ((n")*, (n})*) € (A}?,AET)IT = [1,Ny] and I} = [Ny + 1, N].
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The alternating property (3.178) of J7) leads to the relation

pgff)J,g**)(z) = Z sgn(o)oEy(2), (7.350)

&GSNTXSNl

where we have introduced x = (k!,x!) € (AR}?,AR}T) and n = (nl,n!) €

(An,,An,) such that (n”)* = &7 for o =7, ]. The recursion relation for

,07(777) is given by

1
(=), (-] =g Tor mi> i 7.351
me /1077 { 1_‘_&, for N < Mis1 ( . )
Furthermore, we have

PRy = (FD)NI VD22, (7:352)

We now follow a route similar to that which led to (7.138) for antisymmetric
Jack polynomials. Then we obtain

dy

py ) = sign(n")sign(n') o —"—, (7.353)
(kTR KIR)
where
kR = (/ﬁ;}VT,...,HD, kB = (,‘i]l\,l,...,li%).

Particularly, for a partition x € (AX,?, A;(,f), we obtain

“I1 11 <"l; e 1). (7.354)

s=T,l i<jels

Note that J,g__) reduces to the antisymmetric Jack polynomials when Ny =
0or Ny =0.

7.4.2 Integral norm

The polynomials are orthogonal to each other with respect to the integral

norm. For x € (A17 AJr>

N1 ), the relation

I TN/ (B Bido = — = (7.355)
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can be derived in the same way as the derivation of (7.167). Using (7.161),
(7.163), (7.353), and (7.355), we obtain for x € (AJJQ?,A}T)

T(NA+1) end’

(I o = Ny

(
F()\ + 1) —=) /d
L(NA+1) end(nm KIR)
— | | >
N;IN|! T 1Y e d, . (7.356)

7.4.3 Cauchy product expansion formula

For the coordinate z = (z1,...,2n) and a fixed integer Ny € I = [1, N],
we define 2! = (z1,.. ., zn, ) and 2t = (2N +1,- -, 2n). The Cauchy product
expansion formula for U(2) Jack polynomials is given by [15]

H H (1 — Ziyj)_l H (1 — ziyj)_)‘

s=T,] 1,5€ls i,5€l
PEL__ dy = i
= Y leg——>(z)J,§“)(y), (7.357)
pedfragyy
where
T2 = I ()/1AEDARY)] (7.358)
with

A7) = H (25 — 2j). (7.359)

The proof of the Cauchy product expansion formula (7.357) is based on the
corresponding formula [154] for the non-symmetric polynomials

Wely) = 3 DB (2) By )
n

neAN

and Cauchy’s double alternant formula. The proof also requires the transfor-
mation properties (7.91) and (7.209), together with those for d, and d;, [154].

7.4.4 Un(2) Jack polynomials
In order to derive the evaluation formula (7.369) to follow, we make a detour
and introduce auxiliary polynomials J,g++)(z), which may be termed the
Ug(2) Jack polynomials, since it constitutes the eigenfunctions of the U(2)

bosonic Sutherland model. Namely, J,g++)(zl,...,zN) for k = (kl,K!) €
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(AX]T,AE) constitute the eigenfunctions of the U(2) bosonic Sutherland
model, and satisfy the following conditions [15]:

(i) The polynomial J,g++) has the form

=11 > fﬁl B i (2) (7.360)

o=T,l (n?)*+=k°

with the normalization

a,(jﬂ =1.

(ii) Under the action of the transposition Kj, the polynomial J,g++)(z)
for k = (k1K) € (A]J([T,AR) is transformed as

K JG(2) = JHH(2) (7.361)
forie[1,Ny —1]orie [Ny +1,N —1].
The coefficient in (7.360) is obtained for n € (An,,An,) as

G T (gt o

o=1,1 (i<j)€lss.t.n<n;

by following a route similar to that used in Section 7.3.7 to derive (7.212).
From the symmetric property (7.361) of J,g++), we can also write

PTG = Y GE(2) (7.363)

UESNT ><S]\]l

for k = (k!,K}) € (AET,AR) with

A =T I (™ “le) (7.364)

o=1] (i<i)€lo

(++)

The expression for py can be derived in a way similar to the derivation

of (7.217) for symmetric Jack polynomials. The evaluation formula

N;IN|! N;IN|le,,
T, 1) = = B ,...,1)_ﬁ (7.365)
Pr Pk K

can also be derived in analogy with (7.236).
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7.4.5 Ewvaluation formula

As a generalization of O) in (7.238), we introduce a symmetry-changing

operator O(~7), which acts on J,.(f*) and gives J,§++). The operator o~
is a useful device to derive the evaluation formula for J,g__)(l, ..., 1), as

explained in the next subsection. The operator O(~7) is defined by [63]

o=11 1I (aii—oijﬂ) (7.366)

U:Tyl (’i<j)elo

in terms of the Cherednik—Dunkl operators. In analogy with (7.239), the
following relation can be derived:

A~

OF) ) = x(=2) g+ ), (7.367)

with
=11 II Gi-#+1. (7.368)
o=l (i<j)els

The evaluation formula for U(2) Jack polynomials is given, apart from the
Vandermonde part, by

(7.369)

where the symbol 6] is an abbreviation for (6(Ny),0(V))) and
A= 1] II - (7.370)

o=T,| ©i€lo
1<J
for k € (AE?,AET)

The original derivation by Dunkl [46] utilized the evaluation formula [154]
for the non-symmetric Jack polynomials and a certain skew symmetric oper-
ator [46]. We derive (7.369) in another way by modifying the method given
in [63]. The argument is a slight generalization of that in Section 7.3.3.
Namely, the following relation is derived:

OA(__)J/(ﬁ__)(zlv s ,ZN)

21,2 — 1N

=JCI,. ., D0 IAEN AR

21,002 — 1N

(7.371)
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Combining (7.367) and (7.371) and using the evaluation formula (7.365) for
Ig++)(]., ..., 1), we obtain

JEA,. ., D0 IARD AR
21y 2N—1N
B NT!NL!ﬁ'f(f__)em

=P, 1) y

(7.372)

On the other hand, J{

becomes

;j reduces to unity, and thus (7.372) for k = 01}

~(——)
B NT!NL!W(;” es;,

OIAGNA(Z! = 7.373
Ehach| 5 (7.373)
Provided we have
ds, /75 ) =1, (7.374)
we arrive at the evaluation formula (7.369) by dividing (7.372) by (7.373).
To derive (7.374), let us first decompose ﬁg;j = 5175 assuming kq = 0
for both spins. For an up-spin cell s = (M, kjr), we obtain
1 1
Rm = Rm1 =+ = (rar —Ta41) = Y2 (7.375)

since the presence of the down-spin part gives ;1 —ry = 2 for the ranking
of the rows defined by (7.9). In general, rp;41 — r; becomes twice the single-
component value. By evaluating k; — K741, we obtain

Pup = (i + 2> (i + 4) - (ﬂf + 2M) . (7.376)

On the other hand, d(s) contains the leg length I(s) = ul(s) + ll(s) defined

by (7.105), where the upper leg length is zero: wl(i,kpr) = 0. We obtain
easily the lower leg lengths l[(M,kyr) = 1 and U(1,kpr) = 2M — 1. For a
general row ¢, we obtain

Wi,kpr) +1=U(i, k) + 1 =rpr1 — i (7.377)

Since the arm length is given by a(i,kn) = ki — Kk, we find that Ppyq
is the same as the product of d(s) taken over the up-spin column with
J = kym. A similar argument is applicable to 7s|. In this case the up-spin
part contributes to the upper leg length of a down-spin cell s = (i, kpr).
Namely, we obtain

ulliy kar) = =k, + Kypyn, UG k) +1= =k + K. (7.378)

) is the same as the product of d(s) taken over the down-spin
column with j = ks, and we obtain (7.374).

Hence 7?((;]
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To derive the ratio d,ﬁ/fr,g__) for general k = (k!,K!) € (A}?,Aﬁf), we
define a subset S(k) of D(k) as

S(k) ={s=(i,n; + 1)1 <i<j <Ny}
U{s=(i,r; +1)|N; +1<i<j<N}. (7.379)

As in Section 7.3.4, we also define W (k) as the complementary set W (k) =
D(k) \ S(k). Then we have the relation

d /7 = [ dis). (7.380)

seW (k)

Proof of (7.380).
Let us consider an up-spin cell s = (i, kps4+1 + 1) that belongs to S(x). From
the foregoing argument, it is easy to see the following relation:

l(i, KM+1 + 1) +1=ryp1 —ri. (7.381)

The LHS contributes to d(s), while the RHS contributes to &; — Far4+1. Since
the arm length is given by a(i, k) = ki — kp41 — 1, we find

d(i, HM) = K; — KM+1 (7382)

and the product of d(s) taken over the up-spin column with j = kpr41 + 1
gives the same value as [[, (R — Rare1). Similarly, for a down-spin cell
s = (i, kp+1 + 1) that belongs to S(k), we obtain the result corresponding
to (7.378), provided s = (i, k) is replaced by a more general expression
(7, Kpr+1 + 1) in the presence of W (k). Hence the product of d(s) taken over
the down-spin column with j = kps41+ 1 agrees with Hij\iNTH (Ri — Fa+1)-
By combining the up- and down-spin contributions, we find that 7?,(@__) can-
cels the product d(s) taken over the set S(k), while the product over those
d(s) that belong to W (k) remains. |

7.4.6 Binomzial formula

The binomial formula is derived using the Cauchy product expansion
formula (7.357) and evaluation formula (7.369). For r € C, the binomial
formula for U(2) Jack polynomials is given by [105]

III[a-=0""= > 0I5 ), (7.383)

o=1,liel, RE(AL AE)
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where

- F
b= () = A1 Il = )t T (7.384)

Here 7' ) is defined by A [L,=i Ili<jjer, (Ri — Kj — 1) and the
generalized shifted factorial (¢), defined in (7.174) is used. We note that
the bosonic description of (7.384) does not lead to simple renormalization of
the coupling constant, in contrast with the single-component case described
in Section 7.3.4. The difference comes from the entanglement of up- and
down-spin components in leg lengths.

In order to derive (7.384), let N’ be Nj + N{(> N) for that pair (NV7,
NY) of positive integers Nj and N| which satisfies N{ — N| = Ny — N|. We
consider the Cauchy product expansion formula

IT IT =zt J] 0=z

s=T,l i,jel’ ijer

dupl ) 2y s
= Z TJZS )(Z)Jlg )(y)
ue(A;?,A;f) v

ue(A;?A;T)

dlﬂTF(__) ~ R
ﬁjﬁ__)(z)l(/“)(y) (7.385)
vy

in N’ variables. Here I{ = [1, N{], I| = [N{+1,N'], and I’ = [1, N']. On the

LHS of (7.385), we set 2y, 41 =+ = Ny = 0, INI4N| 41 = T ANIAN] 0,
and yp = - = YNI+N] = 1. In the second equality of (7.385), we have used
p(y__) _ 775(__)/7?1(/__)-

Further, we replace (ZN%_H, . ’ZNHNL) by (25,41, -+ 2N+, ). The LHS

of (7.385) then turns into
[I -z I -z ™M (n3s6)
iEITZ[l,NT] jGILZ[NT+1,N]

On the RHS of (7.385), we set y; = 1 for 1 < ¢ < N'. With use of the
evaluation formula (7.369), we immediately see that the RHS of the Cauchy
product expansion formula becomes

F(—)

Y YT J(). (7.387)

(Y d;,

Here the sum is taken over v € (A}7,A%7). The symbol & = (§'1,6') de-
1 l

notes the composition §(Ny,N|) € (AL7 ALT). Now we set zn, 41
1 l
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=-=zv =0 and INIEN +1 = = 2Ny = 0in (7.387). Non-vanishing
contributions in the sum (7.387) then come only from the compositions
v=(lvh) e (A}7,AL7) satisfying [(v! — &'T) < Nj and I(v! — &) < N,
1 1
where
v — 8" = (v -7, .. VN = (55{’};) €A},
with s = (1,]). The reason is as follows: If either [(v! — §'T) > N; or
I(vt = §") > N| holds for the composition v = (v!,v}) € (A}7, AL7), then,
1 l

in each monomial of the polynomials j,,, the minimum power of ZN;+1 is1
or that of z NI4N 41 is 1. Therefore, those v do not contribute to the sum in

(7.387) when both 2, +1 and ZNI4N|+1 are set to zero. For a composition v =
(b e (A%?,AX,T) satisfying [(v! — §'T) < Ny and I(v — &§'V) < N, the
composition k& = (k!,k!) € (A}f,AX}T) can be defined as the composition
satisfying the relation

k=6l =vl =4, (7.388)

kb —ot=vt - o't (7.389)
When the relations (7.388) and (7.389) hold for compositions x € (A]J\r,?, A]J(,l> )
and v € (AE?, A}?), we can then find the following consequences. First, the

1 l

two polynomials

jﬁ—ﬂ(zh...,zNT,o,...,o,zNH,...,zNHNl,o,...,o) (7.390)
Ni—Ny N{-N,
and
j,g__)(zl,...,zNT,zNHl,...,ZNH_Nl) (7.391)
are equal. From now on, we replace EN41s- -2 ENI4N, by ZN,+41,---5 2N

Second, the relation
&, )7FC ) = gl jaF ) (7.392)
holds. The LHS of (7.392) is written as

H d'(s). (7.393)

seW (v)

There is a one-to-one correspondence between squares in s’ € W(v) and
s € W(k):

s’ = (i, N{ = Ny + j) € W(k), where s=(i,j) € D(n) (7.394)
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for i € [1, N3] and
s' = (i+ Nj — N, N{ = Ny +j) € W(k), where s = (i,j) € D(k) (7.395)

for i € [Ny + 1, N]. In this parameterization, the arm length and leg lengths
do not change and hence d'(s') in W(v) and d'(s) in W (k) are the same. As

a result, we obtain
II 2= ] s (7.396)
seEW (v) seEW (k)

from which (7.392) follows.
Third, the expression e, /ey can be rewritten as
[Liep)((a'(s) + 1)/A+ N" = 1'(s))
Hsep(y ((a'(s) +1)/A+ N"=1(s))
[Len(e ((@'(s) + Nf = Ny + 1)/ A+ N' = 1'(s))
[Liene ((@'(s) + Ny = Ny + 1) /A + N' = U'(s))
_ sl (14 N'A+ N[ = Np)or |
(1 +N’)\+N{ —NT)5+

(7.397)

Notice the relation using the generalized shifted factorial defined in (7.174):

I1 (@ (s)+ k) /X + K —1(s)] = AKX+ k),
s€D(n)

for n € AL, and integers k, k’. As a result of these relations, the expression
(7.387) can be rewritten as

(1+N'A+ N = Nyt nFC7
S Al / — —J)(2), (7.398)
- (1+N)\+NT NT)5+ d,_i

where the sum is taken over k € (AE>, A}tﬁ). Now we obtain the relation
H(l—zg —N'A=N{ H —N'A=N{+N;—N,
iEIT ]GIL
/ ! (=)
-y oty L VAENG = Nt mc 7 5y ) (7.300)
(L+ N'A+ N{ = Ny)s+  dy, " ’

K

from the expressions (7.386) and (7.398). We notice that the RHS of (7.399)
is a polynomial of N'A + N and hence the relation (7.399) also holds for
arbitrary complex values of N'A + Nj. We replace —N’A — Nj + N; by a
complex variable r. Consequently, we obtain the binomial formula (7.383).
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7.4.7 Power-sum decomposition

The power-sum symmetric polynomials can be decomposed into a linear
combination of J,S“’. The power-sum decomposition formula is used in the
calculation of the dynamical density correlation function of the Sutherland
model with SU(2) internal symmetry.

The derivation is similar to that in Section 7.3.8. Our starting point is
the binomial formula (7.384). Setting Ny = N| = N/2 and r — N/2+r in
(7.383) and (7.384), we obtain

N
[[a-z2= Y #) <'r + *’5) T s an)s (7.400)

= K€ (AEZ ’A?\}Z)
with
F(—-)
b (e N el T (A= N2 1)y
g 2 . (1-N/2—71)s
(=) a(s)+1—r—N/2
=— H < (5) 3 /2 _ z’(s)), (7.401)

" seD(wH)ND(T)

where ¢ denotes (§(IN/2),6(N/2)). We have used the property of the gener-
alized shifted factorial defined in (7.174) for the second equality of (7.401).
Following the same argument as that in Section 7.3.8, we obtain

JEI(2) form >0,  (7.402)

r=0 "

A e
p(e) = —m 3 bt (a r+ N/2)

where the summation runs over k € (A;/é, A}Z) satisfying |k| — 0] = m.

Since 7 and d’, do not contain 7, we obtain

0

(=)

o b, ’(r+ N/2)
F(—-)

:_imd; 5 10 {a’(s)+;—N/2_l,(s)}'

s€D(kT)ND(61) s/ (#s)eD(kT)ND(67F)

r=0

(7.403)

A typical Young diagram of k™ with x € (AEZ, AE/>2) is shown in Fig. 7.10.
The shaded square is s = (i,7) = (1, N/2). D(k™) for x relevant to (7.402)

contains the cell s = (1, N/2). Since

a(s)+1—N/2
s _

I'(s) =0
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Fig. 7.10. Diagram of a partition x* with r € (A%7,,A%7,) for N/2 = 5.

The boundary of D(§%) with 6 = (6(IN/2),6(N/2)) is drawn with a bold line.
The shaded square is (i,7) = (1, N/2)

for s = (1, N/2), all terms but s = (1, N/2) in the summation with respect
to s in (7.403) vanish. As a result, we obtain

!/
Pm(2) = % Zc,ﬁj,gff)(z) for m > 0, (7.404)

K

with ¢, = 71',1;ﬂ(77)cf,€/dii and

o = 11 {“/<S) +A1 - N2 z'(s)}. (7.405)

s(#(1L,N/2))eD(x+)ND(6F)

7.5 U(1,1) Jack polynomials

The U(1,1) Jack polynomials are relevant to the U(1,1) Sutherland model
in Chapter 3, and the dynamics of the supersymmetric ¢t—J model in Chap-
ter 6. This section summarizes the fundamental properties of the U(1,1)
Jack polynomials [15].

7.5.1 Relation to non-symmeitric Jack polynomials

For non-negative integers Ng and Ny, we define Iy = [1, Ng| and Iy = [Ng+
1, N], where N = Np + Np is the total number of particles. Let Sy, X Sny
be a subgroup of the symmetric group Sy that does not mix Iy and Iy.
For k = (kB k") € (AX,B,AE@, we define the U(1,1) Jack polynomials

,g+7)(21, ...,2nN) by the following two conditions:
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(i) The polynomial I for k= (B, kF) € (A}B,AEE) has the form

TS (2) =) alTE(2), (7.406)
n

where summation is over such n that satisfies (n®)™ = &P together
with (n¥)T = ¥, and we set the normalization

afjf) =1.
(ii) Under the action of the transposition K;, the polynomial J,g+_)(z)
for k = (KB, k") € (AX}B, A]J\“,F>) transforms as

KI5 () = 7507 (2), for i € [1, Ng — 1],

7.407
K5z =-a ),  forie[Ng+1,N—1]. (7.407)

The U(1,1) Jack polynomials are eigenfunctions of (3.16) and constitute
eigenfunctions of the U(1,1) Sutherland model. If Ng = 0, the U(1,1) Jack
polynomials reduce to the antisymmetric Jack polynomials J,.;_) discussed
in Section 7.2. If, on the other hand, Ny = 0, the U(1,1) Jack polynomials
reduce to the symmetric Jack polynomials J,; in Section 7.3.

We define Symgp as the symmetrization operator with respect to the vari-
ables z; for i € Iz and Asymy as the antisymmetrization operator with
respect to the variables z; for i € Ip. Owing to the property (7.407), the
U(1,1) Jack polynomials can be written in the form

P IET) (2, 2y) = SympAsymp Ex (21, - . ., 2N), (7.408)
for k € (AX,B, AE?) with the factorized coefficient p,(ff) = pBpl as
Ri—FRj+1 Ri—FRj—1
B — H zr{' _J’%' . b= H - —]Fv ) (7.409)
(i<jers 7 (<jere

The expression (7.409) can be derived in a way similar to that used in the
case of antisymmetric and symmetric Jack polynomials. It is convenient to
express (7.409) as

d(,.B\R ,F d) B\R F

B _ 1| ZEP)R s F_ (%)%
K = | |Pr- ) w = , 7.410
g ( T ) Ay v ’ d,(HB)RMF)R | )

which are generalizations of (7.149) and (7.218). The U(1,1) Jack polyno-
mials are given in the form

JH) = AT, (7.411)
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F

where 2 = (zyg11,...,28), AGRF) = [Lii<jjer(zi — 25), and J) is a

polynomial satisfying
KJH)(2) = JF)(2), (7.412)

for i # N, N.

7.5.2 FEvaluation formula

We derive the evaluation formulae

- Nelrt e,
JHa,. 1) = (fj o (7.413)
pr dre(0)
) = (Ri — R+ 1), (7.414)
(i<j)elr
k(0) = (0™®, 6(Nw)), (7.415)

where k(0) is the composition corresponding to the ground state of the
U(1,1) Sutherland model. Precisely speaking, a Galilean boost has been
made in x(0) only to the fermionic component to make x; nonzero.

The formula (7.413) can be derived in a way similar to the corresponding
formula (7.369). In terms of the symmetry-changing operator

o) = ] (Ji—djﬂ) (7.416)
(i<j)elr

for the fermion part, the relation

OG=) g=) = (=) g++) (7.417)

K K K

follows. Further, the relation

OF) j+-) =JH,..., D0F AR (7.418)
K (21,02 )— 1N K yee ey F_1Np .
holds. On the other hand, we obtain from (7.417) and (7.418)
A gD, 1) = JE A, D)OEIARE) R (7.419)

In the case of k = 1(0), J(T) reduces to unity, and (7.419) becomes

A~

(+-) 7(++) S IN
oty Tae) (L5 1) = O DAF)

(7.420)

2F—1NF
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From (7.419) and (7.420), we obtain
00,

JHa,. 1) = : (7.421)
. T (+ ) 7(+4H) (¢
() u(o) (oo 1)
On the RHS of (7.421), J,£++)(1, ...,1)and Jlizr(;)r)(l, ..., 1) can be evaluated
from (7.365).
We note the relation
p) = pBalt=)/al), (7.422)
where
A= I Ri—&). (7.423)

(i<j)elp

In the case of k = k(0), we obtain pE(O) = Np! and
7o) = dugo), (7.424)

in analogy with the single-component case (7.248). Then we obtain the re-
lation

pff /7r(+ = Ng!, (7.425)

and finally arrive at the evaluation formula (7.413).

7.5.3 Bosonization for separated states

We consider the following expansion:

[Ta-=rTa-=r= > OO p It

i€l JjelR ,{e(A A+>)

(7.426)
where p, ¢ are numbers. The coefficient b,(j_)
been derived. However, provided x belongs to separated states, which will be
specified below, we can obtain explicit results. The final result for b,(jf) (p,q)
for separated states is given by (7.448).
We characterize the composition k for the maximum length N = Ng+ Np
by using the excitations (u?, u¥) as

in the general case has not yet

k= r(0) + (1P, u%) € (AR, ARD), (7.427)
where £(0) has been defined in (7.415).
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We call the composition kK = (K)B, HF) a “separated state” if it satisfies the
following condition:

0 < #(nonzero columns in ;) + #(nonzero rows in p'') < Np
&0 <UEP))+1(p") < Ny -1, (7.428)
where (pB)’
of fermionic and bosonic excitation momenta in the expansion (7.426). The
condition (7.428) is visualized in the Young diagram. Namely, the bosonic
excitations from the ground state x(0) = (0B, 6(Ng)) begin from the left,
and the fermionic excitations from the right. In the low-energy excitations,

means the conjugate partition. The condition prevents mixing

there is enough room in the central region of the diagram where neither
bosonic nor fermionic excitations are present.

7.5.4 Factorization for separated states

In the composition x defined by (7.427), we define the subset W as such
part of the Young diagram D(k) that corresponds to 2, and another subset
W as such part that corresponds to Y. Namely, we have D(k) = D(ko) +
WB 4+ WF. Let us first consider s € WP in the presence of the fermionic
component. The leg length [ also counts the contribution from Aﬁ?, while
the arm length a is not affected by AE; Namely, when we consider a and [
within the partition ;®, we have the correspondence

an(s) = a,m(s), le(s) =1n(s") +a,m(s)+1, (7.429)
where s’ denotes the cell index in the composition pg + ur. Then we obtain
1
de(A,8) = 3 (ap +1) + 1o + ayn +2

A+l
D)

(aum +1) +1p +1=dsXN,s), (7.430)

di.(\,s) = % (ae+1)+1p+am+1

A+

TN

We emphasize that the generalized hook lengths experience only the change
A — XN = X/(1+4 )) through the transition from & to p. For the fermionic

cell s, s € AE;, de(\, s) and d’. (), s) are not affected by uP for separated
states.

(ap +1) +1p+1=ds(N,s). (7.431)

On the other hand, the quantity e, also has an interesting renormaliza-
tion effect for fermions. Since e, is invariant against any change of rows, as
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noted in (7.117), we consider a partition s which is obtained from r by
appropriate exchange of rows. Accordingly, we define the subset TP in &t
which originates from cells in WB, and another subset T which originates
from cells in W¥. The relevant cells s € TP 4+ TF are at the right end of the
Young diagram of k. Let us first consider the case s € TB. We have

a,(s) = a;LB (s, U.(s)= ZIQB(S’) + Np — aLB (s') — 1. (7.432)

K

Then we obtain

1 1
e,{()\,s)zx(a;—kl)—kN—Z;ZX(QLB+1)+N—(ZLB+NF—a;B—1>

1
= 5 (@n+ 1)+ No =l = €0 (N, 5). (7.433)

In the case s € TF, we have

al (s) = aLF (s') + N — Z:LF (=1, U(s)= Z:LF (s'). (7.434)

K

Then we obtain

1
elXs) = 5 (a;ﬁ + Np — zMF) +N U

AL N (7.435)
o A T B ‘
which includes not only the change A — Ay = A+ 1 as in the single compo-
nent system, but also Np — Ng + X Npg.

Synthesizing these steps for separated states, we obtain the following

results:
dN/m )= I ds) T drs)
s€SB (k) s€SF (k)
= (V)7 (V) d e (M), (7.436)
exN/ewoyN) = [ ers) J[ er(ho)
seTB (k) s€TF (k)

= (N) 7 lem (N 1+ N Np)é,r (A Ar N + ANg), (7.437)

where é, has been defined by (7.276), and is related to b.(r) defined in
(7.309) by

eu(N AM) = (=1)lb, (—AM)d,. (7.438)

These results are useful for the binomial formula to be presented below.
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7.5.5 Binomaial formula for separated states

To derive the binomial formula, we follow the same strategy as that for
J,g__)(z). We introduce positive integers Nj, Nf,, and N’ such that N/ =
N}, + N, N > Ng, and Nf, > Np. Then we define I’, If;, and Ij; by

I'=[1,N'], Iz=[1,Ng], It=][Ng+ 1, Nj+ Npl.

Applying both Symp and Asymp to (7.300), we obtain the Cauchy product
expansion formula for U(1,1) Jack polynomials:

Sy Oy gy

1— z,0)¥i 1 - zy;
oSy icl, oY sen i Ger

dy o\ e
= Y. AT @I ), (7.439)

14
yeA*]\',, ><A'*I\'],>
B

where jy_)(z) = Jy_)(z)/A(zF). We use the relation
P50 7S = o ), (7.440)

with ﬂ'EH—_) = H(i<j)eI’F (7; — vj — 1). Then the evaluation formula (7.413)
of the U(1,1) Jack polynomials is rewritten as

(+-)
Nj'\rFe,

o =
pl(/+ )dljeu(O)

v

(7.441)

Substituting y = (1) in (7.439), we obtain

F
H (1- Zi)—l—/\N/ H (1- Zj)fANLN{? _ Z %jﬁ*f)(z),
i€ly J€lE ueA;]/3 +A;§ vov(0)
(7.442)
If one could represent the RHS of (7.442) as an analytic function of Nj; and
N7, one would establish the binomial formula. This task, however, has not
yet been achieved to its full generality.

The composition v € AT, + A;\;? is characterized by the excitations
B F
(4B, uF) as
v = 0V, (VD)) + (B, 0% Vo yF gMe=Ne)(7.443)
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We have the following relation:

7(+=)(.B B F F
J/S )(zl,...,zNB,O,...,O,zl,...,zNF,O,...,O)
N]lg_NB Nﬁ‘—NF
F(+-)(.B B _F F
= Jit )(Zl,,.,,zNB,zl,...,zNF). (7.444)

For a separated state kK € A]J(,B + A]J\r,;, the expansion coefficient for the
composition v € Aj\',, + AE? can be reduced to
B F

TE(We, (V514 NNE) é,r (A ANG + A4 NY) (r.a15)
d;,(Mew(o) &5 (X) & e (As) ’ '
by reference to (7.436) and (7.437). We note that the RHS of (7.445) is an
analytic (polynomial) function of Nj; and Nf.. Then we identify
—p =1+ X\Nj + Np), (7.446)
—q = AN’ + N = ANj + Ay Nf.. (7.447)

In this way we finally obtain the binomial expansion coefficient in (7.426)
for separated states:

b (p, q) = (—1) kT éur (s —p + Nq) é,r (Mg —q)
' TV A
which takes a form factorized into bosonic and fermionic contributions.

According to (7.438), both contributions reduce to the binomial coefficient
(7.308) for the symmetric Jack polynomials.

(7.448)

7.5.6 Integral norm
The U(1,1) Jack polynomials are orthogonal with each other with respect
to the integral norm. For k € (AJJ(,B,ATV;), we have the relation

Ng!Np!
o
which can be derived in the same way as (7.167). By using explicit results

for (Eyx, Ex)o, as presented in Section 7.2.2, we obtain

T(NA+1)  d.e,

<J(+7)7 J(+7)>0/<Em En)O =

K K

(7.449)

T Yy = Np!Ng! : 7.450
R i
It is instructive to compare the result with the norm
D(NA+1) d.e
<‘]m J/{>0 = ( + ) ~Cn (7451)

T+ DN dle,

for the symmetric Jack polynomial.
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In the special case of k = £(0), we can derive the following result:

(=) () Ng! L(NA+ Np)T'(1 + M Np)

= . 452
Vi ) e 00 = M TN (Ve + V) 0 452
which has been obtained in [10]. Note that the norm reproduces (7.451)
with Ngp = 0 and x(0) = 0", It also reproduces (7.166) with Ng = 0 and

k(0) = 4. To derive (7.452), we first note
pf(;(Lo_)) = NB!d;(O)/dn(Oﬁ (7.453)

which is obtained from (7.408) and (7.409). Then we only need to evaluate
€4(0) /e 0)° This ratio can be obtained by following a procedure similar to
that used in deriving (7.169).

The integral norm for a separated state can be written in a form that is
convenient for taking the thermodynamic limit. Using (7.445) and putting
the relations of combinatorial factors discussed in Section 7.1.6, we obtain
the ratio of norms as

(IS I,
(+_)’ (+_) = NBNF7 (7454)
<JH(0) 7JH(0) >0

which takes a factorized form of bosonic and fermionic parts. The bosonic
part is given by

&5 (X)é,s (N 1+ X Ng)

= . 4
Mo = g e (Vi 1+ V(N — 1)) (7.455)
Here we note the relation
éu(MAN) = eZ(N), eu(MAN +1) = eL(N +1), (7.456)

which results from the definition (7.276). Then (7.455) corresponds to the
ratio of norms for symmetric Jack polynomials given by (7.451), provided
the coupling constant is taken as \.

The fermionic part is given by

d e (Ay)éyur (Ags Ay (Np + X' Ng))

Np = , :
’ @ (A)ér (A 14+ A (Np + AN — 1))

(7.457)

which again takes the form (7.451), provided we take not only

(i) the renormalized coupling A, but also
(ii) the effective number of particles as Ny + X' Np.
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Yang—Baxter relations and orthogonal eigenbasis

The spectrum of the Sutherland model for fermions with spin has a
degeneracy. The orthogonal set of the basis of the Fock space of degen-
erate states is usually related to a Lie algebra such as sus and sug. In our
case, however, the degeneracy extends to states with different values of to-
tal spin, and the ordinary Lie algebra is insufficient. The relevant algebra is
called Yangian [43,44], and is the algebra controlling those operators satisfy-
ing the Yang—Baxter relation [118,178]. In this chapter we describe how the
Yangian naturally emerges in the many-particle states described by Jack
polynomials, and constructs an orthogonal basis of degenerate states. We
concentrate here on the simplest case of the gls Yangian, corresponding to
spin 1/2 particles. More general cases will be discussed in Chapter 9.

We introduce a variant of the R-matrix in Section 8.1, and its standard
form in Section 8.2. We then introduce a monodromy matrix and discuss its
algebraic properties, such as the Yang—Baxter relation and the intertwining
property. In Section 8.4, we consider the action of the monodromy matrix on
the set of states constituting the degenerate eigenstates. We will see that an
element of the monodromy matrix plays the role of a creation or annihilation
operator of orthogonal eigenfunctions. This means that all eigenfunctions
can be generated algebraically from the highest-weight state, for example,
by successive action of an element of the monodromy matrix. Thus, the
degeneracy beyond the Lie algebra is accounted for by the symmetry of the
monodromy matrix, which is nothing but the Yangian.

A demonstration of this construction will be given in Section 8.5 for
the two-particle and three-particle systems. The general expression for the
orthogonal set of eigenfunctions is also given, which corresponds to the
so-called Yangian Gelfand—Zetlin basis. In Section 8.6, we give the formula
for the norm of the Yangian Gelfand—Zetlin basis. The contents of this chap-
ter relies heavily on the paper by Takemura and Uglov [180].

391
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8.1 Fock condition and R-matrix

In the present section, we will see that an R-matrix appears naturally as
a consequence of the Fock condition imposed on the wave function whose
spatial part consists of non-symmetric Jack polynomials. This R-matrix is
an operator acting on the spin space of two particles, and obeys the Yang—
Baxter relation. This finding gives us a hint on the procedure of construction
of the orthogonal set of eigenfunctions of the U(2) fermionic Sutherland
model. The resultant eigenfunctions are called the Yangian Gelfand—Zetlin
basis [143,144], as will be explained later.

We use the notation z = (z1,...,2y) and 0 = (01,...,0n) for the set of
complex spatial and spin coordinates. The real coordinate x; is related to z;
through z; = exp(2wiz;/L). The eigenfunctions of (3.5) for the U(2) fermion
model are written in the form

U (z,0) = ®(z,0) Ug(2), (8.1)
O(z,0)= Y Ey(2)en(0), (82)
n; S.t.pt=k

where U(2) is the symmetric function defined by (2.5). Let Fi . be the set
of (8.2) satisfying the fermionic Fock condition
Ki;® = —P;;®. (8.3)

For a given partition k € AJ'C, the energy level in general has a degeneracy.
We define Fy . to specify the degenerate wave functions with the same .
Let ¥ € Fi . be a wave function of the form

U (z,0) = @ (2,0) U5 (2), (8.4)
O(z,0)= Y En(2)@y(o), (8.5)
n; S.t.pt=x

where the spin part is specified by @,(0). The inner product (¥, W) is
given by

L L
(o) = > > / dxl-../ dznU*(2,0)¥(z,0)
o1=12 oy=1,2"70 0

=LY Z <E77a ET]>0 (357]’ 9077)7 (8.6)

n; S.b.ant=k

where the spin part is given by

2 2
@0)= D Y @(o)p(o). (8.7)

o1=1 on=1
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For later convenience, we introduce the following notation:

(tf, D) = Z (En, En)o (@n: ¢n); (8.8)
n; S.b.nt=k

for ® (8.2) and ® (8.5). We shall find an orthogonal basis of eigenfunctions
in Fy . In the present subsection, we first derive a non-orthogonal basis of
eigenfunctions in Fy ,. By imposing the Fock condition (8.3), we can derive
the relation between ¢, in (8.2) and ¢, with k = 1. Let us begin with
some examples.

Example 8.1. N = 2, k = (k1, k2) with k1 = ka.
(8.2) in this case reduces to

E/ﬂfﬂ (Zl’ZQ)QOnllﬂ (0-170-2)5 (89)
where the spatial part is a symmetric function of z; and z3. Therefore the
Fock condition (8.3) requires

PlQ‘Pmm = —Pri1k1>y (810)

which means the singlet spin pair.

Example 8.2. N =2, k = (k1, k2) with k1 > ka.

The role of the recursion relation (3.169) of non-symmetric Jack polynomials
becomes clear in this case. Namely, the action of K 12 on the LHS of the Fock
condition (8.3) yields

KIQ (Emnzspmliz + Emzm 4,0/42/@1)

1
:E/{lng (H:O"’i_l’i/2€2 + QD/{2H1> + EﬁQl{l |:<1 - W) Soﬂlﬂz + /4?205—2%,:;1] .
1 — ~2

The result should be equal to

—Pro® = — (Em@pu%m + Enzmpu%ml)- (8.11)
Since Ej, s, and Ey,,., are linearly independent, we obtain

Ri13(R1 — F2) Py = —Prans (8.12)

Rig(Ry — F1)Pramy = — {1 - (F1— E2)_2] Prirg (8.13)

where we have introduced an operator

1 ~
Riiy1(u) = " + Piy1. (8.14)
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Because of the relation

Rio(Ro — 1) Ria(R1 — Fz) = 1 — (F1 — Fa) 2, (8.15)
(8.12) and (8.13) are compatible. Consequently, we obtain

d = (E/ilfiz - En2n1R12(El - EZ)) Prika: (816)

Example 8.3. N =3, k = (k1, k2, k3) with K1 > ko > k3.

The Fock condition (8.3) takes the same form as (8.12) from the recursion
relation (3.169) of non-symmetric Jack polynomials, as long as the spectral
parameter involved in Rij is positive. Hence we obtain

Prawins = —R12 (F1 — F2) Orykans
Prgrams = — 12 (R2 — R3) Pramgr
Przkiky — —Rio (El - E?)) Prikzka»

and analogous relations with Ris replaced by Ros or Rys. By combining
these relations, all ¢, for n* = k are generated from ¢,.. We take @y u,k, as
an example. There are two routes from (k1k2k3) to (k3kek1), such as

route 1: (Kikoks) — (K1kska) — (kskika) — (K3kak1),

route 2: (Kikoks) — (Kak1K3) — (K3k1k2) — (K3kakl) .

Namely we obtain

Prsrory = —Ros (F1 — R2) Riz (R1 — R3) Rz (R2 — R3) Preyrans (8.17)

via route 1 and

Orargrny = —R12 (F2 — F3) Raz (F1 — R3) Ria (F1 — F2) Py rars (8.18)

via route 2. The compatibility of (8.17) and (8.18) is guaranteed by the
relation

R23 (Ul - U2) R12 (Ul - U3) R23 (U2 - u3)
= Ri2 (ug — u3) Roz (u1 — u3) Rz (u1 — ug). (8.19)

This relation (8.19) is a variant of the Yang—Baxter relation [118], as dis-
cussed in detail in Section 8.2.
Now we introduce a related operator R%)‘) by the recursive relations [180]

RY =1, (8.20)
(M) : A)

Ry )= —Riup1(M; —0s)BYY) for mi> i (8.21)
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We further introduce an operator U(k;\) which creates ® with spatial
dependence from a spin-only wave function. The operator U(x; A) is defined

in terms of R%A) by the relation [180]

O =U(k;\)pr = Z Ean?)‘)gpm (8.22)

n; 8.t nt=k

where the sum is taken over all distinct rearrangements of x € AJJ(].

Example 8.4. N =3, k = (k1, k2, k3) with K1 > Ky = K3.
In the present case, (8.2) becomes

P = > EyRY ¢y ans (8.23)

n=(k1k2K2),(K2k1K2),(K2K2K1)

where ., ok, satisfies

P2390n1/£2f12 = —PKi1kaka- (824)

Example 8.5. N =3, k = (k1, k2, k3) with kK1 = Ky = K3.
In the present case, (8.2) becomes

El‘ﬂ'ﬂfﬂ@/ﬂ/ﬂnl- (825)

From the Fock condition, the ¢y, «,x, have to satisfy

P1290f$15151 = —Pri1k1k1 p23§0n1m.‘£1 = —Pri1k1K1) (826)

which requires ¢y, x5, = 0. Namely, in the present case, non-vanishing eigen-
functions do not exist.

We can generalize the above results as follows. The set of one-particle
spin wave functions is given by C?, where a basis {v1(c), v2(0)} satisfies the
orthonormal condition

2
(va,v8) = Y _ vi(0)va(0) = dap  for o, B € [1,2]. (8.27)
o=1
v1(0) and v2(0) can be regarded as spin wave functions corresponding to | T)
and | |). The set of N-particle spin wave functions is given by the tensor
product of C2:

N
——

C’e---®C="C%.
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We introduce a subset V, in ®VC? such that two spins with the same
momentum form a singlet. In other words, we define

V.= {go - ®NC2]W satisfying k; = kjr1 — ]%,ngo = —<p} . (8.28)

For example, in the case of N = 3 and k1 > kg = k3, Vi kor, consists of two
functions

VWOV —v2®v1), V2@ (V] @V — V2 R Vy). (8.29)

Let us further introduce the set AEQ C AE as those partitions where at
most two k; can take the same value. Namely, we define

AEQ = {k = (K1,K2,...,kN) € AL|8{Kr;i | ki = Vs € Z} < 2}. (8.30)
For k € AEQ, the set of states
P=U(k; N € FNr, @€V (8.31)

satisfies the Fock condition (8.3). The operator U(k;A) makes the wave
function antisymmetric with respect to particle exchange.

We can obtain all the eigenfunctions of the form (8.2) by taking ¢ to be
a basis of V. For N = 2 and k1 > ko, for example, the basis of spin space
Vi is given by

Vo = Vo @Ug, «a,f=1,2 (8.32)
and the wave functions
(z)ﬁ,a,B = U(H; )\)Ua ® vg, a,3=1,2 (833)

are eigenfunctions of the Hamiltonian (3.16).
For N = 3 and k1 > ko = k3, two wave functions

U(k; Nvg @ (v12 —v21), a=1,2 (8.34)

give eigenfunctions of the Hamiltonian (3.16).

Owing to the orthogonality of E,, the functions ® € Fy . and & € Fy
are orthogonal when x # '. Within Fy ., however, different basis functions
are not necessarily orthogonal. Indeed, the two eigenfunctions (8.34) are
mutually orthogonal but the four functions (8.33) are not. We shall show
that the orthogonalization is naturally provided by the Yangian algebra in
the following.
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3 3

! :
AS

2 2

Fig. 8.1. Yang—Baxter relation for the R-matrix.

8.2 R-matrix and monodromy matrix

In order to obtain an orthogonal basis, we look for a set of self-adjoint
operators Aj, Ao, ... satisfying the following conditions:

o For k€ Af,, ® € Fnn, Ai® € Fy .

o [AZ,A]} =0.

e The set of eigenvalues of /All, /Alg, ... specifies uniquely each eigenstate; the
joint spectrum of those operators is non-degenerate.

Those operators are given by the monodromy matrix, which will be intro-
duced in the next section. As a set up, we now define the R-matrix and the
monodromy matrix relevant to the Sutherland model.

Let us start with (8.19). By multiplying both sides of (8.19) by Py from
the left and by ]523]313 from the right and setting © = u; —ug and v = us—us,
we obtain

ng(u — ’U)RQ:),(’LL)RQ(U) = ng (U)RQg(U)ng(u — U), (8.35)

where

7

R”(u) =1+ " (836)

is called the R-matrix. The relation (8.35) is called the Yang-Baxter relation
for the R-matrix, and is described graphically in Fig. 8.1.

The relation (8.35) is the functional relation of the operators acting on
®3C?. Now we rename each factor of ®3C?: we call the first factor 0/, the
second 0, and the third 1. The first two are regarded as auxiliary spaces
and the third factor as a physical (spin) space. We introduce the operators
Loi(u) and Lyq(u) by

Lo (u) =14 ]501/u, Lo/l(u) =1+ Po/l/u. (837)
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We then rewrite (8.35) as

Roof (u — Q})L()l (’U,)Loq(’l}) = L011<’U)L01(U)R00/(u - ’U). (8.38)
In the case of many particles, we consider an extended space @~ C?:
N
2o C?P o C? @ C? @ - ® C @ C?
(8.39)
0 o’ 1 2 ‘e N-—-1 N.
As an operator acting on the space (8.39), we introduce the monodromy
operator
To(u; f) = Lo1(u + f1)Lo2(u + f2) - - - Lon (u + fn), (8.40)
where f = (f1, f2,..., fn) are called the spectral parameters and
P
Loi(u) =14+ -2, fori=1,...,N. (8.41)
u

We shall derive the Yang—Baxter relation for the monodromy operators
Roo (u — v)To(u; f)To (v; f) = Tor (v f)To(u; f)Roo (v — v). (8.42)
This relation follows from repeated use of (8.38) with replacement of Lo, Lo

by Lo;, Ly When N = 1, (8.42) reduces to (8.38). When N = 2, we see
that

Roo (u — v)To(w; f)Tor (v; f)
= Roo(u —v)Lor(u+ f1) Lo2(u + f2)Lo1 (v + f1) Lo2(v + f2)
commute
= Roo(u —v)Lo1(u + f1)Lo1(v + f1) Loa(u + f2) Loz (v + f2)
Lor1 (v+f1) Lo (utf1) Roor (u—v)
= LO/l(’U =+ fl)L01 (U =+ fl) ROO’ (’LL — U)LOQ (U + fQ)LOIQ(’U + fg)

~~

Lo (v+f2) Loz (utf2) Rogr (u—v)
= Lo1(v+ f1) Loi(u + f1)Loo(v + f2) Lo2(u + f2)Roor (u — v)

vV
commute

= Tor (v; f)To(u; f)Roo (u — v).

The relation (8.42) for a general value of N can be proved similarly. Figure 8.2
shows a graphical description of (8.42).

Now we define the monodromy matrix that has operators as its elements.
The monodromy operator (8.40) acts in an auxiliary space 0’ as the identity



8.2 R-matriz and monodromy matriz 399
1 2 3 - N

0/

—

Fig. 8.2. Yang-Baxter relation RTT = TTR (8.42) for the monodromy operators.

operator and hence it is natural to treat Tp(u; f) as the operator on the
tensor product of an auxiliary space 0 and the physical space:

¢ @ (V)
(8.43)
0 1~ N.

Regarding operators T, 5(u; f) as matrix elements, the monodromy matrix
is defined by

To(u; f) = > XY@ Tas(u; f), (8.44)
a,=1,2

where X°P is an operator acting on spin states in the auxiliary space 0:
Xaﬁwy = 0gyVa, o,B3,7=1,2. (8.45)

In terms of spin operators, the X-operators are expressed as

1. 1. A A
X1 = <2 + sz>, X% = <2 — SZ), X2 =8 X*=8". (8.46)
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Let us find the explicit form of Ti,5(u; f) for N = 1,2. When N =1, we
have Ty (u; f) = Lo1(u + f1) given by

j2 S, X0B g XPe
To(u; f) =1+ — = 1@ 1 4 =222

u+ fi u—+ fi
X Bex
Z X <5a5+ 7 >,
a,(=1,2 u 1
which means
X Pa

Top(u; f1) = dap + (8.47)

u+ fi '
Note the sequence of suffices in Tp,3, and that in Xg,. This is because «
should behave as a bra vector on both sides.

When N = 2, the monodromy operator is written as

To(u; f1, f2) = (1+ u]—DiEnﬁ) <1+ u?%)

POl I:)OQ POIPOQ
=14+ + + . 8.48
ey ey Sl prarny o ey S R e

We use the relations

Pn= Y X¥Yexel, Pp= ) 6 XYeleoX’™ (849

a,0=1,2 a,8=1,2
PubPp= Y X% Y xvogxf (8.50)
Oé,ﬁ:].,Q a/:1,2

Then we rewrite (8.48) as

a’a Ba’
B fuf)= 3 X003 ( +ﬁ>®(‘5a'“f+fg)’

a,f=1,2
(8.51)

from which we find

d'a Bao!
Top(ui fr, fo) = Y <5aa/ + UX+ f1> ® <5a5+ X+ f2> (8.52)

o’'=1,2

Note again the sequence of « and [ on both sides of (8.52).
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For a general integer N, the monodromy matrix is given by [22]

Taﬁ(u;f17f27' . JfN)
Z (5 Xala ) Xagal
= aon T —F | ® <5a1a2 + > ®
Q1,02, ,OUN —1 u+ fl u+ f2
XﬂOéN1>

- (8.53)

- Q® <5CVN1,B +
which can be proved by mathematical induction. The procedure (8.53) to
construct Tpg(u) acting on V ® --- ® V' from that acting on V is called
co-product.

8.3 Yangian gls
We will examine detailed algebraic properties of the monodromy matrix.

When the monodromy matrix acts on V(= ®VC2), the R-matrix is
rewritten as

X" e X7 @1
:1+Z—.

Roy (u —v) (8.54)

U—
7,6

Using this and (8.44), the LHS of (8.42) is written as
Roo (v — v)To(w; £)To (v; f)
= ZZXaﬂ XY (Tag(u; NTys(v; f) +

afB  ~o

Ty5(u; f)Tas (v; f)) '

u—"v
(8.55)
Similarly, the RHS of (8.42) is written as
Tor (s f)To(u; f)Roo (u —v)
=Y XxPex’e (Tm;(u; HTap(v; f) +

afB ~o

Ty5(0; f)Tas(u; f)) _

u—v
(8.56)
Since (8.55) and (8.56) are equal, we obtain for «, 3,7,5 = 1,2
(u =) [Tag(u), Tys(v)] = Typ(v)Tas(u) — Tyg(u)Tos(v), (8.57)
which is equivalent to

(u =) [Ty5(w), Tap(v)] = Typ(u)Tas(v) — Typ(0) Tas (u)- (8.58)
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The algebra for operator-valued matrices satisfying (8.58) is called the
Yangian gls, and written Y (gl2). The form given by (8.53) constitutes a
solution of the functional equation (8.58). The quantum determinant is
defined by

qdet{Tij (u)} = Tll(u)TQQ(’LL — 1) . Tlg(u)Tgl(u — 1), (859)

which commutes with all elements of Tj;(u). We shall generalize the quantum
determinant beyond glo in Chapter 9.
The elements of the monodromy matrix are defined by

TH(U) = Al(u), Tlg(u) = B(’LL), T21(u) = C’(u), TQQ(’LL) = D(u) (860)
Then (8.58) is rewritten in terms of components. For example, we obtain

(u—v) [A1(u), B(v)] = B(u)A1(v) — B(v) A1(u), (8.61)

(u—v)[C(u),B(v)] = D(u)A;(v) — D(v)A;(u), (8.62)

where (8.61) corresponds to the case (a, 3,7,0) = (1,2,1,1) in (8.58), and
(8.62) to the case (1,2,2,1). It is convenient to draw an analogy with the an-

gular momentum to understand the properties of the Yangian. The algebra
for angular momentum is characterized by the following:

(i) L= L2+ ﬁ; + L? commutes with all elements L, L, and L,.

~92 ~

(ii) Simultaneous eigenstates can be constructed for L™ and L, as an
orthogonal basis.

(iii) As shown by the property

[ﬁi,lﬂ —0, [ﬁi,iz] — FL*, (8.63)
the eigenvalue of L, is raised by L+, and lowered by L.

The properties of the Yangian gl are summarized in an analogous way:

(i) The quantum determinant, gdet{7;;(u)} = Aa(u), commutes with all
elements A;(u), B(u),C(u), and D(u).
(ii) Simultaneous eigenfunctions can be constructed for Ag(u) and Aq(u).
(iii) Let |x) be an eigenstate of A;(u) with eigenvalue w(u). By choosing
v so that w(v) = 0, we obtain from (8.61):

(u =) [A1(u), B(v)][x) = —w(u)B(v)|x)- (8.64)

By comparing (8.64) and (8.63), we see that B(v) for a particular
value of v acts as a raising or lowering operator of the eigenvalue of
Aq(u). A similar statement applies to C'(v) as a raising or lowering



8.4 Relation to U(2) Sutherland model 403

operator of the eigenvalue of A;j(u). It should be remembered that
B(v) decreases the spin S, of the system by one, while C'(v) increases
S, by one.

The correspondence between the angular momentum and Y (glz) is summa-
rized as follows:

Ao (u) 1;2
121((3)) — f_ (8.65)
C(u) L+

for a particular value of u.

8.4 Relation to U(2) Sutherland model

The monodromy matrix has a set of parameters f1,..., fy called the spectral
parameters. The U(2) Sutherland model fits nicely in the Yangian symmetry
by identifying the spectral parameters as the rapidities of particles. The close
relation between the Yangian and the Sutherland model is also anticipated
from our construction of the Yang—Baxter relation using the non-symmetric
Jack polynomials.

Let us begin with the proof of the following statement [180]:

(s fro v forts Foseeos fo) Rissn (i — fis)

3 i il
:RiiJrl(fi_fi+1)Taﬁ(u§f1a---afi,fi—:h---afN)a (8.66)

which will turn out to be useful in the next section. It shows that Rn’+1( fi—
fix1) intertwines the parameters f;, fi+1 of the monodromy matrix.

Proof of (8.66).

First we regard Rii.}rl( fi — fit1) as an operator acting on ®"VC? and con-
struct 1® Ry 1(fi — fir1) acting on the tensor product of the auxiliary space
0 and ®" C2. The relation

Loi(u+ fis1)Loi+1(u+ f;) (1® Ria (fi — fi1))
= (1® Rit1(fi — fi+1)) Loi(u+ fi)Loi1(u+ fiy1) (8.67)

is nothing but (8.38) in a slightly different form. The relation
il g
To(uw; f1,- -, fivts firooos In) (1@ Ripr (fi — figr))
y i il
= (1® Rip1(fi — firr)) To(u; f1, s fis fit1s-- -, IN) (8.68)
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follows from (8.67). Further, we rewrite both sides of (8.68) in terms of
Tap(u; f1,...):

To(us f1,-- -, fivts fir oo SN) [1® Rigga (fi — fig)]

= ZXaﬂ ®Taﬁ(u;f17 cee >fi+17fi7 ce >fN) [1 ®Ru+1(fl - fi+1)]
a,B

= ZXa’g ® Top(w; fr, .., fists fir oo SN) Riia (fi — figr) (8.69)
a,f

and

[1® Riipa(fi — fix1)] To(us f) = ZXaﬂ ® Riir1(fi = fir1)Tap(us f).
" (8.70)

The relation (8.66) follows from (8.69) and (8.70). |

We want to find a commuting set of self-adjoint operators acting on F Nk
As a trial, let us see the action of the monodromy matrix T, 5(u; dy, .. dN)
on Fy . Note that the Spectral parameters fi,-.., fn are replaced by the
Cherednik—Dunkl operators dl, .. d ~- This is a crucial trick in the follow-
ing argument. Recalling that non—symmetric Jack polynomials are eigen-
functions of d;, we easily see that

Ta/g(u; dl, .. ,dAN)‘I> € FN ks (8.71)

provided that k € A;\F,Q and ® € Fy . Further, we find the conjugate
property [180]

A~

Tl (usdy, ... dy) = Tpa(uidy, ..., dy), (8.72)

with respect to the inner product (2.189). This property is derived by
recalling that Tog(u; di, .. dN) consists of X0, and that dy,...,dy are
self-adjoint.

From (8.71) and (8.72), we construct a commuting set of operators in
Fn i from T 5(u; czl, ey JN) The action of Ty, 5(u; cfl, . ,a?N) on ® € Fn,
is processed as
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Taﬁ(u; dlv SRR CZN)U(H7 )‘)SO

= Z Taﬁ(u;czl,. . .,CiN)EnR%)\)gO
n; S.b. nt=k

= > ETup(wi,....in)RMe (8.73)
n; 8.t nt=k

= Y ERWVTs(uF,. . RN (8.74)
n; 8.t nt=k

=U(r; N Tap(u;R1, ..., RN)P. (8.75)

Equality of (8.73) and (8.74) can be understood by examining the following

example. For a composition 7 given by

n= Kii+1l-€ = </<;1, . -a/fj—lyl'fj—i-laﬁj; . .,K)N),

R%)\) reduces to Rj;41 (Ei _EiJrl)- When we set (El,ﬁg, .. ) = (fl, fo, .. .), the

LHS and RHS of (8.66) turn into (8.73) and (8.74), respectively.

Let us take another example. For N = 3, n = (kg3, k2, k1) satisfying xk; >

Ko > K3, we obtain

(8.73) = —T,op(u; k3, R, /@1)]:223(,%1 - K}Q)RlQ(El — Eg)Rgg(Eg — R3)
= —R23(El - EQ)Taﬁ(U,E?”EhEQ)Rm(El - E3)R23(E2 — R3)
= —Ro3(R1 — o) R12(F1 — R3) Tap(u; R1, Rs, o) Ros(R2 — R3)
= —R23(E1 - E2)R12(E1 - Eg)R%(EQ — R3)Top(uw; R, Ro, R3)
= (8.74)
with repeated use of the intertwining property (8.66) of Ry i1(u).
FromA(8.75),Awe can act Tog(u;R1,...,Rn) on ¢ € Vi, instead of acting
Top(u;dy,...,dn) on @ € Fn . If the eigenvalues of Ty (u;R1,...,Ry) are

non-degenerate for certain x € Vj, then those {x} constitute an orthogonal

set of basis in V.
Now we show the following theorem [180]:

Theorem 8.6.

If the spin function ¢ belongs to Vj, then the action of Tis is stable:

Taﬁ(u;ﬁl,ﬁg, .. .)go eV..

Proof.

When fz = fi+1 —1in (8.14), R”_:,_l(fz - fi+1) becomes —1 + ]5ii+1, which
antisymmetrizes the state vector. Then for ¢ € ®VC2, the intertwining

relation (8.66) becomes
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i i+1 .
Taﬂ(u;f17"'7fi+]—a f’Laqu)(]- _-Pii-ﬁ—l)so

(i fro o St L Fi e SN
(1= Pas) Tt frre oo s o Ly ) (8.76)
From this relation, we see that
pu‘+1<P = —p— Pii—HSD/ = —<P/
with
¢ = Top(u; f1,- -, fi+ 1, fi,- ., fN) .

Any vectors ¢ € Vj, satisfy P;; 119 = —¢ for ¢ such that ®; = ;4.1 + 1, which
is equivalent to x; = k;41. Thus

¢ =Tap(u;Rr,...,En)p (8.77)
satisfies Pjiy1¢' = —¢' for such i as has k; = k1. Therefore, (8.77) belongs
to V.. |

8.5 Construction of orthogonal set of eigenbasis
8.5.1 Examples for small systems

First we consider some examples for small systems (N = 1,2, 3), and later
generalize the results. From now on, we use the following notation:

N N
prw) =[Jw+m), pau) =[[(u+F)(u—1+F), (8.78)
=1 i=1
a1(u) = pr(u)Tii(u), blu) = p1(u)Trz(u),
c(u) = p1(w)Toi(u), d(u) = p1(u)Trz(u). (8.79)

Furthermore we define

az(u) = p2(u) [T11(u)To2(u — 1) — Tha(u)To1(u — 1)]
=ai(u)d(u—1) —b(u)c(u — 1), (8.80)
which is proportional to the quantum determinant introduced in (8.59), but

without singularity because of the factor pa(u). Hence, as(u) is referred to
as the “regular” quantum determinant in this book. Other quantities are
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also related to A;, B,C, and D by the factor pi(u). We denote a basis of
@NC? by

Vajag—ay = Vag @ Vay @+ ® Vg - (8.81)

In the rest of this subsection, we give Examples 8.7 to 8.10.

Example 8.7. N = 1.
From (8.47), we obtain

CL1(U;E1)=U+E1+XU, b(u;ﬁl):Xm,
c(w;7) = X2, d(w;R) =u+7 + X2 (8.82)

From these expressions, we obtain

Xll 4 X22

_ —\2
——— )—(u+/11) -1, (8.83)

as(ui ) = palu) (1 T

which is a c-number and commutes with a;(u),b(u), c(u),d(u). For N =1,
V. reduces to C? where v; and vy form a basis. Obviously, both v; and vy
are eigenvectors of aj(u):

al(u;ﬁl)vl = (u + 1+ E1) U1, al(u;ﬁl)vg = (u + El) V9. (8.84)

The highest-weight state vy is annihilated by c¢1(u); ¢1(u)vy = 0. The other
state vo is generated by action of b(u) on v;.

Example 8.8. N = 2.
This is the simplest nontrivial case. We obtain

a1(u; K1, Rz) = p1(u) (Ti1(u) @ Tii(u) + Tiz(u) @ Tor(u))
:(u+m+X”)®(u+ﬁ2+X”)+X21®X12,

2) = (u+F+ X" @ X' + X @ (u+Fe + X*?),
Fo) = X @ (u+re+X") + (u+m+ X)) @ X2,
EE) XP@ X + (u+F1+ X)) @ (u+Fe+ X7

?s\
?s\

m \

b(u;
c(u;
d(u
The regular quantum determinant in the present case is obtained as a scalar

2
as(u;Fr, o) = [ [ ((u TR - 1). (8.89)
=1

For N =2, k1 > kg, V, is C? ® C2, where the basis is given by

Vo =Va ®vg, a,F=12. (8.90)
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The action of aj(u; &1, R2) is, for the basis (8.90), given by

ai (’U,;El,ﬁg)vn = (u +1+ El)(u +1 —i—ﬁg)vu, (8.91)

a1 (u; K1, EQ)UQQ = (u + El)(u + EQ)UQQ, (8.92)

a1 (u; By, Fa) ( 12 ) (8.93)
V21

(R e ) ()

(8.94)

Since the matrix is triangular, the eigenvectors x,s are easily obtained as

V21
X11= U1, X2 = U2 T ———, X2l =21, X22 = U2 (8.95)
1 — R2

The basis formed by (8.95) is an example of a Yangian Gelfand—Zetlin basis
[143,144], and these are not classified by the total spin of two particles. The
eigenvalue of each eigenstate is obtained from the diagonal element of the
matrix in (8.94). Owing to

El—EQZ(Hl—Iig)//\+1>1,

all the eigenvalues are distinct.
The four wave functions

Ppap = U(Ki \)Xag, =12 (8.96)

with k = (K1, k2) are eigenfunctions of the self-adjoint operator 711 (u; a?l, CZQ)
and the eigenvalues are non-degenerate. Thus the wave functions (8.96) con-
stitute an orthogonal basis of eigenfunctions in Fp .

Now we rederive the eigenbasis (8.95) algebraically starting from the
highest-weight state x11 = wv11 [143, 144]. The Yangian relation (8.61) is
rewritten as

(u—v)[a1(u),b(v)] = b(u)ai(v) — b(v)a(u). (8.97)
Applying both sides of (8.97) to x11, we obtain
(u—v) [a1(u), b(v)] X11 = Thws (v)b(u)X11 — Thws(w)b(v)X11,  (8.98)
where we have introduced the notation

@hws(u) = (u+ K1+ 1) (u+ Rz +1).
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In (8.98), we take v = —1 — R; so that wpys(v) = 0 for i = 1,2. Then we
obtain

(u+14+R;)[ar(u),b(=1 — R;)] x11 = —@hws(©)b(—=1 — Ri)x11,  (8.99)
which is rewritten as

(U + Ri)whws(u)
(u+1+FR;)

al(u)b(—l — Ri)Xll = b(—l — Ri)Xll- (8.100)

Thus b(—1—7&;)x11 turns out to be an eigenfunction of a; (u). The eigenvalue

is given by
(u+ Ri)wnws(u) [ (u+F1)(u+ 1+ Ra), (1=1),
L = - " . (8.101)
(u+1+F&;) (u+14R1)(u+ k), (1 =2).
We introduce x;; and, using (8.86), confirm the following relations:
X21 = b(—1 = F1)x11 = —(R1 — Ra + 1)x21, (8.102)
X12 = b(—l — EQ)XH = (El — Eg)xlg. (8103)

The basis function y2o can be generated similarly. Namely, we apply both
sides of (8.97) to xa1, setting v = —1 — Ko. Then we obtain

(u+ 1+ F2)[a1(u),b(=1 — Fa)] X21
=—(u+FR1)(u+ 1+ R2)b(—1 — Ra2)Xo1, (8.104)
which is rewritten as
a1(u)b(—1 — R2)Xo1 = (u + K1) (u + K2)b(—1 — R2)X21- (8.105)
Thus we identify the lowest-weight eigenfunction as
X22 = b(—1 — R2)X21 X X22. (8.106)

The basis function y22 can be rewritten in another way. Namely, by setting
(e, B,7,0) = (1,2,1,2) in (8.58), we find the commuting property

[b(u),b(v)] =0, for |u—wv|#1. (8.107)
We then obtain
X22 = b(—1 — R2)X21
= b(—l — Eg)b(—l — El)Xll
= b(—l — El)b(—l — EQ)XH
= b(—l — E1)>~(12- (8.108)

Hence the basis function Y22 can be generated from 12 as well as from Ya;.
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We can confirm (8.105) and (8.108) directly using (8.86). Namely, we
derive

b(—1 —FRa)b(—1 — R1)vip = b(—1 —R1)b(—1 — R2)v1y
= (1= (" = 72)) v (8.109)
Thus the eigenbasis (8.95) is equivalent to
x11, b(—=1—Fi)x11, b(—1—F2)x11, b(—1—%1)b(—1—R2)x11, (8.110)

up to a constant factor. By starting with the highest-weight state x11 = v11,
all the eigenstates .3 have been generated algebraically by the lowering
operators. Further lowering gives b(u)x22 = b(u)ve = 0.

We note that x12 and yo; are also annihilated as

b(—Fa2)x12 =0, b(—F1)x21 =0. (8.111)

To derive (8.111), we apply both sides of (8.97) to x21. Setting v = —&1, we
obtain

[a1(u),b(—K1)] X21 = —(u + 1 + K2)b(—F1)Xa1, (8.112)
from which
a1 (u)b(—F1)x21 = (u+ k1 — 1)(u + ko + 1)b(—F1)X21 (8.113)
follows. However, the eigenvalues of aj(u) are exhausted by
(u+ R+ 1)(u+ ke + 1), (u+ R1+1)(u+ Ra),
(u+FR1)(u+ ke + 1), (u+ R1)(u+ Ra).

Thus, (8.113) requires b(—&1)x21 = 0. The first equality of (8.111) can be
derived similarly.

Figure 8.3 illustrates the relations (8.103), (8.109), and (8.111). As we
shall derive, the following actions:

o(—F1) X2z = :(Rl )t - 1: 1o, (8.114)
o(—F2) X2 = :(El ) 1: Fo1, (8.115)
o(—F1)Xa1 = :(El —F)? - 1: i1, (8.116)
o(—F2) K12 = :(El ) 1: Xi1- (8.117)

are also included in the figure. Of these relations, (8.114) can be derived in
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X12 X21

/ m

Fig. 8.3. Algebraic structure of Yangian Gelfand—Zetlin basis for N=2 and k1 >ks.

the following way. Setting («, 3,7,0) = (2,2,1,1), and v = u — 1 in (8.58),
we obtain

aj(u)d(u —1) —b(u)e(u — 1) = d(u — )ay(u) — b(u — L)e(u).  (8.118)
Setting v = u — 1 in (8.62), we obtain
c(u)b(u —1) = b(u)e(u — 1) = d(u)ar(u — 1) — d(u — 1)aq (u).
From this, (8.62) and (8.80), we obtain
c(u)b(u—1) =d(u)ai(u—1) — az(u). (8.119)
Using (8.108) and (8.119), the LHS of (8.114) becomes

C( I_il)b( 1-— /431))(12
=d(—FR1)a1(—=1—R1)x12 — a2(—FK1) Xi2
—_———— ' N———

=0 17(%1 7E2)2
= RHS of (8.114). (8.120)
Other relations in (8.114)—(8.117) can be derived similarly.
Besides the trivial relation c(u)xi1 = 0, the operators ¢(—1 — &;) for
1 = 1,2 annihilate x12 and xo1:
C(—l — EI)XIQ =0, C(—l — EQ)XQl =0. (8.121)

The first relation of (8.121) can be obtained in the following way. We apply
(u—v)[e(u),b(v)] = d(u)ai(v) — d(v)ay (u), (8.122)
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which comes from (8.62), to x11 taking u = —1 — K1 and v = —1 — Ro. The
result is given by
X12 0

——f— ——
(RQ — I_Ql) C(*l — I_Ql) b(*l — RQ)XH *b(*l — I_QQ) C(*l — Rl)Xll

= d(—l — Fdl) al(—l — EQ)XU —d(—l — 17&2) CL1(—1 — Rl)Xll; (8.123)
—_———— —_———
0 0
from which the first relation of (8.121) follows. Figure 8.3 also shows (8.121).

In summary, using b(—1—F;), the orthogonal bases (8.96) of eigenfunctions
are given by
Uxvit, Ukb(—1 — R1)v11,
U,@b(—l — EQ)’UH, Uﬁb(—l - El)b(—l — EQ)’UH. (8.124)

Example 8.9. N =3, k1 > Ko > Ks.
In the present case, the functions

vaﬂ')’:va@)v,@’@/UV? a76)7:172 (8125)

constitute a basis of V, = ®3C2. Explicit expressions for monodromy
matrices are given by the co-product as

a1 (u; R, o, Ry) = (u+F1 + X)) @ (u+Fe + X)) @ (u+ 7z + X'1)
+u+m+ XN X! X2+ X! o X2 ® (ut+ R+ XM
+ X7 @ (ut+F + X)) 0 X2,

b(u; Ry, o, Rz) = (u+ R+ X)) @ (u+ R+ XM) @ X!
+w+m+X") 0 X" @ (u+Fs+ X))+ X @ X2 @ X
+ X1 @ (u+Fe+ X2 ® (u+ Rz + X2,

c(u;F1, R, R3) = X2 @ (u+ Fe + X' @ (u+7Rs+ X')
+X12®X21 ®X12—|— (U‘i‘ﬁl +X22) ®X12® (U+E3+X11)
+ (u+F +X?) @ (u+Fe + X*?) @ X2

The regular quantum determinant ag(u;%1,R2,<3) is given by the tensor

product of the quantum determinant for N = 1. The action of a;(u) on the
basis is block diagonal:

al(u)v111 = (u +1 —I—El)(u +1 "‘EQ)(U +1 +E3)U111, (8.126)
aq (’U,)UQQQ = (u + El)(u + EQ)(U =+ Eg)vzgg. (8.127)
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For a more complicated block with the basis vector v, we obtain
ar(u)v = p1(u)Uv, (8.128)

where U is a matrix. In the case of v = v = (v112, Ulgl,vgll)T, we obtain
U =U; in (8.128) with

(ut1+F1)(ut1+FK2) (ut+1+F1) 1
(u+r1) (utFe) (u+F1)(u+trz)(u+r3) (u+R1)(utR3)
_ (u+1+71) (u+1+73) (u+1+%3)
U= 0 Grrm) () ) e (a7)
(u+1+F2) (u+1+%3)
0 0 (utra)(whrs)

(8.129)

For another case of Vo = (v122,v212,v221) ", we obtain U = Uy in (8.128)
with

(u+1+4%1) 1 (u+14+R2)
(u+F1) (ut+F1)(utRz)  (utke)(utkz)(utrs)

o (u+14F2) 1
(u+1+K3)
0 0 7(7”%)3

Both matrices U; and Us are triangular, and hence they can be diagonalized.
The eigenvectors are given by

X112 = V112 — E2111_21Eg - (2’12_—;3)&3)_02131)7 (8.131)
X121 = V121 — Elw—nﬁg’ (8.132)
X211 = V211, (8.133)
X122 = V122 — EIUQ_IQEQ - (Eﬁ/jl—_n?) 6@11)_”2;21), (8.134)
X212 = V212 — E:Q_m,% (8.135)
X221 = V221. (8.136)

Each eigenvalue is obtained from the diagonal element of the matrix in
(8.129) or (8.130). Owing to the conditions K1 > %y + 1 and Rg > R3 + 1,
all eigenvalues are distinct. All eigenvectors are generated by the successive
action of lowering operators b(—1 — &;) (i = 1,2,3) on the highest-weight
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state x111 = v111- Namely, we obtain
b(—1 —FR1)vinr = (=1 =1 + Rz) (=1 — F1 + R3) xa11,

b(—1 —FRz)vin1 = (F1 — R2) (=1 — K2 + R3) X121,

b(—1 — R3)vi1 = (R1 — R3) (R2 — R3) X112-
Then the double action of b(—1 — &;) gives
b(—1 —R1)b(—1 — Ra)vi11
= <1 — (R —Eg)2 (=1 =%y +R3) (=1 — Rz + R3) X221,
b(—1 —F1)b(—1 — R3)v111
=(-1—F1 +7)(1— (R —E3)2> (R2 — R3) x212,
b(—1 —R2)b(—1 — K3)v111
= (R1 — R2) (R — R3) (1 — (Ra — E3)2) X122-

Further application of b(—1 — &;) gives

(8.137)

(8.138)

(8.139)

(8.140)

(8.141)

(8.142)

b(—E1 . l)b(—ﬁz o l)b(—ﬁg _ 1)1)111 = H (1 — (Ei — Ej)2> X222-

1<i<j<3

(8.143)

Conversely, all eigenvectors are generated by the successive action of

c(—Ri) (i = 1,2,3) on the lowest-weight state X220 = w292. Namely, we

obtain

c(—R1)va22 = (—F1 + R2)(—F1 + R3) X122,
c(—Ra)va22 = (R1 — R + 1)(—Fa + R3) X212,
C(—ﬁ3)’0222 = (El — R3 + 1)(%2 — R3 + 1)X221.

Then the double action of ¢(—%;) gives
c(—F1)c(—Fa)vaoz,
= <1 — (Ri — Ej)2> (—=F1 + K3) (—F2 + R3) X112,
c(—FR1)c(—Fs)vaze,
= (—R1 + Fa2) (1 — (R — Rg)Z) (—F2 + 73 + 1) x121,

c(—Fa)c(—k3)v222,

=(R1—Fe+1)(F1—Rs+1) (1 —(R2 — E?’)Q) e

(8.144)
(8.145)
(8.146)

(8.147)
(8.148)
(8.149)

(8.150)
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X111

X222

Fig. 8.4. Algebraic structure of Yangian Gelfand—Zetlin basis for N = 3 and k1 >
K2 > k3. The symbols b; and ¢; stand for the lowering operator b(—1 —%;) and the
raising one ¢(—g;), respectively. The symbols b} and ¢} stand for the annihilation
operators b(—&;) and ¢(—1 — &;), respectively.

Further application of ¢(—F;) gives
— _ _ — N2
c(—R1)e(—Ra)c(—FR3)vaoe = H (1 — (Ri — Rj) ) X111- (8.151)
1<i<j<3

In addition to the raising and lowering operators described above, the
operators b(—F;) annihilate eigenstates whose ith subscript is 2. Namely we
obtain

b(—=F1)x208 =0, b(=F2)Xa2s =0, b(—F3)Xas2 =0, (8.152)

for , 8 = 1,2. On the other hand, the ¢(—1 — &;) annihilate eigenstates
whose ith subscript is 1:

C(—l — El)Xlaﬁ = 0, C(—l — EQ)Xalﬁ = 0, C(—l — ES)Xa,Bl =0. (8153)

Figure 8.4 summarizes the algebraic structure.
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Example 8.10. N = 3, k1 > k3 = k3.
In the present case, we obtain

Rl >FRe+1, Fo=Trs+1. (8.154)
A basis of Vj is given by
P112 = V112 — V121, ¥P212 = V212 — U221 (8-155)

Considering (8.154), (8.129), and (8.130), we see that (8.155) themselves are
eigenfunctions:

al(u;ﬁl,ﬁz,ﬁg)@lu = (u +1 +E1) (u + 14+ Eg) (u —|—E3) ©112,
al(u;ﬁl,ﬁg,ﬁg)wglg = (u + El) (U +1 +E2) (u + Eg) ©212-

The operators b(—1 — 1) and ¢(—F1) are the lowering and raising operators
of eigenstates:

b(—l — El)(png = ((El — EQ)Q — 1) ©212, (8.156)
C(—El)gOQlQ = ((El — Eg)g — 1) ©112- (8.157)
The orthogonal basis in F3, is given by

{Usp112, Usp212}, (8.158)
or equivalently by
{Uxp112, Usb(—1 — R1)p112} (8.159)

8.5.2 Orthogonal eigenbasis for N-particle systems

We are now ready to construct an orthogonal set of eigenbasis of Fy . with
arbitrary N. For k € AX,Q, we consider a subset I, of I = {1,2,...,N} by
removing all adjacent pa{rs {i,i+ 1} with k; = k;+1. Namely, I, is a subset
that picks up unpaired spins from I. On the other hand, let Z, C [1,..., N]
be the set of i such that [i,7 + 1] forms a singlet. For example, with N = 3
and k1 > ko > k3, we have I,, = {1,2,3}. For N = 3 and k; > k2 = K3, we
have I,, = {1} and Z,, = {2}.

More generally, for a given I, = (i(1),4(2),...), a basis function ¢, of V
is defined as

i(1)

Pa = (V12 = v21) ® -+ ® (V12 — V21) ® Vo, @

i(2)
(V12 = v21) @ - © (V12 — V21) ® Varypy D+ - - (8.160)
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These functions are uniquely specified by the index o € W,;, where

W, = {a = (a1,...,ay) € [1,2]N (i, aiz1) = (1,2) if k; = mi+1}.
(8.161)
For example, we put a; = 1, g = 2 if kK1 = k2. The corresponding state ¢,
with N = 2 is the spin singlet.
The order of o,& € W, with )", a; = >, &; is defined as

& < «, if the first non-vanishing &; — «; is positive. (8.162)
For N =3 and k1 > k2 > k3, the order of &« € W, with ). o; = 4 is given by
112 > 121 > 211.

The action of aj(u) on this basis is given in a triangular form:

a1 (1) Pa = Ta(t)Pa + Y Caatar (8.163)

a<a
because aj(u) is the sum of the terms
(ut+m+ XN @u+ra+ XX e . (8.164)

The diagonal element w, (u) can be obtained by comparing the coefficient
of ¢, on both sides of (8.163). On the LHS, the coefficient of ¢, comes from

(u+R+ XN @+ iy +X1ea. (8.165)

Then the diagonal element w, (u) is given by

Da(uw) = wa(wiFr, . Bn) = [ (R [ (utri), (8.166)
€T UL/ J(a)) i€J(a)

where a subset J(a) of I,; is occupied by down spins. Namely, it is defined as
J(a) = {i € Ii|ay = 2}. (8.167)
The eigenstates of aq(u) are written in the form

Xa = Pa + Z CaaPa (8168)

a<a

with coefficient ¢,5. The eigenvalue of aq(u) in (8.168) is wq(u). In terms
of (8.168), we construct a set of orthogonal bases of Fy . as

B = UXa, (o€ Wp). (8.169)
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The eigenbases can be derived in another way. The highest-weight state @pws
in V,; with the maximum eigenvalue of S, is described as
i(1)
Phws = (V12 —v21) ® - @ (V12 —v21) ® V1 ®
i(2)
(Vg —v21) ® - @ (V12 —V21)® V] ®--- . (8.170)

For ¢nyws, all the coefficients cog in (8.163) are zero because there are no

states with the same SZ,, for a given . Hence we obtain

a1(4)Phws = Ta(U)Phws, (8.171)
with wq (u) given by (8.166). Then the state
Xo= J[ b(—1—Fi)enws (8.172)
ieJ(a)

is also an eigenfunction of aj(u) which satisfies [143, 144]
a1(u)Xa = @a(U)Xa; (8.173)
as will be proved below. The orthogonal basis in Fy,, for k € Aj\_f,Z is given
by the set [180]
D0 =UsXa, (a€Wy). (8.174)

The basis functions (8.169) and (8.174) are equivalent up to a constant fac-
tor: @ 4 X Py .

Proof of (8.173).
We shall use mathematical induction for the proof. The statement is true for
the highest-weight state ¢pws as given by (8.171). Suppose that the above
statement holds for a function y, if the number #J(«) of elements in the set
J(a) is less than or equal to an integer r € [0, ], — 1]. Any function X, for
o/ satisfying §.J(a/) = r + 1 is written as
Yot = b(—1 — Fj)Xa, (8.175)
with a such that J(o/) = J(«) @ {j}. Let us apply (8.97) to both sides of
(8.175). Setting v = —1 — &, we obtain
(u+1+7;)[a1(u)Xe — Wa(t)Xo] = —@a(U)Xar- (8.176)

Here we have used the relation

a1(—1 —Ri)Xa =0 for i€ l,/J(a)® L.
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From (8.176), we obtain

- (u+7%j) -
, ) ) = (W) R 8.177

ai (U)Xoc Wa (u) (’LL YR+ 1) Xa Wa (U)Xa > ( )
which shows that x,/ is also an eigenfunction. By induction, (8.173) is hence
proved. 1

We note that the eigenvalues w,(u) for « € W, are non-degenerate.
From (8.173), it follows that x,, is the eigenfunction of a;(u) with an eigen-
value distinct from the others. Recalling the results in Section 8.4, we see
that (8.174), which belongs to Fy x, is an eigenfunction of the self-adjoint
operator aj (u,dy, .. .,dy) with a distinct eigenvalue. This means that (8.174)
forms an orthogonal set of eigenbases in Fu . Let Fn be the collection of

FNk:
Fn = 69%5;2.7:N,n- (8.178)

The orthogonal basis of Fy is then given by [180]

{(I),w\n €Lh, ac WR} . (8.179)

8.6 Norm of Yangian Gelfand—Zetlin basis

The norm of the set of orthogonal bases of Fy ,, can be obtained algebraically
[180] starting from the simpler case of the highest-weight state. In the case
of a € Wy, 1€ I, and oy = 1, &, has a descendant state

b(—1 — d;) Py (8.180)

Suppose we know the norm of the highest-weight state U,{gphws in Fy .. We
then obtain the norm

1@ 8]1% = (@r, 5, Pr ) (8.181)
for any basis function in Fy , from the recursion formula [180]

—— lim wa(—l_—k‘)
Wao(—F;) k—ri  k — R

@ (—Fi)

A 2
[o(=1 = d)@na] /l10nal? = RENNCRES)

which will be verified below. Here to(—F;) represents the eigenvalue of as(u)
for the eigenstate yq:

az(u)Xa = @(u)Xa; (8.183)
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where ©o(u) actually does not depend on « since az(u) is a scalar, namely the
regular quantum determinant. As an example of formula (8.182), the case
of two particles with kK = (K1, ko) satisfying k1 > k2 is explicitly written as

2 9  K1—FRa—1

”(I)mm,l?” /||‘1>nm,11|| = ma (8-184)
2 2 K1 — K2

[@riro 21l / 1Py o1 ]l” = mv (8.185)

H(I)/61H2722H2 / ||(D/$152,11||2 =1. (8186)
In the derivation of (8.184) and (8.185), we have used (8.102) and (8.103).

Proof of (8.182).
Let us introduce an inner product ({p,)) for ¢, € V, via the inner
product (-,-) in Fy .. Namely, we define

A~ A

({0, ) = (Unep, Uxp). (8.187)
It then follows that
{((Xar X8)) = (P00 Prcg) (8.188)
for a, B € Wy. The adjoint property
bl (us R, ..., Rn) = c(u; R, ..., EN) (8.189)

holds with respect to ((,-)). This can be confirmed as follows:
(. b(u; Fr, - BN)B)) = (Unip, b(us dy, ., dN)Up)’
= <C(U, dla v 7dN)UIiQ05 UH¢>/
= (Uxc(u; 1, - .. v, Un)'
= <<C(u7 Rla"'aRN)(p,(ﬁ»v (8190)

where we have used (8.72) in the second equality. We then use the relation

((b(=1 = Ri)Xa, b(=1 = Ri)Xa)) = ((Xa, c(=1 = Ri)b(=1 = Ri)Xa)), (8.191)

for the LHS of (8.182). Calculation of the RHS requires some steps. First,
(8.62) is transformed as

c(u)b(v) = b(v)e(u) + (u — v)_l [d(u)a;(v) —d(v)ai(u)], (8.192)

and set u = —1 — K; and v = —1 — k. Secondly, provided a;; =1 in o € W,
we have the relations

a1(—1 — Ki)Xa = @Wa(—1 — Ki)Xa = 0, (8.193)

(=1 —Ki)xa = 0. (8.194)
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Taking the limit ¥ — &; with «; = 1, we obtain from (8.191), (8.192), (8.193)
and (8.194),

((Xar e(=1 = Ri)b(—1 — Ri)Xa)) _ |, Wal=1—F)

— = lim ————.
({Xa,d(—=1 — E;)Xa)) k—ki  k—F;

The denominator on the LHS of (8.195) can be evaluated with use of (8.80)
and (8.183). Namely, we take the expectation value of (8.80) with respect
to Xo With u = —K;. The result is given by

@ (=Fi)((Xas Xa)) = Da(=Fi) ((Xa, d(=1 = Ri)Xa)), (8.196)
with use of (8.194). From (8.195) and (8.196), we finally obtain

(Ocas (=1 = U1 = Fixa)) _ B(=Fi) | Fal-1=k)

(8.195)

((XasXa)) @Wa(—FKi) k—F: k —R;
which proves (8.182). ]

. (8.197)
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SU(K) and supersymmetric Yangians

We now describe the properties of the SU(K') chain in more algebraic terms.
The relevant symmetry is the SU(K) Yangian, which is usually referred to as
Y (sl ). On the other hand, the Yangian symmetry of the Sutherland model
with spin 1/2 is given by Y (gl2). The difference between Y (slx) and Y (glx)
is that the charge degrees of freedom U(1) is absent in Y (slx), while the
spin degrees of freedom is included in both Y (slx) and Y (glx). In Section
4.8.3, we have removed the U(1) component by means of the freezing trick,
i.e., by taking the infinitely large repulsion parameter A. In this chapter we
take a more algebraic approach to study Y (slx), which makes the relation
between Y (glx) and Y (slx) clearer.

In Section 9.1, we begin with the construction of the SU(K) monodromy
matrix as the product form. The commuting property of the Cherednik—
Dunkl operators plays a crucial role here. The monodromy matrix is the
basic building block of the Yangian algbebra, as discussed in Section 8.2.
Because the Hamiltonian of the SU(K) spin chain and the monodromy
matrix commute, each eigenstate of the spin chain constitutes a basis for
representations of the SU(K) Yangian.

In Section 9.2 and 9.3, we discuss the quantum determinant by com-
paring it with the ordinary determinant. It is demonstrated in Section 9.4
that the quantum determinant has a scalar nature that leads to a simple
evaluation. Because of the scalar nature, however, the quantum determi-
nant cannot distinguish different SU(K) Yangian states. We need to come
back to the monodromy matrix which gives different eigenvalues for such
states within the irreducible representation. For explicit representation of
the SU(K) monodromy matrix, we introduce the Lax pair method in Sec-
tion 9.5. It is demonstrated that the Lax method reproduces the same mon-
odromy matrix as that given in the product form, and that all conserved
quantities are constructed as the power of the Lax operator.

422
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A ribbon diagram without inscription is in one-to-one correspondence
with a motif, and both specify an SU(K) representation. In Section 9.6, we
provide another way of representing the Yangian supermultiplet in terms of
the Drinfeld polynomial. Finally, in Section 9.7, we sketch an idea to extend
the Yangian to arbitrary supersymmetry, including the SUSY ¢-J model.

9.1 Construction of monodromy matrix

We start with the following form of the Cherednik—Dunkl operators:
d; = A o +Z — 035] Kij, (9.1)

where 0;; = 2;/(z; — 2;) and 0(i — j) is the step function. The prime in the
summation means exclusion of j = i. The second term can also be written as

. 1 .
> 00 — i) — 053] Kij = -5 > sgn(i — j) + wij] Kij, (9.2)
J J
with w;; = (2; + 2;) /(2 — 2;). The operator d; is related to d; used in Chap-
ters 3 and 7 by the similarity transformation, which has been displayed in
(3.163). Namely, we obtain with O =[]

i<y 12 = 21,

d; = Od;O~' + N —1. (9.3)

The form d; is useful for discussion of non-symmetric Jack polynomials. How-
ever, we prefer here the simpler form d; which enables us to derive the explicit
form of the Yangian generators as given by (9.15). To study the SU(K ) Sys-
tem without the spatial motion of particles, we introduce an operator D, by

~ 2 0 . .
Dz’ = dz — Xa—zz = ;/ [9(] — Z) — 92]] KZJ (94)

The commuting property [ﬁ,,f)]] = 0 also holds without the differential
operators, as can be deduced in analogy with the fundamental commutation
property (7.23).

We can then construct the monodromy matrix as

To(u) = (1 +- ]—DOIE) (1 +— ) ZngTab (9.5)

Top(u) = <1+ Xf; > <1+Xﬁ?>, (9.6)

u— 1 u—DM
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where the order of indices in ngT ub(u) comes from the ket property of a in
X = |a)(b|, and the bra property of a in Ty (u) = (a|T'(u)|b). Since the D;’s
commute among themselves and with Fy;, they can be treated as if they are
c-numbers. By following the same logic as that for the Sutherland model, we
can confirm that Tp(u) satisfies the Yang-Baxter relation, and is qualified
as the monodromy matrix. In fact, the Yang—Baxter relation holds for any
values of the set {z;}. However, an interesting conservation law appears only
if the {z;} form the regular lattice with the same spacing on the ring. Since
all coordinates are fixed, we no longer have the U(1) degrees of freedom, i.e.,
the phonons, and the relevant Yangian becomes Y (slx) instead of Y (gix).

The Hamiltonian of the SU(K) chain is obtained from the Sutherland
model written in the form

N 2 2
N -1 A
Hg = 2§ ——— ) —Z=N(N?-1 .

where we have taken the length L = 2.
Let us analyze the A-dependence [183] of the commuting property:

[d;, \"2Hs] = 0, (9.8)

which holds for all i. The LHS has terms of orders ranging from O(\°) to
O(A™3), whose coefficients should all vanish. The coefficient of the O(1/))
terms in (9.8) is given by

9 . .
%5y Z hji + [Hsu(re), Di] = 0, (9.9)
J#l
where hi; = —z;2; /(2 — 2;)? = 0;;0;; and
f{SU(K) = Z hi; K (9'10)
i#£j

appears as the O(\) term in Hg. Since the first term of (9.9) is zero for the
periodic lattice, the second term should also be zero. Namely, D; commutes
with ﬁSU( k), Which is written in terms of Kj;;. Of course the same result
follows by computing [ﬁISU( K) ﬁz] directly.

In the bosonic Fock space with K;; P;; Vg = WUp, I:ISU(K) is equivalent to
Hsuxy = Zi# hi;j P;j. In the fermionic Fock space with K;; P;; ¥y = —Up,
on the other hand, the relevant form must be — Z# ; h;j K;; to have the same
Hamiltonian Hgyx) = Zi# h;jP;;. The fermionic form can be obtained
when we replace A — —X\ in (9.7). In this section, we choose the bosonic
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Fock space. We discuss the case of a combination of fermions and bosons in
Section 9.7.

Since I~{SU( k) does not involve the spin operators, it commutes with Pp;
for any i. Hence we obtain the important property

[Hsu k), To(w)] = 0 = [Hsy (), Tup(w)], (9.11)

for any combination of a and b. Furthermore, since To(u) keeps the bosonic
symmetry of the wave function, Hgy(x) with Pj; instead of Kj; also com-
mutes with the monodromy matrix. Namely, we obtain

[Hsu(x), Tap(w)] = 0. (9.12)
The monodromy matrix is expanded in terms of 1/u as
~ 1.1 1 .9 1 .
Tup(w) = dap + Ty + 5T 4 T - (9.13)

(n)

where any term Tag commutes with the Hamiltonian. The first two terms

are given by

T =>" X =g, (9.14)

- 1

Tg) — Z Z@inzchjqa — Abe 4 5 Z(JbCJCa . Jba)7 (9.15)
i#j c

where A% is given by
1
A = 3 DN wi XX = frach (9.16)
i#j ¢ c
using 0;; = (w;j + 1)/2. Here A° is the Yangian generator in a form defined

by (5.12). Equation (9.15) can most easily be derived by taking N = 2. Then
we obtain

7o -3 (Xfcxga + Dyxbe 4 f)gxga), (9.17)
DiXP" = (1 - 012) K12 X} = 031 > X3°X(°, (9.18)
Dy X3 = =0y Koy X5 = 01 Y X{°X5", (9.19)

where we have used the property K12 = Pj2 when acting on bosonic states.
The RHS of (9.17) indeed gives (9.15). It is clear that the same results follow
for arbitrary N.
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The set A% with K2 components minus the U(1) component A% is
equivalent to the set A% with K2—1 components, as given by (5.12). They are
manifestly related by the structure constant fu. of the Lie algebra SU(K).
(n)

Explicit representation of T a;: of higher order will be given in Section 9.5

using the Lax pair formalism.

9.2 Quantum determinant vs. ordinary determinant

We proceed to an algebraic characterization of the supermultiplet, which has
already been discussed in terms of ribbon diagrams and motifs in Section
4.9.2 of Chapter 4. The key quantity for the characterization is called the
Drinfeld polynomial [43,44]. Namely, the set of Drinfeld polynomials gives
equivalent information to the motif or the ribbon diagram. The quantum
determinant, which has been discussed in Chapter 8 for SU(2), becomes
indispensable in the course of the discussion. Since the quantum determi-
nant is a fundamental quantity in the Yangian theory, we explain the basic
property generalizing to the Y (slg) and Y (glx) cases.

We begin with an interpretation of the ordinary determinant as an anti-
symmetrizer. Consider a set of unit vectors e; with 1 <1i < K. Any vector
in the K-dimensional space can be formed by a linear combination of e; as

Aj = Zaijei. (920)

Then we can represent the determinant in terms of the antisymmetrizer as
AsymA; ® Ao ® - Q@ Ag = det{aij}Asymel RerR- - Rek. (921)

The determinant is regarded as a projection from a matrix {a;;} to a
c-number. The antisymmetrized vectors on the RHS represent the SU(K)
singlet. In the simplest case of K = 2, for example, we obtain

Asyme; ®ers=e; e —ea®@e; =|T])—| 1), (9.22)

with e identified as spin up. We now consider a situation where a set a;;(u)
with a spectral parameter u consists of operators that do not commute with
each other, but satisfy the Yangian commutation relation

(v —v) [ag(u), an(v)] = ar;j(v)ai(u) — ag;(u)aq(v). (9.23)

This commutation relation has appeared in (8.57) and (8.58). The elements
a;j(u) are now written as Tj;(u), implying that they are qualified as elements
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of the monodromy matrix. Then we generalize the ordinary determinant to
the quantum determinant by the relation

AsymT(u) @ To(u—1)® - @ Tg(u— K +1)
= qdet {Tj;(u)}Asyme; ® e2 ® - - @ ek, (9.24)

where T';(v) = ), T;j(v)e; and

adt {T5(u)} = 3 sen(P)Tos ()Tl = 1)+ Troaopel = K+ )

(9.25)
Note that the antisymmetrization acts only on vectors e; and keeps the se-
quence of non-commuting operators. Unlike the classical determinant, the
quantum determinant is still an operator in the KV-dimensional vector
space, where N is the number of sites in the system. An alternative ex-
pression is obtained as

qdet {Tj;(u)} = ngn )T py(u—K+1)Thpe)(u—K+2) - Tgp)(u),

(9.26)
which is equivalent to (9.25) as shown below. The spectral parameters u —
K +j in the quantum determinant are sequential. The reason for this choice
comes from the Yangian commutation relation of (9.23), which simplifies
with v —v = 1.

9.3 Capelli determinant

In order to understand the nature of quantum determinants, we take the
simplest version where only a single site is involved. This version is called
the Capelli determinant in the mathematical literature [67]. Let us consider
a K x K operator-valued matrix whose elements Cj;(u) are given by

where the operator X% acts on the basis |k) with k =1,..., K as XY|k) =
d;k|i). This quantity has appeared as the basic element in the monodromy
matrix, as explained in Section 8.2. Note that the order ij of indices is
different between Cj; and X . With this definition, the ¢’s in Cj; and X i
both represent an index of a ket vector |i), while j in both Cj; and X%
represent a bra vector (j.
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In the case of K = 2, the quantum (Capelli) determinant is derived
according to (9.25) and (9.26) as
Xll X22 X21X12
det {C}; =114+4— (1 — 9.28
adet (Cy(w) = (147 ) (142 ) - 220 (9.28)
Xll X22 X12X21 1
<+u—1)<+ u> (u—1)u T (9:29)

where we have used the completeness relation X't 4+ X?2 = 1.
In the next simplest case of K = 3, the Capelli determinant is given by

qktﬂ%ﬁﬁ}:(h+{f><1+;%i><b+;fz>

X31 X12 X23
u (u—1)(u—2)

1
Foe=14-, (9.30)
u

using the completeness relation X'' + X?2 4 X33 = 1. Thus the Capelli
determinant is a c-number 1 4+ 1/u which is independent of K. Note that
an operator-valued determinant can in general be an operator acting on
K-dimensional vectors.

The mysterious scalar property of the Capelli determinant can be under-
stood naturally in terms of the Yangian algebra. We introduce an auxiliary
space, which consists of K copies of K-dimensional vectors, and interpret
X as the product X% ® 1---® 1 which acts as a scalar in the auxiliary
space. On the other hand, the antisymmetrizer acts on the auxiliary space,
and does not touch the physical space, as is apparent in (9.25). In the sim-
plest case of K = 2, the Yang—Baxter equation can be written in the form

Asym, C1(u — 1) ® Ca(u) = Ca(u) @ C1(u — 1)Asym,, (9.31)

where C; = Cyje; + Cyjez as in (9.20). Note that Asymy, = 1 — Pjg is
the special case v — u = —1 of the R-matrix Rjs(v — u). We recognize
that Asyms, works as the antisymmetrizer for two vectors in the auxiliary
space. The antisymmetrizer extracts the singlet when acting on a state in
the auxiliary space. This means that C2(u — 1) ® C1(u) does not produce a
triplet if acting on the singlet. The diagonal element is given by (9.29).
For general K, we obtain the antisymmetrizer Asymy as follows [134]:

Asymy = Rx 1 k(Rxk—2k Rxk—2k—1) -+ (Rai - - Ra3) (Rik - - - R12),
(9.32)
where R;; = R;j(u; —u;) with u; —u; = —1 acts on the ith and jth vectors in
the auxiliary space. Namely, action of Asymy on the ordered set of vectors
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Fig. 9.1. Graphical representation of (9.35) with K = 3. The quantum number along
the vertical line is represented by X-operators.

e; (1 <i<K) leads to the SU(K) singlet |0x):
Asymy(e; ® ex- - ® ex) = ngn ) ®@ep) - ®epr) = |0k),

(9.33)
which can be verified by mathematical induction, starting with K = 2. Note
that Asymy does not preserve the norm of a state; double action of Asym
gives

Asym 2 = K! Asymy,. (9.34)

We can interpret Asymy as an explicit realization of Asym used in (9.21).

The crucial point is that Asymy is a product of R-matrices. Hence, re-
peated use of the Yang—Baxter equation reverses the order of C;, and finally
leads to

Asychl(u - K+ 1) & .- CK<’U,)
=Ck(u)®---Ci(u— K + 1)Asymy, (9.35)

which is illustrated in Fig. 9.1 for the case of K = 3.

Equation (9.35) shows that action of Cg(u) ® ---C1(u — K + 1) on the
SU(K) singlet again gives the singlet, as assured by the LHS. Both sides of
(9.35) define the Capelli determinant qdet C'(u). Namely, we obtain

qdet {Cjj(u) }Asymyg = Cg(u) @ -+ - Ci(u — K + 1)Asymy (9.36)
=AsymgCi(u—K+1)® - Ck(u). (9.37)

By applying (9.36) to e; ® es - - - @ e, we obtain (9.25). By using (9.37), on
the other hand, we obtain (9.26). Hence, both definitions given by (9.25) and
(9.26) are equivalent for the Capelli determinant. The equivalence applies
to quantum determinants in general.

Since the singlet remains by this action, the Yang—Baxter equation requires
that the quantum number in the physical space after successive application
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of X-operators also remains the same. This is because the Yang-Baxter
equation has SU(K) invariance in the combined space of auxiliary and phys-
ical states. Furthermore, the SU(K) symmetry requires that the product is
independent of the quantum number in the physical space. This means that
the Capelli determinant is a scalar. Let us then take the first spin state |1)
for acting on the Capelli determinant:

adet {Cyj(u)}H1) = <1<+-)i31) e <1<+-1L:?;;5;1) 1)+ (9.38)

As can be understood from the structure of (9.38), the only term that re-
mains nonzero is the product of the diagonal term with X% — 1 for i = 1
and X% — 0 otherwise. Hence, the Capelli determinant is 1 + 1/u for all
values of K. The antisymmetrizer construction has thus clarified the origin
of the common value 1+ 1/u.

9.4 Quantum determinant of SU(K) Yangian

We now derive the quantum determinant of Ty in (9.5) explicitly. Because
site-dependent factors in (9.6) commute with each other, the quantum deter-
minant of the product is equal to the product of each quantum determinant.
The latter has been calculated as the Capelli determinant:

X; 1 1-D;
qdet (1+ 6)=1+ o (9.39)
U

U—Di —Di U—Di

where X; is the operator-valued matrix whose elements are X{‘b with 1 <
a,b < K. Then we obtain

An(u+1)

qdet Tp(u) = N

: (9.40)

where Ay (u) = [[;,(u — D;). Since the quantum determinant is a scalar in
Y (sli), the result of its action is independent of the physical state chosen.
Hence we take the fully polarized state where K;; = 1 for any ¢ and j. Then
we obtain
1 .
Di— —5 Z'(wij +1)+ N —i. (9.41)
J

Thus qdet Tj (u) is determined once the configuration of the coordinates is
fixed. For a periodic lattice, great simplification occurs since summation over
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J gives a zero result for w;;. Then the eigenvalues are given by

N

1
Di— 5 (N+1)—i, (9.42)

which ranges from (N —1)/2 for i =1 to —(N — 1)/2 for i = N. Hence we
obtain
N

AN(u):il;Il<u—;(N—l)+i—1>, (9.43)
adet Ty (u) = [u + %(N + 1)} / [u - %(N _ 1)]. (9.44)

For both periodic and non-periodic lattices, the quantum determinant of
Y (slk) does not depend on a many-spin state. This is in contrast to that of
Y (gli), where the quantum determinant does depend on a supermultiplet.
We remark additionally that the Yangian commutation relation (9.23) leads
to the relation for any element of the monodromy matrix:

adet Tp(w), Tgb(v)] =0, (9.45)

for any values of the spectral parameters.

9.5 Alternative construction of monodromy matrix

We now discuss another way of deriving conserved quantities and the mon-
odromy matrix using the Lax pair [22,163]. A merit of the Lax pair formal-

ism is that the explicit form of TCEZ) for general n can be derived easily. The
monodromy matrix we now derive is written as Tp(u). Later we show the
equivalence of Tp(u) to Tp(u) given by (9.6). We introduce the Lax operator
L by

Lij = (1 — 6ij)0ijpij7 (9.46)
where 92']' = zi/(zi — Zj) is related to Wij = (Zi + Zj)/(zi — Zj) as
wij = Qij — Hji = 29@' — 1. (9.47)
(n) .

The generating function of operators T up s given by

To(u) = X§"Tap(u) —1+ZP01< _L> (9.48)

1 1 _(n

ij v n=0
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where X(l)’“ changes state a to b at an auxiliary site 0, and Tﬁio = Jgp. Let

us write down lower-order terms of Tég) . Expansion of (9.49) gives

T =3 xba = g (9.50)

Here we have introduced the notation .J%® for a component of the generalized
total angular momentum, which is conserved. In the next order we obtain

72 =50, 5 xeexsh, (9.51)
% c

Thus both 7%% and T%* are the same as those given by (9.14) and (9.15).

Let us now prove that the monodromy matrix defined by (9.49) indeed sat-
isfies the Yang-Baxter relation. We follow the method of Bernard et al. [22]
and work with the coordinate exchange operator K;; with each coordinate
z; being not necessarily on a periodic lattice. For a bosonic wave function
Vg, the symmetry results in K;;P;;¥p = ¥p. However, the wave function
becomes no longer symmetric after applying Kj;; alone. This means that
the action of K;; brings the wave function out of the bosonic Fock space.
Examples of useful identities within the bosonic Fock space are

PPy = KijKj = KyK;; = K Ky, (9.52)

where the first equality can be verified by considering a three-particle system.
Let us introduce an operator D; by

Di = 16Ky, (9.53)
J

The commutation rule is given by
(D;, Dj| = (D; — Dj)Kyj, (9.54)

which can be derived by direct calculation. Alternatively, it follows from the
relation

Di = — /\hm 24T, (955)

where 7; has been defined by (7.21), and satisfies [m;, 7;] = 0. We work with
the bosonic wave function from now on. Then we obtain the equivalence

Dy => (L"), (9.56)

J
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which can be verified by direct calculation. We demonstrate the case of n = 2
as follows:

0i;Kij0u Ky = 003 Ki; Ky = 0;0 K K;; = 0;;P;0; Py, (9.57)

where the first and last expressions correspond to D? and (L?);;, respectively,
after summation over indices j(# i) and {(# 7). Then the monodromy matrix
is recast into the form

To(u) =1+ Z Poi(u — Dy)~ L. (9.58)

In the Yang—Baxter equation, we encounter the product of permutations,
which are transformed as

Poor Poi Porj = KijPoi Porj, PojPoiPoor = PorjPoi K. (9.59)
Then the Yang—Baxter relation is reduced to the form
(u—v—i—Kij)(u—Di)*l(U—Dj)fl = (U—Dj)fl(u—Di)il(u—?)—i—Kij). (9.60)

By taking the inverse of both sides, and multiplying by u — v+ Kj; from the
left and from the right, we obtain

(u—v+ Kij)(v— Dj)(u—D;) = (u— D;)(v—Dj)(u—v+ Kyj). (9.61)

The equality can also be verified by using the commutation rule (9.54).
Hence it has been proven that the monodromy matrix in the form of (9.49)
indeed satisfies the Yang—Baxter equation in the bosonic Fock space.

We have seen that the generators J% and A® are equivalently given from
a 1/u expansion of either Ty(u) or To(u). It is shown now that higher-level
generators are also equivalent in Tp(u) and Tp(u) by using Yangian algebra.

Namely, the commutation rule between TCEZ) is given with n < m by
n
(n) m(m)| _ (k+m) (n—k—1) (n—k—1) > (k+m)
[Tag ’Tc:in } - Z (ch " TaZlL - Tcl:l Tad " )7 (962)
k=0

which is obtained by expansion of T,;(u) in powers of 1/u in the Yang—
Baxter relation. Putting n = 1 and b = ¢, we obtain for m > 2

m+1 1 m m
Tt =3 (10 | + T, (9.63)
b
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where we have used TCEZ?) = §4p. Therefore, any higher-level generator Tég)
can be recursively derived from J%® and A% by (9.63). Since the two
lowest-order terms are the same for Tp(u) and Ty(u), the whole
series must also be the same.

Let us turn to the quantum determinant for a non-regular lattice. Since
qdet Ty (u) is independent of the spin state, we take the fully polarized state
where all sites have spin state 1. The monodromy matrix can be made lower
triangular because the fully polarized state is a YHWS. The diagonal ele-
ments except for 711 (u) are all unity. Then we obtain

N
Ty (u) = qdet To(w) = 1+ > (u ! @)U - AX(;(Z)I). (9.64)
ij—=1

Here © is the N x N matrix with matrix elements 6;;, and Ay (u) is its char-
acteristic polynomial as given by Ay (u) = det(u — ©). We emphasize that
the discussion so far does mot assume a regular periodic lattice. Therefore,
det(u — ©) depends on the configuration of the coordinates. The nature of
Y (sli) appears in the point that det(u — ©) is common to all states, given
the coordinate configuration. Provided z; forms a regular lattice on the ring,
the matrix © can be diagonalized in terms of momentum eigenstates. Then
we obtain
N 1 . )
AN(u):H<u—2(N—1)—|—z—1> = An(u), (9.65)
i=1
where the last quantity has appeared in (9.43). In the regular lattice, the
commutation relation with the Hamiltonian is given by

[Hsu (), Ligl = Y (M Lij — Ly My), (9.66)
!
with
Myj = 2(1 = 6;j)hijPyj — 2655 ) _ hik P (9.67)
k

The pair of operators L;; and M;; is called the Lax pair.
Because of the property »°; M;; = >, M;; = 0, we obtain

[Hsu(re), Y Lij] = 0. (9.68)
ij
Namely, >, Li; is conserved. In a similar fashion, it can be shown that

[Hsu(k)s Z(Ln)m] =0, (9.69)

ij
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for any power n. Furthermore, observing that

[Hsu(re), X{ =Y XM, (9.70)

J

we find that the quantity

T = Y XL (9.71)
ij
is also conserved. In this way we have derived the explicit form of higher
conserved quantities . (L");; and TCE;L).

9.6 Drinfeld polynomials

The eigenstates of the SU(K) spin chain give representations of the Yangian.
Each eigenstate constitutes a supermultiplet, which is characterized by either
a ribbon diagram or a motif. We now introduce another equivalent descrip-
tion in terms of a set of polynomials P;(u), where i runs from 1 to K — 1.
These are called Drinfeld polynomials, and provide information equivalent
to that given by motifs or ribbon diagrams [43,44]. The description in terms
of Drinfeld polynomials is algebraically the most systematic, but least picto-
rial. We provide an intuitive, although less rigorous, route toward Drinfeld
polynomials in the following.

All the information about Yangian properties is contained in the mon-
odromy matrix, which can be made lower triangular in the space of YHWS.
If one takes an m X m submatrix from the top left and neglects the rest,
the eigenfunctions consist of states belonging to the SU(m) Yangian Y (sl,,)
with m < K. In this way we can classify the YHWS states according to the
chain

Y(Slg) C Y(Slg) c---C Y(SZK). (9.72)

The basis set which is consistent with this chain is called the Gelfand—Zetlin
basis. The monodromy matrix acting on a YHWS |w) is of the form

Ti1(u) 0 0 --- 0
. * Too(u) O --- 0
To(u)|w) = . 22.( ) . , w). (9.73)

The quantum determinant in this representation is simply given by

qdet Ty(u) = Ty (w)Tho(u —1) - Trr(u — K +1), (9.74)
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Fig. 9.2. Distribution of zeros shown by circles for the Drinfeld polynomial Pj(u)
and Q2(u)Q2(u—1). A pair of successive zeros in Q2 (u)Q2(u—1) represents an SU(2)
singlet in the many-spin states, while zeros of Pj(u) specify the set of momenta of
spinons.

which takes the value given by (9.44). Although the quantum determi-
nant does not have information on |w), the ratio Ty,41m+1(w)/Tmm(uw) does
depend on each YHWS.

In the simplest case of K = 2, for example, we write

)l = LD (PO DA Dy o)

with P;(u) and Q2(u) being polynomials of u. Without loss of generality we
can choose the coefficient unity for their highest power, which is referred to
as monic. Comparing this with the result of the quantum determinant, we
obtain

An(u+1) _ Pi(u+1)Qa(u+1)Qa(u)
An(u) Py(u)Q2(u)Qa2(u —1)

(9.76)

which leads to Ay (u) = Py(u)Qa(u)Q2(u — 1). This relation restricts zeros
of Q2(u) so that they should not be adjacent. A pair of zeros in the product
Q2(u)Q2(u—1) represents a singlet included in the N-body spin state. Figure
9.2 illustrates the situation. The poles of T ho(u) describe momenta of down
spins, of which those in @Q2(u) are part of an SU(2) singlet. On the other
hand, the poles of Ti; (u) describe momenta of up spins. Of these poles, those
in Q2(u) are part of an SU(2) singlet, while those in P;(u) correspond to
spinons. The polynomial P;(u) is an example of a Drinfeld polynomial.
The structure of roots in the monodromy matrix will become more trans-
parent when we proceed to the case of SU(3). We bring the monodromy
matrix into the lower triangular form, and represent Tu(u) in terms of monic



9.6 Drinfeld polynomials 437

polynomials Pj(u), Po(u), and Q3(u) in the following way:

Tll(U)/TQQ(U/) = Pl(u + 1)/P1(u), (9.77)
TQQ(U)/T33(U> = PQ(U -+ 1)/P2(u), (9.78)
ng(u) = Qg(u + 1)/@3(71), (979)

which is a generalization of (9.75). Then the quantum determinant is
given by

An(u+1) _ Pi(u+1)Pa(u+1)Po(u)Qs(u + 1)Q3(u)Q3(u — 1)
An(u) Pr(u) Py (u) Pa(u — 1)Q3(u)Qs(u — 1)Q3(u —2) '

(9.80)

which shows that Ay (u) is given by the denominator on the RHS.

Now it is easy to generalize to arbitrary K. We define Drinfeld polynomials
Pp(u), with 1 <m < K—1, and @k (u), which describes the SU(K) singlet,
by

~

Tmm(“)/Tm+1,m+1(u) = Prn(u+1)/Pp(u), (9.81)
Trr(u) = Qx(u+1)/Qx(u). (9.82)

The quantity A ~(u) appearing in the quantum determinant of To (u) is given
by

AN(U) = Pl(U)PQ(U)PQ(U — 1)P3(u)P3(u — 1)P3(’U, — 2) .
X PK_l(u)PK_l(u — 1) c. PK_l(u — K+ 2)
><QK(U)QK(U—1)...QK(U—K+1). (983)

The N successive zeros from —(N —1)/2 to (N —1)/2 in Ay(u) are dis-
tributed to those of P, (u — 1) and Qx(u — 1) on the RHS of (9.83). Hence,
zeros in Py, (u) should be separated by m at least, and those in Qg (u)
by K at least. The product Qg (u)...Qr(u — K + 1) specifies the loca-
tion of the SU(K) singlet in the momentum space. Similarly, the prod-
uct Pp,(u)...Pyn(u—m + 1) specifies the location of generalized spinons.
Figure 9.3 illustrates the distribution of zeros in the SU(3) case with N = 9.
The relevant Drinfeld polynomials are given by

Pi(u) = (u+2)(u—4), Po(u) = (u+4)(u—2), Qs3(u) =u+1. (9.84)

The same supermultiplets are represented in terms of the motif by (1)()(11)
(1)(), and in terms of the ribbon diagram of Fig. 9.4.
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Fig. 9.3. Nlustration of roots distribution in SU(3) Drinfeld polynomials with
N =09.

Fig. 9.4. Ribbon diagram corresponding to the set of Drinfeld polynomials of (9.84).

9.7 Extension to supersymmetry

Let us generalize the SUSY ¢—J model so that the number of bosonic species
is K, and the number of fermionic species is Kr. Our primary purpose
is to show that H;; commutes with the supersymmetric monodromy ma-
trix, and the conserved quantities are obtained by expansion of the mon-
odromy matrix. For this purpose we work with the following form of the
Hamiltonian:

Hyy =Y hiKij, (9.85)
i#i

where K;; is the coordinate exchange operator of any kind of particle. In
the original Hamiltonian H;y, we have the graded permutation operator Pij
instead of K;;. We simulate the vacant state by a fermion according to (6.2)
in Chapter 6. It is also possible to take the alternative picture where the
spin chain corresponds to the high density limit of electrons, i.e., fermions.
In the latter case we should replace K;; by —Kj; in (9.85) and simulate
the vacant state by a boson. The same physical quantities result from either
picture. Namely, Y (slg |k, ) and Y (sl |k, ) supersymmetries give the same
physics.
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The operator ]Sij is chosen so that the combined action on Wgp, which is a
mixture of fermions and bosons, leads to EjKijWBF = Upp. In accordance
with the commutation rule between fermions, we modify the permutation
operator to the graded one as follows:

Py =Y pB)XI x>, (9.86)
af
where p(3) = 1 if # belongs to the bosonic species, and p(3) = —1 for

fermionic species.
As in the SU(K) chain, we introduce the lattice version of the Cherednik—
Dunkl operators by

D= (06 — i) — 0] Ky, (9.87)
J

which commutes with Hy ;. Next, we modify the monodromy matrix as

To(u) = (1+ PO{ > <1+ p(”‘f ) = p(b) X Tap(u), (9.88)
ab

u— Dy u— Dy
B Xbe Xxea
Tab(u):Z(1+ L )<1+M) (9.89)
e u— Dy u— Dy

Correspondingly, the R-matrix is modified as
Rij(u) =1+ Py /u. (9.90)
This modified form also satisfies the Yang-Baxter relation [2]:
Roor (u— v)To(u) Ty (v) = Ty (v)To (u) Roor (u — v). (9.91)
From the form of (9.88), the commuting property follows:

[Hyg, To(w)] =0, (9.92)

as in the case of (9.11). Hence, expansion of Ty(u) in powers of 1/u gives
the set of conserved quantities. The first two are given by

T =3 xp, (9.93)

Té? = Z ZP(C)QUX?CX;G = Z Z einibaPij. (9.94)

i# c i#j c
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By using the relation w;; = 26;; — 1, we obtain from (9.94) the conserved
quantity
A =3 ple)wi X X5, (9.95)
i#j C
which serves as the supersymmetric Yangian generators. Some examples
have been given in Section 6.5.1 for the special case of SU(2,1) or Y (sly).



10
Uglov’s theory

In this chapter, we give an example of how the Yangian theory works in
practice in the calculation of physical quantities. Using the Yangian rep-
resentation theory, calculation of the dynamical correlation function of the
Sutherland model with glx symmetry can be performed in the same way
as (a modified version of) the single-component Sutherland model [189].
Namely, Uglov [189] showed that the spin and the spatial momentum can
be unified as a fictitious momentum. This spin—-momentum unification is par-
ticularly powerful for exact derivation of spin correlation functions [189,197].
Further development for the SU(K) chain has also been achieved [198,199].
Uglov’s theory is outlined in this chapter.

In Section 10.1 we introduce as a prelude the symmetric Macdonald
polynomials, which include the symmetric Jack polynomials as a special
case. Then in Section 10.2, Uglov symmetric polynomials are introduced as
another limit of symmetric Macdonald polynomials. We explain in Section
10.3 an isomorphism between the Fock space of the Sutherland model with
SU(2) internal symmetry and the space of Laurent symmetric polynomi-
als. The isomorphism by which the Yangian Gelfand—Zetlin basis is mapped
onto the Uglov polynomials preserves the inner product. By this isomor-
phism, density and spin-density operators in the U(2) model find their cor-
respondence in the single-component model. In this way, the calculations of
dynamical density and spin-density correlation functions in the U(2) Suther-
land model reduce to those of a modified version of the single-component
Sutherland model.

10.1 Macdonald symmetric polynomials

We have seen in Section 2.5 that the Jack symmetric polynomials can be
defined as the homogeneous symmetric polynomials of z = (z1,...,2n)

441
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satisfying conditions of triangularity (2.177) and orthogonality (2.196). Mac-
donald symmetric polynomials P, are defined in a similar way, with the
following weight function w(z;¢,t) for the norm:

H (m} ; q>oo

w(z;q,t) = : , (10.1)
i#j (tzizf ;Q)
o

where we have introduced the notation

o0
(z10)0e = [ [ (1 = 20"). (10.2)

r=0

‘We observe the behavior
A—1
(210) 5 [[2(1 = 2q") A

= = = 1—2¢") — (1 —-2)"N 10.3
(2100 [[Zo(1—2¢") ,HO( Nz -? (10:3)

Then in the limit of ¢ — 1 with ¢t = ¢*, the weight function tends to
().
ZZZ‘ ’ q
w(z;q,t) = H — L H(l — zizj_l))‘. (10.4)
itj <tZz 7CI> itj

With this preparation we define the inner product for two symmetric
functions f(z1,...,2n) and g(z1,...,2n) as

90 = H;f Gi g, )£ (2)g2). (10.5)

=1 271'121

The Macdonald symmetric polynomial P,(z1,...,2n;q,t) specified by a
partition p € Aﬁ is defined as the homogeneous symmetric polynomial that
is orthogonal with respect to the inner product (10.5):

(P, P, )th X Oy - (10.6)
Furthermore, it satisfies the triangularity
Py(z1,...,285q,t) =my, + Z U (g, t)may, (10.7)
I/EAXT,S.t.I/<,U,

where m,, is a monomial symmetric polynomial, and the ordering “<” has
been defined in Section 2.1.2. The triangularity (10.7) can be rewritten in
another way in terms of the Schur functions s, defined by (2.173). Namely,
s, is given by the limit A — 1 of symmetric Jack polynomials .J,, which



10.1 Macdonald symmetric polynomials 443

have triangularity property (2.177). Hence, Schur functions also have the
triangularity property:

Sp=my + Z VM, (10.8)
v(<p)
from which the triangularity of m,,
My =su+ > Busy (10.9)
v(<w)
follows. Owing to (10.9), the triangularity (10.7) is equivalent to
Pu(zlvu-,ZNQ(Zat) =Su+ Z {)uu(q’t)sm (10.10)
v(<p)
with the coefficients 9,,,(q,t) depending on ¢ and ¢. The Jack polynomials

J,, are obtained as a degenerate limit of P,:

lirri P,(z1,...,2n5¢,t = ) = Ju(z1,...,2N). (10.11)
q—)

Let us quote some basic properties of P, without proof. According to [126],
the integral norm is given by

1— qa’(s)tN—l/(s) 1— qa(s)+1tl(s)

0 —
<P/“ PN)N#]J - cN(q’t) H 1— qa’(s)+1tN—l’(s)—1 1— qa(s)tl(s)—I—l’ (10.12)
s€D ()
with
(P aq) (gt "5q)
en(g,t) = (1,1D)%,, = N! Ny 0T roo - (10.13)
Mt 191;[@ (77 @) o (@771 0) o
The power-sum decomposition formula is given by [117]
N H ' (s) _ a'(s)
n n s€D 1,1 q
pa=3=0-q Y S2ONE P, (10.14)

Y +1
i=1 st ul=n H8€D(u)1 t)ge)

for non-negative integers m. We can confirm that the formulae (10.12) and
(10.14), respectively, reduce to (2.191) and (7.310) in the limit ¢t = ¢*, ¢ — 1.

The dynamical density correlation function of the single-component
Sutherland model can be derived using the formula of the integral norm
(2.191) and the power-sum decomposition formula (7.310) of the symmetric
Jack polynomials. Uglov has revealed the remarkable fact that eigenfunc-
tions of the U(K') Sutherland model can be mapped onto the Macdonald
polynomials with a particular choice of (g,t). Namely, wave functions with
both space and spin degrees of freedom are mapped onto functions with only
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spatial degrees of freedom. Then exact results on the dynamics of the U(K)
Sutherland model can be obtained in a way similar to that used in Section 2.7.
We note in passing that the Ruijsenaars—Schneider model [152,153] men-
tioned in the Introduction has the symmetric Macdonald polynomials as
eigenfunctions. Correspondingly, the dynamical density correlation function
of the Ruijsenaars—Schneider model has been derived [117] using (10.12) and
(10.14).

In the next section, we introduce Uglov polynomials as symmetric poly-
nomials which correspond to the Yangian Gelfand-Zetlin basis of the U(2)
Sutherland model.

10.2 Uglov polynomials

Uglov introduced [188] a new kind of symmetric polynomial under the
name “gly Jack polynomials”, which can be obtained as a special case of
Macdonald polynomials. Here we call these polynomials “Uglov polynomi-
als” in order to distinguish them from the U(K') Jack polynomials. Let v be
a positive real number and consider the limit

g=-p, t=-p’, p—1 (10.15)

n (10.5) and (10.7). In this limit, the symmetric Macdonald polynomial
reduces to the Uglov polynomial P(). We set v = 1 + 2X in the following.
Then the weight function (10.1) tends to

w(z; —p, —p? ) = (1 = 22/2)™ (10.16)
i#j
The integral norm for polynomial functions f, g reduces in the Uglov limit
to

<f7 >th_){f>g}N)\ (1017)

Here the inner product on the RHS is given by

{f.9hya = C.T. [A1" ()9 H 7{ TR, (1018)

(=1 2miz;

where the symbol C.T. denotes the constant term, and

A(z1,...,2N) = (A(zf, .. .,z?v)))\A(zl, Ce 3 2N
= I a-z/3"0a-z/%). (10.19)

1<i#j<N
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The U(K) generalization of the Uglov limit is given by [188]
g=w"p, t=w"p , p—1, (10.20)

where w = exp(27i/K) is the Kth root of unity. The weight function in this
case tends to

w(z;q,t) — H(l - le/z]K)A (10.21)
i#]
For describing the integral norm of the Uglov polynomials with respect to
the inner product (10.18), we introduce the following quantities:

c(s)=d (s) =1'(s), h(s)=a(s)+1(s)+1, (10.22)

which are called the content and the hook length, respectively. Using these,
the integral norm of the Uglov polynomial is given by

) a'(s) +~y(N —=1(s))
{p,gﬂ,P,S”}MA =cy I1 a(s)+1+~y(N —1U(s) - 1)

s€D(p),s.t.c(s)=Nmod2

a(s)+7l(s) +1
8 H a(s) +I(s) +~’ (10.23)

s€D(u),s.t.h(s):even

where
=1y, =N [ 6-9) (10.24)
1<i<j<N
and
I(y(k=1)/2+ 1T (v(k+1)/2) ,
02 (k + 1)/2) | (k- odd),
(k) =
Dotk —D2+ 20 Gk 1D/241/2) (o
I'(vk/2+ 1T (7k/2) ’ ' '
(10.25)

We refer to the original literature [126,188] for the proof of the basic prop-
erties of the Macdonald and Uglov polynomials.

10.3 Reduction to single-component bosons

The nice original idea of Uglov is to make a one-to-one-correspondence
between one-particle states of particles with spin and those of spinless par-
ticles. In the case of SU(2), this mapping is realized by doubling the spatial
momentum and adding a fictitious momentum o =1 (for T) or 2 (for |) to
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distinguish the spin. In this way the odd momentum is assigned exclusively
for spin-up particles, and even one for spin-down particles. The one-particle
basis for the resultant spinless particles is specified by a momentum p(€ Z).
The relation

Wi = 2K — oy + 2 (10.26)

gives a one-to-one correspondence between the indices of the two bases (k, «)
and p. Although Uglov chose the combination p# — —2k + « in the original
treatment, we follow the choice (10.26) that keeps the sign of momentum.

Figure 10.1 illustrates for NV = 2 the one-to-one correspondence described
in (10.26). In the left column, the states of fermions with spin one-half are
shown. The corresponding states of spinless fermions are shown in the middle
column. In the right column, the corresponding states in terms of spinless
bosons are shown, as will be explained soon. Between the states of spinless
fermions and spinless bosons, there is a one-to-one correspondence via the
relation

wi =v; + N — i, (10.27)

where v; satisfying 11 > - -+ > vy is the index of N-particle states of spinless
bosons. Then v is related to  via

v =2k —a; +2— N + 14, (1028)

which results from (10.26) and (10.27). The right column of Fig. 10.1 shows
the diagrams describing the bosonic states.

When we take z"v,(0) as the one-particle basis of fermions with spin
one-half, we obtain the N-particle basis

usa({Zi}, {0i}) = Asym [2f" -+ 2"V, (01) - vay (0n)]

N

= Z sgn(p)z;(ll) T z;(N)qu (Up(l)) C o Vay (Up(N))7
pESN

(10.29)

with & = (aq,...,ay) € [1,2]V. On the other hand, we can take the Schur
functions s,(z1,...,2n) as the basis of N-particle symmetric polynomials.
The latter basis consists of the set Sy of symmetric functions and corre-
sponds to the bosonic picture of the particles. Now we introduce an iso-
morphism €2 : F , — Sy corresponding to the spin-momentum unification
together with bosonization by

Q(uma) = Sy, (1030)
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(K Ky) (12, 1)

1] ||

1] | 1]

1 ||

TEYE

Fig. 10.1. Correspondence between the original momentum of each spin (left) and
that in the effective single-component systems (center and right). The middle col-
umn is for effective fermions, and the right column for effective bosons with the
checkerboard pattern to be discussed in Section 10.5. Note that the number of un-
shaded squares is three for all four cases in the right column. The number (= 3)
gives the momentum of the two-particle system.

where (k,«) and v are related via (10.26) and (10.27). An important prop-
erty of this isomorphism {2 is conservation of the inner product:

Db € Fy, — () = {Q(@),Q(é)}m, (10.31)

which is called isometry.
The isometry (10.31) can be proved by using the case of A = 0 as reference.
First we note that Schur functions s, can be written as a,/as(x), where

pu=v+dN)=w+N—-1Lwr+N-2... vy_1+1vN) (10.32)

and a,, is the Slater determinant,

ay = Asymzy" - 2N = ZS: sgn(p)2hly) -+ 2% (10.33)
PESN

It then follows that

too.subvo = H j{zl =1 27712 @ 5(N) A 3(N) = N0



448 Uglov’s theory

Similarly, we obtain (uz &, Uk.a)r=0 = N!0z k0a,qa, Where the suffix A = 0
indicates the inner product (8.6) with A = 0. The relation

(Uras Un,a) =0 = {S: Su} N g (10.34)
leads to
(®,@)r-0 = {AD). QD) | . (10.35)
Next we show that
Q (A’\(zl, o zN)<I>> = AN, 22)0(D). (10.36)
The function A*(z1, ..., zy) is generated by the power-sum symmetric poly-
nomials p, and (2 ---zx) L. Hence we can prove (10.36) by showing
Qr(21,...,28)®) = pp(23,..., 23)Q (D) (10.37)
and
Q (21 2n)'®) = (21 2n) 2Q(D). (10.38)

The relations (10.37) and (10.38) are derived as

N N
Q (pr(zl) ceey ZN)umOt) =Q <Z um,...,m—i—r,...,f@;\;,a) = Z SUp, e Vi 427, UN
¢=1 i=1
=pr (zf, e ,z]QV) Sy (10.39)
and
Q((z1- 'ZN)_lun,a) =Q (Uky—1,.. iy—T,a) = S1—2,...un—2

=(21--2n) 250, (10.40)

respectively.

Now we are ready to prove (10.31). We note that
<i’, (I)> = <&), A)\(Zl, ey ZN)‘I)>,\:0
- {Q (&)) 0 (A’\(zl, N .,zN)<D)}NO. (10.41)

With use of (10.36), the rightmost side of (10.41) is calculated as
i A(,2 2 _ 5
{Q (@) LAMNZ2 L2200 (@)}N’O - {Q (cp) ,Q(@)}N’/\. (10.42)

Thus we arrive at (10.31).
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10.4 From Yangian Gelfand—Zetlin basis to Uglov polynomials

The results in the previous section show that an orthogonal basis of Fy is
mapped onto another orthogonal basis of Sy via €. In Chapter 8, we have
found that an orthogonal set of Fy is given by the Yangian Gelfand—Zetlin
basis @, o. Hence, {Q(®y o)} should yield an orthogonal basis of Sy. In the
following, we will show the property

Q(Pr0) = PP or equivalently QL (PP = &, . (10.43)

Let us first show the second equality. From (10.10) and (10.30), it follows
that

QN PPMD) = w0 + Y vistis s (10.44)

<y

The inequality 7 < v means either kK = k together with & < «a, or & < k.
Here the order of a,& € Wy, satisfying >, a; = >, &; has been defined in
(8.162).

The orthogonal set of Fx having the form of the RHS of (10.44) is unique.
In the expression

(I)/i,oz = U(Ii, )\)Xa = Z EanXay (1045)

n, 8.b. nt=k

the monomials z* contained in the summand on the RHS satisfy & < & or
Kk = k owing to the triangularity of non-symmetric Jack polynomials. The
monomial z® comes only from FE,. From R,(.@)‘) = 1 and the triangularity

Xa = Pa + Z CaaPas (10.46)

a<a

we see that (10.45) has the form of the RHS of (10.44). The triangularity
(10.46) of xo has already been illustrated in (8.95) for two-particle and in
(8.131)—(8.134) for three-particle systems. Thus we arrive at (10.43).

As an example, we compare the norm of the Yangian Gelfand—Zetlin basis
and Uglov polynomials for two-particle cases. We introduce the notation

(2A+1) 5(22+1)
{Pa7ﬁ Pa76 }N:27)\

Ro(a, B) = P(QHI) P(2A+1) )
{ 2k1—2K2—1,07 2“172'{271’0}1\7:2)‘

(10.47)



450 Uglov’s theory

as the two-particle norm relative to the highest-weight state. With use of
(10.23), (10.31), and (10.43), we obtain the following results:

R1 — K2

2Kk1 — 2 = — 10.4
Ry(2k1 — 2k2,0) PR (10.48)
K;l—l'ig—l-)\
2k — 2Kk —1,1) = ——— 10.4
Ra(261 — 2k2 — 1,1) i — iy - 2N (10.49)
R2(2H1 —2/&2,1) == 1, (1050)

which agree with (8.184)—(8.186) derived by a different method. Thus the
correspondence between the Yangian Gelfand—Zetlin basis and the Uglov
polynomials is demonstrated via the isometric isomorphim (2.

10.5 Dynamical correlation functions

The dynamical density—density correlation function and spin—density corre-
lation function are calculated using Uglov polynomials. We assume that N
is even and N/2 is odd so that the ground state is a non-degenerate singlet
state. The wave function ®, of the ground state has corresponding bosonic
(v) and fermionic (u) partitions:

v =(0,0,...,0), (10.51)
p=v+a=(N-1,N—-2...,1,0). (10.52)

Then we have x, which is related to the spatial momentum as

1 N N N N
with o = (1,2,1,2,...,1,2). We make a Galilean shift for x to define

which has a symmetric distribution ranging from k; = N/4 —1/2 to ky =
—N/4+1/2.
The dynamical density correlation function is written as
<ga N|ﬁ($, t)[)(ov 0)|g7 N> — Z |<(I)fi70¢7 ﬁ(ov 0)©g>|2 efiw,gt+an
(g, Nlg,N) () (Dg, Pg)(Pra, Prc,ar)

Here the norm (-,-) has been introduced into (8.8). The eigenstates ®, .
have been defined in (8.169) with (8.168). The energy wy is given by

W = (2;)2 XN: [k + (N;” - z> )\r — By N, (10.56)

=1

(10.55)

where k; was defined by (10.54).
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Using (2.307), we obtain the density operator
. 1
p(0,0) = I Z (21, 2N) + p—n(21,- .., 28)], (10.57)
n>0

and (10.55) is rewritten as

| Iiavp ~'aZN)(I)g>|2 —jwet
Wk 2 L). 10.58
Ly sttt s o). G030
Kyar)

Using the isometry (10.31) of the mapping 2 we obtain

(Pg, Pg) = {Q2(Dg),Q2 ((I)g)}N,,\ ={L 1}y, (10.59)
where the last equality follows from
Q(dy) = P =1,

with the suffix 0V being the partition (0,0,...,0). Similarly, the numerator
on the RHS of (10.58) is expressed as

<c1)m,aapn(zlv ceey ZN)(I)g> = {Q ((I)H,Oé) 7Q (pnq)g)}N,)\

= (P& o} (10.60)

where (10.37) has been used in the second equality.
The power-sum symmetric polynomials are decomposed into a linear com-
bination of Uglov polynomials as

Pn=Y_ cny PP, (10.61)

where the expansion coefficients ¢, , can be obtained by taking the limit
(10.15) of the power-sum decomposition formula (10.14) of the symmetric
Macdonald polynomials. Consequently, we obtain

(g, Nlp(z,t)p(0,0)|g, N)

= (p(a,)p(0,0)

(g, Nlg, N)
) {PV(MH)’P’SQAH)}NA |
- ﬁz Z C%n,y ! 2wt cos (2mnx /L) . (10.62)
n>0 |v|=2n » SINLA

In (10.62), the factors coming from the norm on the RHS are available from
(10.23). The energy wy, is given by (10.56), which is determined by v in terms
of (10.28).
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Now we turn to the dynamical spin—density correlation function given by
<g7 N|§Z(x7 t)S’Z(O, 0)|g7 N>
(g, Nlg, N)

Since the system has the global SU(2) symmetry, and the ground state is
spin-singlet,  and y components of the correlation functions are the same
as (10.63). Hence by using S~ = 5, — iS5, we obtain

= (S.(z,1)5.(0,0)). (10.63)

. 2
(Pr,0, ST(0,0)Pg)

(Pg, Pg) (Pras Prar)

exp(—iwgt + iP.x),

(- (2,)8.(0,0)) = % 3 |

(k)

(10.64)
where ®,, o, has the total spin
Stot = 1. (10.65)

For practical calculation, it is convenient to rewrite all quantities and the
condition (10.65) in terms of Young diagrams D(v) for v. For this purpose,
we paint each cell in D(v) black if the content ¢(s) = a'(s) — I'(s) of the
cell s is odd. Otherwise we paint the cell white. Then B, and W, denote
the subset of D(v) consisting of black and white cells, respectively. Figure
10.1 shows some examples. In terms of B, and W,,, the momentum P, and
the excitation energy w, associated with ®, , are written with v = 1 + 2\
as [188,197]

P, =2n|W,|/L, (10.66)

2\ ? W,
oe= () {nat) = mut) + By = vy e}, a0em)
where |---| is the number of cells belonging to each subset, and we have

used the notation

nw() =Y 1(s), nu(V)= Y d(s). (10.68)

seW, seW,

The condition (10.65) is rewritten as
\W,|—|By| = 1. (10.69)

Since all factors in the matrix element and norm are expressed in terms of
the arm, leg lengths and colengths, the thermodynamic limit can be taken
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in a way similar to that used in Sections 3.8.2 and 2.7.3. The resultant
expression obtained from (10.62) is given by (3.202) [197].
We make the Fourier decomposition

=Y Jf Jf szsf, (10.70)
sel,

with Z being integers. The matrix element in (10.64) is then given by

(@reas S7(0,0)8g) = > (B, S D). (10.71)
seZ

with J, = jj + js_. The action of js_ on Uy o is given by
js_u&a = Z(Slmu[m, cey Ki S, BN, Q1,0+ 1 an], (10.72)

where we have used the notation u[k, o] = uy o on the RHS to magnify the
set [k, . Using (10.72) and the corresponding one with .J +, we obtain

(J U/@Q{) ZS Vly...7Vi+2sfl,...,]/N] = P2s—_1Sy, (1073)
i=1

with the notation s[v| = s, for Schur functions. Thus, (10.71) becomes

{ P Zp2s 1} = Zczs—l,y {Pl£2>\+1)’ PZS2/\+1)}IN/\, (10.74)

N, s ’

provided the condition (10.65) holds. We obtain

(S.(x,1)5.(0,0))

I v

2 / }N)\ —iw
= ﬁzzcgnfl,y IEITINR 2ot cos (Per) (10.75)

n>0 v

{Pl£2,\+1) P(2>\+1)

where Y/ means the restriction to states with (10.65).

In (10.75), wy, and Py are determined by v since (k, ) and v are related to
each other through (10.28). The black-and-white painted diagram represents
these relations in the form (10.66) and (10.67). The spin-density correlation
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function is finally obtained in terms of the partition v as
(S:(z,1)5.(0,0))

, {P(2A+1) P(2A+1)}
2 v y 4+ UV N7>\7iw
=13 Z chnfl,u o g™t cos (2m|W, |z /L), (10.76)
n>0 v PN

where > is restricted to states with (10.69). The thermodynamic limit of
(10.76) was given by (3.205).




Afterword

We have discussed the physical and mathematical aspects of one-dimensional
quantum particles with 1/r2 interactions. On the physics side, we began with
the simplest two-body system, and culminated in the exact dynamics of a
supersymmetric electronic model. In this way we have tried to draw a com-
prehensive picture of one-dimensional quantum systems, taking the canon-
ical systems with 1/r? interactions. On the mathematical side, the most
important subjects are first the Jack polynomials, and second the Yangians.
These two subjects were originally developed independently, but are actually
closely interrelated. Our basic viewpoint is that the 1/r? systems provide
the most natural working model to synthesize these two subjects, and to
sharpen the concepts further.

There are many topics, however, which we could not discuss in this book.
This is firstly because of our insufficient understanding of the topics, and
secondly because of our intention of making a reasonably sized book. We
shall mention some of the omitted topics, hoping that they will be covered
on another occasion.

Examples of other canonical systems, which have escaped our discussion
in this book, include the Calogero—Sutherland model with harmonic confine-
ment. The spectrum of the model is equidistant as in the simple harmonic
oscillator. Because of this feature the model can be compared with the chi-
ral conformal field theory (CFT) with right-going particles only. We refer to
a recent review [88] for the systems. In relation to the CFT, there are ac-
tive studies to investigate the quasi-particle structure for the general case of
the internal symmetry. In particular, special kinds of pseudo-particles have
been proposed to account for the partition function [24,32,33]. The CFT
in an advanced version can describe fractional exclusion statistics as well.
Namely, the spinon basis naturally arises by taking the partition function of
the so-called Wess—Zumino-Witten model and its variants.

455
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Another topic that deserves more detailed discussion is the case with gen-
eral SU(Kp, Kr) supersymmetry, where Kp denotes the number of
internal degrees of bosons, and Ky of fermions. Especially interesting is
the applicability of the idea of fractional exclusion statistics to these sys-
tems. We have pointed out in Section 5.3 that the statistical parameters
may be different in thermodynamics and dynamics, but more detailed anal-
ysis is desirable. On the other hand, the exact thermodynamics for these
models show that parafermions are the most natural particles to interpret
the entropy. The connection between these partial informations should be
made.

The most challenging remaining problem is to reach the dynamical results
in the thermodynamic limit without doing complicated calculations for finite-
sized systems. We have seen that the dynamical results for finite systems
have a rather complicated form which, however, simplifies dramatically upon
taking the thermodynamic limit. Thus one naturally expects that there must
be an easier way to derive the results, which works only in the thermo-
dynamic limit. It is known that the second quantization approach could
meet this expectation in very restricted cases. Although interesting sug-
gestions have been made in the framework of the so-called “collective field
theory” [14] or “momentum-space bosonization” [51], the results obtained
by these theories need more elaboration.

Although we have discussed only one-dimensional systems in this book,
there appears a close connection to a special two-dimensional system, namely
the fractional quantum Hall system. The Laughlin wave function, which is of
Jastrow type, allows its interpretation in terms of composite fermions [26,92,
123]. The wave functions are very similar to those in the Sutherland model,
or the Calogero—Sutherland model with harmonic confinement. This simi-
larity leads to natural identification of statistics obeyed by quasi-electrons
and quasi-holes. The excitation energy in the bulk has a finite gap. On
the other hand, the edge excitation in a droplet-shaped system is gapless.
Thus the dynamics should interpolate between the one-dimensional and two-
dimensional limits as the location of excitation is changed from edge to bulk.
The dynamical response of the system, which has mainly been obtained nu-
merically, deserves more detailed analysis. The physical interpretation goes
fairly parallel to that in the Sutherland model. Recently, it has been pointed
out that the Jack polynomials may have a negative number for A provided
this number is rational [56]. Then the fractional quantum Hall systems with

wave functions that are more complicated than the Laughlin-type one can
be described [27].
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Finally we mention a rather different approach to dynamics [97, 171].
One derives matrix elements of the local operators, called the form fac-
tor, exploiting as far as possible general properties such as the Yang—Baxter
relations, unitarity, crossing relations, and assuming the maximal possible
analyticity. Namely, the scattering matrix between elementary excitations
is used as input data. In this approach not only the 1/72 models but also
the nearest-neighbor interaction models can be dealt with. An interesting
aspect is the role of the scattering phase shift in the physical quantities.
The role in dynamics is to govern the singularity of the spectral weight
of the dynamical correlation function. The relation between the scattering
phase shift and the singularity of the spectral weight is clear in the 1/r2 ¢t-J
model and other 1/7? models. For the Heisenberg model and short-range
integrable t—J model, form factors have contributions from various numbers
of excited quasi-particles. The explicit calculation of matrix elements has
been pursued [93,96].

Further analysis of these topics, on the basis of the fundamental knowl-
edge provided by this book, should deepen our understanding of strongly
correlated low-dimensional quantum systems.
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spin wave function

Hi<j (Ki — Ky + 1)

[Tic; (Ri — &j)

Hi<j (Ri — Kj — 1)

Drinfeld polynomials

power-sum symmetric functions

Macdonald symmetric polynomials
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coordinate exchange operator, 9,
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electron removal spectral function,
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factorization method, 5

first-quantized representation, 156,
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leg length, 39, 330

Legendre polynomial, 8

length, 38

length of a composition, 312

level one generator, 181

lower hook length, 59, 88

lowering operator, 405, 410, 413,
416

lowest-weight state, 414

Macdonald polynomial, 227

Macdonald symmetric polynomials,
442

magnon, 150, 157, 171, 194, 221,
227, 235, 250

momentum distribution, 301

monic, 132, 436

monodromy matrix, 397-399, 401,
404, 412, 423-425, 427, 431,
432, 435, 438, 439

monodromy operator, 398, 400

monomial symmetric functions, 55

motif, 40, 172, 191, 224, 227



non-orthogonal basis, 393
non-symmetric Jack polynomials,
312, 404

orthogonal basis, 129, 132, 408, 412,
416, 418

orthogonal set, 405

orthogonality, 319

parafermion, 226, 230

partial order, 313
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random matrix theory, 158, 162,
164

rapidity, 224, 265

ribbon diagram, 188-191, 193-195,
225, 258262

Rodrigues formula, 8

Rogers—Szegd polynomial, 227
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separated state, 302, 304
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skew Young diagram, 189

Sommerfeld-type expansion, 53,
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spectral parameter, 404

spin—charge separation, 252
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spinon orbital, 192

squeezing, 28-30

static structure factor, 157

statistical matrix, 264

statistical parameter, 263

Stirling formula, 49, 76

strcture constant, 426

strong spin—charge separation, 253,
269, 270, 273, 278, 284, 291

structure constant, 224

structure factor, 243

supermultiplet, 181, 191, 224, 229,
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supersymmetric monodromy ma-
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supersymmetric quantum mechan-
ics, b

supersymmetric Yangian, 257, 258,
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234, 256, 438

SUSY, 10, 233, 438

symmetric Jack polynomial, 55, 56,
346

symmetrization operator, 348

symplectic circular ensemble, 167

thermodynamic potential, 123
thermodynamics, 120, 196
threshold singularity, 214, 286



474
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Tomonaga—Luttinger theory, 302

triangular(ity), 315, 408, 413

Uglov polynomial, 231, 441, 444
ultraspherical polynomial, 8
unfractionalized electron, 286
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Vandermonde determinant, 168

Weierstrass elliptic function, 15
weight, 38
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X-operator, 11
X XZ model, 209
XY chain, 202, 209

Index
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Yangian, 98, 181, 397

Yangian Gelfand—Zetlin basis, 392,
408, 411, 415, 435

Yangian generator, 223, 224, 256,
257, 281, 291, 293

Yangian highest-weight state
(YHWS), 157, 177, 183, 185,
226, 258, 282

Yangian lowering operator, 192, 258

Yangian raising operator, 258

Yangian symmetry, 4, 11, 192, 196,
198, 202, 253, 266, 288

Young diagram, 175-177, 179, 187,
188, 190, 192, 195-197, 246,
259, 260, 262, 313



	Cover
	Half-title
	Title
	Copyright
	Contents
	Preface
	1 Introduction
	1.1 Motivation
	1.2 One-dimensional interaction as a disguise
	1.3 Two-body problem with 1/r2 interaction
	1.4 Freezing spatial motion
	1.5 From spin permutation to graded permutation
	1.6 Variants of 1/r2 systems
	1.7 Contents of the book

	Part I Physical properties
	2 Single-component Sutherland model
	2.1 Preliminary approach
	2.1.1 Jastrow-type wave functions
	2.1.2 Triangular matrix for Hamiltonian
	2.1.3 Ordering of basis functions

	2.2 Descriptions of energy spectrum
	2.2.1 Interacting boson description
	2.2.2 Interacting fermion description
	2.2.3 Exclusion statistics

	2.3 Elementary excitations
	2.3.1 Partitions
	2.3.2 Quasi-particles
	2.3.3 Quasi-holes
	2.3.4 Neutral excitations

	2.4 Thermodynamics
	2.4.1 Interacting boson picture
	2.4.2 Free anyon picture
	2.4.3 Exclusion statistics and duality
	2.4.4 Elementary excitation picture

	2.5 Introduction to Jack polynomials
	2.6 Dynamics in thermodynamic limit
	2.6.1 Hole propagator h x,
	2.6.2 Particle propagator h x,
	2.6.3 Density correlation function

	2.7 Derivation of dynamics for ﬁnite-sized systems
	2.7.1 Hole propagator
	2.7.2 Particle propagator
	2.7.3 Density correlation function

	2.8 Reduction to Tomonaga–Luttinger liquid
	2.8.1 Asymptotic behavior of correlation functions
	2.8.2 Finite-size corrections


	3 Multi-component Sutherland model
	3.1 Triangular form of Hamiltonian
	3.2 Energy spectrum of multi-component fermionic model
	3.2.1 Eigenstates of identical particles
	3.2.2 Wave function of ground state
	3.2.3 Eigenstates with bosonic Fock condition

	3.3 Energy spectrum with most general internal symmetry
	3.4 Elementary excitations
	3.4.1 Quasi-particles
	3.4.2 Quasi-holes

	3.5 Thermodynamics
	3.5.1 Multi-component bosons and fermions
	3.5.2 Explicit results for U(2) anyons
	3.5.3 Generalization to U(K) symmetry

	3.6 Eigenfunctions
	3.6.1 Non-symmetric Jack polynomials
	3.6.2 Jack polynomials with U(2) symmetry

	3.7 Dynamics of U(2) Sutherland model
	3.7.1 Hole propagator…
	3.7.2 Unified description of correlation functions

	3.8 Derivation of dynamics for finite-sized systems
	3.8.1 Hole propagator
	3.8.2 Density correlation function


	4 Spin chain with 1/r2 interactions
	4.1 Mapping to hard-core bosons
	4.2 Gutzwiller–Jastrow wave function
	4.2.1 Hole representation of lattice fermions
	4.2.2 Gutzwiller wave function in Jastrow form

	4.3 Projection to the Sutherland model
	4.4 Static structure factors
	4.5 *Derivation of static correlation functions
	4.6 Spectrum of magnons
	4.7 Spinons
	4.7.1 Localized spinons
	4.7.2 Spectrum of spinons
	4.7.3 Polarized ground state

	4.8 Energy levels and their degeneracy
	4.8.1 Degeneracy beyond SU(2) symmetry
	4.8.2 Local current operators
	4.8.3 Freezing trick

	4.9 From Young diagrams to ribbons
	4.9.1 Removal of phonons
	4.9.2 Completeness of spinon basis
	4.9.3 Semionic statistics of spinons
	4.9.4 Variants of Young diagrams

	4.10 Thermodynamics
	4.10.1 Energy functional of spinons
	4.10.2 Thermodynamic potential of spinons
	4.10.3 Susceptibility and speciﬁc heat
	4.10.4 *Thermodynamics by freezing trick

	4.11 Dynamical structure factor
	4.11.1 Brief survey on dynamical theory
	4.11.2 Exact analytic results
	4.11.3 Dynamics in magnetic field
	4.11.3 Dynamics in magnetic field…
	Antispinon creation in S…

	4.11.4 Comments on experimental results


	5 SU(K) spin chain
	5.1 Coordinate representation of ground state
	5.2 Spectrum and motif
	5.3 Statistical parameters via freezing trick
	5.4 Dynamical structure factor

	6 Supersymmetric t–J model with 1/r2 interaction
	6.1 Global supersymmetry in ¡ model
	6.2 Mapping to U(1,1) Sutherland model
	6.3 Static structure factors
	6.4 Spectrum of elementary excitations
	6.4.1 Energy of polynomial wave functions
	6.4.2 Spinons and antispinons
	6.4.3 Holons and antiholons

	6.5 Yangian supersymmetry
	6.5.1 Yangian generators
	6.5.2 Ribbon diagrams and supermultiplets
	6.5.3 Motif as representation of supermultiplets

	6.6 Thermodynamics
	6.6.1 Parameters for exclusion statistics
	6.6.2 Energy and thermodynamic potential
	6.6.3 Fully polarized limit
	6.6.4 Distribution functions at low temperature
	6.6.5 Magnetic susceptibility
	6.6.6 Charge susceptibility
	6.6.7 Entropy and speciﬁc heat

	6.7 Dynamics of supersymmetric ¡ model
	6.7.1 Coupling of external ﬁelds to quasi-particles
	6.7.2 Dynamical spin structure factor
	6.7.3 Dynamical structure factor in magnetic ﬁelds
	6.7.4 Dynamical charge structure factor
	6.7.5 Electron addition spectrum
	6.7.6 Electron removal spectrum
	6.7.7 Momentum distribution

	6.8 *Derivation of dynamics for finite-sized t–j model
	6.8.1 Electron addition spectrum
	6.8.2 Dynamical spin structure factor



	Part II Mathematics related to 1/r2 systems
	7 Jack polynomials
	7.1 Non-symmetric Jack polynomials
	7.1.1 Composition
	7.1.2 Cherednik–Dunkl operators
	7.1.3 Deﬁnition of non-symmetric Jack polynomials
	7.1.4 Orthogonality
	Integral norm
	Combinatorial inner product

	7.1.5 Generating operators
	7.1.6 Arms and legs of compositions
	7.1.7 Evaluation formula

	7.2 Antisymmetrization of Jack polynomials
	7.2.1 Antisymmetric Jack polynomials
	7.2.2 Integral norm
	7.2.3 Binomial formula
	7.2.4 Combinatorial norm

	7.3 Symmetric Jack polynomials
	7.3.1 Relation to non-symmetric Jack polynomials
	7.3.2 Evaluation formula
	7.3.3 Symmetry-changing operator
	7.3.4 Bosonic of partitionsdescription
	7.3.5 Integral norm
	7.3.6 Combinatorial norm
	7.3.7 Binomial formula
	Proof of the binomial formula (2.227).
	Proof of (7.310) [12, 65].

	7.3.8 Power-sum decomposition
	7.3.9 Duality
	7.3.10 Skew Jack functions and Pieri formula

	7.4 U(2) Jack polynomials
	7.4.1 Relation to non-symmetric Jack polynomials
	7.4.2 Integral norm
	7.4.3 Cauchy product expansion formula
	7.4.4 Jack polynomials
	7.4.5 Evaluation formula
	7.4.6 Binomial formula
	7.4.7 Power-sum decomposition

	7.5 U(1,1) Jack polynomials
	7.5.1 Relation to non-symmetric Jack polynomials
	7.5.2 Evaluation formula
	7.5.3 Bosonization for separated states
	7.5.4 Factorization for separated states
	7.5.5 Binomial formula for separated states
	7.5.6 Integral norm


	8 Yang–Baxter relations and orthogonal eigenbasis
	8.1 Fock condition and R-matrix
	8.2 R-matrix and monodromy matrix
	8.3 Yangian
	8.4 Relation to U(2) Sutherland model
	8.5 Construction of orthogonal set of eigenbasis
	8.5.1 Examples for small systems
	8.5.2 Orthogonal eigenbasis for N-particle systems

	8.6 Norm of Yangian Gelfand–Zetlin basis

	9 SU(K) and supersymmetric Yangians
	9.1 Construction of monodromy matrix
	9.2 Quantum determinant vs. ordinary determinant
	9.3 Capelli determinant
	9.4 Quantum determinant of SU(K) Yangian
	9.5 Alternative construction of monodromy matrix
	9.6 Drinfeld polynomials
	9.7 Extension to supersymmetry

	10 Uglov’s theory
	10.1 Macdonald symmetric polynomials
	10.2 Uglov polynomials
	10.3 Reduction to single-component bosons
	10.4 From Yangian Gelfand–Zetlin basis to Uglov polynomials
	10.5 Dynamical correlation functions


	Afterword
	References
	Index of symbols
	Index



