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Preface

Over the last decade, spin glass theory has turned from a fascinating part of the-
oretical physics to a flourishing and rapidly growing subject of probability theory
as well. These developments have been triggered to a large part by the mathemat-
ical understanding gained on the fascinating and previously mysterious “Parisi
solution” of the Sherrington—Kirkpatrick mean field model of spin glasses, due to
the work of Guerra, Talagrand, and others. At the same time, new aspects and
applications of the methods developed there have come up.

The present volume collects a number of reviews as well as shorter articles by
lecturers at a summer school on spin glasses that was held in July 2007 in Paris.
These articles range from pedagogical introductions to state of the art papers,
covering the latest developments. In their whole, they give a nice overview on the
current state of the field from the mathematical side.

The review by Bovier and Kurkova gives a concise introduction to mean
field models, starting with the Curie-Weiss model and moving over the Random
Energy models up to the Parisi solution of the Sherrington—Kirkpatrik model. Ben
Arous and Kuptsov present a more recent view and disordered systems through
the so-called local energy statistics. They emphasize that there are many ways
to look at Hamiltonians of disordered systems that make appear the Random
Energy model (or independent random variables) as a universal mechanism for
describing certain rare events. An important tool in the analysis of spin glasses
are correlation identities. This aspect is taken up in the articles by Contucci,
Giardina, and Nishimori on the one hand, and Franz and de Sanctis on the other.
In some sense closely related to this is the question on how the Gibbs states of a
spin glass react to small changes in the parameters, in particular the temperature.
This question of “chaos” is discussed in the contribution by Rizzo. Two articles by
Hanen discuss limit laws for covariances and mean magnetization in the SK model
at high temperatures.

One of the main unresolved issues in spin glass theory is the relevance of the
mean field model for more realistic short range models. Unfortunately, the study
of short range models seems to require very different methods, and no satisfactory
results are available. In the paper by Machta, Newman, and Stein an approach to
this problem via percolation methods and the FK representation is presented, and
some rigorous and numerical results are shown.

From the practical point of view, dynamical properties of spin glasses are
even more important than equilibrium properties. Two articles in this volume
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address this elusive issue. Chamon and Cugliandolo give a brief discussion of the
theory of out-of-equilibrium fluctuations in mean field and finite-dimensional mod-
els, whereas Cerny presents recent rigorous results on aging in the dynamics of the
random energy model.

The two final articles of this collection treat another lively area of the field of
disordered systems. Giacomin gives an overview on recent progress on the behavior
of random walks in the presence of a pinning interface and disorder, while Lacoin
and Toninelli treat a specific hierarchical Verizon of this model where they discuss
in particular the smoothing effect of disorder in the phase transition.

We would like to express our gratitude to all the contributers to this volume.
Special thanks are due to Jean-Jacques Sansuc for his help and support in the
editing process.

April 2009 Anne Boutet de Monvel (Paris)
Anton Bovier (Bonn)
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(© 2009 Birkhduser Verlag Basel/Switzerland

A Short Course on Mean Field Spin Glasses

Anton Bovier and Irina Kurkova

Abstract. We give a brief introduction to the theory of mean field models
of spin glasses. This includes a concise presentation of the Random Energy
model and the Generalized Random Energy model and the connection to the
corresponding asymptotic models based on Poisson cascades. We also explain
the nature of the Parisi solution of the Sherrington—Kirkpatrick model and
its derivation via Gaussian interpolation methods.

Mathematics Subject Classification (2000). 82B44.

Keywords. Mean field models, spin glasses, random energy model, Sherring-
ton—Kirkpatrick model, Gaussian processes, interpolation, Parisi solution

1. Preparation: The Curie-Weiss model

The main topic of this lecture series are disordered mean field spin systems. This
first section will, however, be devoted to ordered spin systems, and more precisely
essentially to the Curie—~Weiss model. This will be indispensable to appreciate later
the much more complicated Sherrington—Kirkpatrick spin glass.

1.1. Spin systems

In his Ph.D. thesis in 1924, Ernst Ising [18, 19] attempted to solve a model, pro-
posed by his advisor Lenz, intended to describe the statistical mechanics of an
interacting system of magnetic moments. The setup of the model proceeds from a
lattice, Z?, and a finite subset, A C Z?. The lattice is supposed to represent the
positions of the atoms in a regular crystal. Each atom is endowed with a magnetic
moment that is quantized and can take only the two values +1 and —1, called the
spin of the atom. This spin variable at site € A is denoted by o,. The spins are
supposed to interact via an interaction potential ¢(x,y); in addition, a magnetic
field, h, is present. The energy of a spin configuration is then

Hy(o)=— > ¢(z,y)000y —h Y _ 0a. (1)

T#YEA TEA
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The spin system with the Hamiltonian (1) with the particular choice

J, iflx—y| =1,

0, otherwise,

o(z,y) = { (2)

is known as the Ising spin system or Ising model. This model has played a crucial
role in the history of statistical mechanics.

The essential game in statistical mechanics is to define, once a Hamiltonian
is given, a probability measure, called the Gibbs measure, on the space of spin-
configurations. This entails some interesting subtleties related to the fact that we
would really want to do this in infinite volume, but we will not enter into these
here. For finite volumes, A, we can easily define this probability as

exp (—fBHu(0))
23 h,A

3)

13, (0)
where Zg ;A is a normalizing factor called the partition function,

Zgna= Y exp(—BHa(0)). (4)

gESA

An interesting fact of statistical mechanics is that the behavior of the partition
function as a function of the parameters § and h contains a lot of information.
We will call

1
FB,h,A = _Blnzﬂ’h’/\ (5)

the free energy of the spin system.

1.2. Sub-additivity and the existence of the free energy

The main concern of statistical mechanics is to describe systems in the limit when
their size tends to infinity. The first question one asks is whether quantities defined
for finite A have limits as A T Z%. The free energy (5) is expected to grow linearly
with the volume of the system, and thus one may ask whether the specific free
energy,

Jona= i F, (©)

B, A = T 7L B,hAs
Al

converges. Since these questions will recur, it will be useful to see how that can be
proven.

It will be useful to note that we can express the Hamiltonian in the equivalent
form

Ha(0)= Y dlay) (0o —0,)° — 1Y o, (7)

z,yeEN zEA
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which differs from Hy only by a constant. Now let A = A; U Ay, where A; are
disjoint volumes. Clearly we have that

Zoa= Y, Y, exp(=f[Ha (o) + Ha,(r)])

0z, TEAY Ty yEA2

xexp | =) Y o(@y)(on—7,)* | (8)

rEAL yEAo
If ¢(x,y) > 0, this implies that
ZpA < 250 Zp,0s 9)
and therefore
—Fpa < (=Fpa) + (= Fp.a,)- (10)

The property (9) is called sub-additivity of (—Fp a) (as a function of the volume
A). The importance of sub-additivity is that it implies convergence through the
following elementary lemma;:

Lemma 1.1. Let a,, be a real-valued sequence that satisfies, for any n,m € N,
an+m S an+am~ (11)

(i) Then, lim,j0o "' a, ezists.
(ii) If, moreover, n"ta,, is uniformly bounded from below, then the limit is finite.

By successive iteration, the lemma has an immediate extension to arrays:

Lemma 1.2. Let an, n,
ni,m; € N,

ngs Wi € N be a real-valued array that satisfies, for any

.....

Any+ma,...,ng+mq < any,...,nq + Amy,...;mq- (12)

(i) Then, limp oo (n1na ... ng) " tan, .n, evists.
(i) If (ning...ng) tan, . n, > b> —o0, then the limit is finite.

Lemma 1.2 can be used straightforwardly to prove convergence of the free
energy over rectangular boxes:

Proposition 1.1. If the Gibbs free energy F o of a model satisfies the sub-additivity
property (10), and if sup, Ha(o)/|A] > C > —oo, then, for any sequence A, of
rectangles

liTm A" A, = f5 (13)
exists and is finite.

Obviously this proposition gives the existence of the free energy for Ising’s
model, but the range of applications of Proposition 1.1 is far wider, and virtually
covers all lattice spin systems with bounded and absolutely summable interactions.
Further details can be found, e.g., in [28].
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1.3. The Curie—Weiss model

Although the Ising model can be solved exactly in dimensions one (easy) and two
(hard), exact solutions in statistical mechanics are rare. To get a quick insight into
specific systems, one often introduces exactly solvable mean field models. It will
be very instructive to study the simplest of these models, the Curie—Weiss model
in some detail. All we need to do to go from the Ising model to the Curie-Weiss
model is to replace the nearest-neighbor pair interaction of the Ising model by
another extreme choice, namely the assumption that each spin variable interacts
with each other spin variable at any site of the lattice with exactly the same
strength. Since then the structure of the lattice becomes irrelevant, and we simply
take A = {1,..., N}. The strength of the interaction should be chosen of order
1/N, to avoid the possibility that the Hamiltonian takes on values larger than
O(N). Thus, the Hamiltonian of the Curie-Weiss model is

N
HN(J):—% Z Uin_hZUi~ (14)
i=1

1<i,j<N

A crucial notion is that of macroscopic variables. The most important one here is

N
my(e) =N o (15)
i=1

the empirical magnetization. Here we divided by N to have a specific magnetiza-
tion.

Note that the particular structure of the Curie—Weiss model entails that the
Hamiltonian can be written as a function of this single macroscopic function:

Hy(o) = —g [mn(0)]> = hNmy(0) = NU,(my(0)). (16)
This can be considered as a defining feature of mean field models.

Let us now compute the free energy of this model. Because of the interaction
term, this problem looks at first sight complicated. But it is not. To solve the
problem we change from the ensemble of fixed magnetic field to that of fixed
magnetization. That is, we write

Zgn,N = Z eNﬁ(mT?+mh)Zm,N (17)
meMn
where My is the set of possible values of the magnetization, i.e.,
My = {meR:3oc{-1,1}N :my(0c) =m} (18)
{-1,-1+2/N,...,1—2/N,1}

and
Zm,N = Z HMN(O'):’H’L (19)
oce{-1,1}V
is a ‘micro-canonical partition function’. Fortunately, the computation of this
micro-canonical partition function is easy. In fact, all possible values of m are
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of the form m = 1 — 2k/N, where k runs from 0 to N and counts the number of
spins that have the value —1. Thus, the computation of z,, y amounts the elemen-
tary combinatorial problem of counting the number of subsets of size k in the set
of the first NV integers. Thus,
N N!
Zm.N = = .
NTA\WA=m)/2) T INQ = m)/2N1 +m)/2]!

The asymptotics of the logarithm of the binomial coefficients is given, to leading
order, for m € My,

(20)

N 'z, n ~In2— I(m) (21)

where 1+ )
I(m) = Tmln(1+m)+ —m

In(1 —m) (22)

is called Cramer’s entropy function and worth memorizing.

Some elementary properties of I are useful to know: First, I is symmetric,
convex, and takes its unique minimum, 0, at 0. Moreover I(1) = I(—1) = In 2. Its
derivative, I'(m) = arcth(m), exists in (—1,1). While [ is not uniformly Lipschitz
continuous on [—1, 1], it has the following property:

Lemma 1.3. There exists C < oo such that for any interval D C [—1,1] with
D] < 0.1,

max |I(x) — I(y)| < C|D||In|D]|.

z,yeD

We would like to say that limyqeo % Inz, y =In2 — I(m). But there is a

small problem, due to the fact that the relation (21) does only hold on the N-
dependent set M. Otherwise, In z,, n = —oo. A precise asymptotic statement
could be the following:

Lemma 1.4. For any m € [—1,1],

A | -
lellrgl J%}Trgo N In Z Zm,N =1n2 —I(m). (23)
e

Proof. The proof is elementary from the properties of z,, v and I(m) mentioned
above and is left to the reader. O

The following formulation of Lemma 1.4 is known as Crameér’s theorem. It is
the simplest so-called large deviation principle [12]:

Lemma 1.5. Let A € B(R) be a Borel-subset of the real line. Define a probability
measure py by pn(A) = 27N Y omemyna Zm,N, and let I(m) be defined in (22).
Then
1 1
- Jnf Tm) < liminf { npy(4) < Hmsup {npy(4) < inf Tm).  (21)
Moreover, I is convex, lower-semi-continuous, Lipschitz continuous on (—1,1),
bounded on [—1,1], and equal to 400 on [—1,1]°.



8 A. Bovier and I. Kurkova

Remark 1.1. The classical interpretation of the preceding theorem is the following.
The spin variables o; = +1 are independent, identically distributed binary random
variables taking the values 1 with equal probability. my (o) is the normalized sum
of the first N of these random variables. py denotes the probability distribution
of the random variable my, which is inherited from the probability distribution of
the family of random variables o;. It is well known, by the law of large numbers,
that py will concentrate on the value m = 0, as N tends to co. A large deviation
principle states in a precise manner how small the probability will be that my
take on different values. In fact, the probability that my will be in a set A, that
does not contain 0, will be of the order exp(—Nc(A)), and the value of ¢(A) is
precisely the smallest value that the function I(m) takes on the set A.

The computation of the canonical partition function is now straightforward:

Zonx= 3 (v yya) o (9 (mT o) #)

meMn
and, by the preceding lemma, one finds that:

Lemma 1.6. For any temperature, 37, and magnetic field, h,

J&}Trgo ﬁ_—;f InZsgpn = mier[lél] (=m?*/24+ hm — B~ (In2 — I(m)))
= f(B,h). (26)
Proof. We first prove an upper bound for Zg  n:
m? N
7 <N N — 2
AN = eXp( 5( 2 ““")) (N(l —m)/2> @7
m2
<N max exp (Nﬁ( + hm) + N(In2—1I(m)) — O(lnN)) .
me[—1,1] 2
Hence
N 'InZsp N
2
<N 'InN+ H[lax | <ﬁ <77; —|—hm> +In2—1I(m)— N—lO(lnN)>
me([—1,1
m2
<In2+ sup (ﬂ (7 + hm) - I(m)) + N7'O(In N) (28)
me[—1,1]
so that

2
limsup N ~'ln Zgpn <[ sup (m + hm — ﬁﬁ(m)) +In2.
Ntoo me[-1,1] \ 2

This already looks good. Now we need a matching lower bound. Using that a sum
is bigger than its parts, we get

Zaa = s o0 (N5 (n; o)) (v D) @9
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All that remains to be done is to pass from the max over My to the max over
[—1,1], after inserting the bound for the binomial coefficient in terms of I(m).
In fact,

2
N 'lnZsgpny>m2+3 max (77; + hm — ﬁ_ll(m)> —O(InN/N)  (30)

for any N. Now, we can check that

max
meMn

(”;2 +hm—ﬂ_1l(m)> (31)

2
—  sup <m—|—hm—ﬁ_1l(m)) ‘ <CInN/N
m’€[0,1] 2
|m’—m|<2/N

so that

1 m?
liminf —1InZ3 v > f7'In2+ sup (— +hm — 3 (m ) 32
Niso BN N mel-1,1] \ 2 (m) (32)

and the assertion of the lemma follows. O

The function g(3,m) = —m?/2 — ~t(In2 — I(m)) is called the Helmholtz
free energy for zero magnetic field, and

.o —1 =
161%1 11[1%210 AN In Z Zgm.N = g(B8,m) (33)
m:|m—m|<e
where
Zﬁ,fn,N = Z eﬁHN(a)]ImN(O'):m (34)
ce{—1,1}N

for h = 0. Thermodynamically, the function f (3, h) is then called Gibbs free energy,
and the assertion of the lemma would then be that the Gibbs free energy is the
Legendre transform of the Helmholtz free energy. The latter is closely related to the
rate function of a large deviation principle for the distribution of the magnetization
under the Gibbs distribution. Namely, if we define the Gibbs distribution on the
space of spin configurations

e—BHN(0)

1 N(0) = (35)

Z3,h,N

and denote by pg . n(A) = ugnn ({my(o) € A}) the law of my under this dis-
tribution, then we obtain very easily

Lemma 1.7. Let pgn n be the law of my (o) under the Gibbs distribution. Then
the family of probability measures pg,n,N satisfies a large deviation principle, i.e.,
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for all Borel subsets A of R,

- Jnf (g(B.m) — k) + F(B,1) < liinf S dnjs i (4) (36)
. 1
< hr]\rflTsCEp ﬁ—N Inpg nn(A)
< - ”ilréfg(g(ﬁ, m) —hm) + f(3,h).

We see that the thermodynamic interpretation of equilibrium emerges very
nicely: the equilibrium value of the magnetization, m(3, h), for a given temperature
and magnetic field, is the value of m for which the rate function in Lemma 1.7
vanishes, i.e., which satisfies the equation

By the definition of f (see (26)), this is the case whenever m(8,h) realizes the
infimum in (26). If g(8, m) is strictly convex, this infimum is unique, and, as long
as g is convex, it is the set on which %ﬂ’lm) = h.

Note that, in our case, g(3, m) is not a convex function of m if § > 1.

In fact, it has two local minima at the values j:m;é, where m}} is defined as

the largest solution of the equation
m = tanh Sm. (38)

Moreover, the function g is symmetric, and so takes the same value at both minima.
As a consequence, the minimizer of the function g(/3, m) — mh, the magnetization
as a function of the magnetic field, is not unique at the value h = 0 (and only at this
value). For h > 0, the minimizer is the positive solution of m = tanh(G(m + h)),
while for negative h it is the negative solution. Consequently, the magnetization
has a jump discontinuity at h = 0, where it jumps by 2mj. One says that the
Curie-Weiss model exhibits a first-order phase transition.

1.4. A different view on the CW model

We will now have a slightly different look at the Curie-Weiss model. This will be
very instructive from the later perspective of the Sherrington—Kirkpatrick model.

To get started, we may want to compute the distribution of the spin variables
as such. The perspective here is that of the product topology, so we should consider
a fixed finite set of indices which without loss we may take to be {1,..., K} and
ask for the Gibbs probability that the corresponding spin variables, o1,...,0x
take specific values, and then take the thermodynamic limit.

To do these computations, it will be useful to make the following choices. The
total volume of the system will be denoted K + N, where K is fixed and N will
later tend to infinity. We will write 6 = (01,...,0k), and & = (Ok41,.--,OK+N)-
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We set 0 = (6,5). We re-write the Hamiltonian as

1
_HK+N(0) = mZ;KUZUJ (39)

This can be written as

—Hiyn(o) = AN+ K) (mx(6))” (40)

+ s (ma(6))?

N X
+ Nt K ;aimN(U).

The first term in this sum is of order 1/N and can be neglected. Also N/(N+K) ~
1+O(1/N). But note that N2/(N+K) = N—K(1—K/N) ~ N — K. Using these
approximations, we see that, up to terms that will vanish in the limit N T oo,
By ef(N—K)(mx (5))* /2¢fmn (5) £ 1<, o
EseB(N—K)(mn(6))*/2 3™ efmn () Yo
[ Qp.n(dm)ePEm*/268m ¥, oi
J Qa.n(dm)e=PKm* /2 T2, 2 cosh(Fm)’
where Qg, v is the distribution of the magnetisation under the Gibbs measure,

s, N+k (6) (41)

Qs.v = pp.n omy' . (42)

Now, we can easily show, using the computations of the preceding subsection,
that Qg,n converges to either a Dirac measure on m* or the mixture of two Dirac
measures on m* and —m*. Thus it follows from (41) that ug n4x converges to a
product measure.

But assume that we did not know anything about Q. Could we find out
about it?

First, we write (assuming convergence, otherwise take a subsequence)

e = 4 Qg (dm)e= KM/ 2efmE iz, o

o) = ,
P [ Qu(dm)e-prm/2 [T 2 cosh(Bm)
for any K. (41) establishes that the Gibbs measure of our model is completely
determined by a single probability distribution, Qg, on a scalar random variable.

Thus the task of finding the Gibbs measure is reduced to finding this distribution.
How could we do this? A natural idea would be to use the Gibbs variational

(43)
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principle that says that the thermodynamic state must minimize the free energy.
For this we would just need a representation of the free energy in terms of Qg.

To get there, we write the analog of (41) for the partition function. This
yields

K
ZBN+K /Qﬂﬂ(dm)e*ﬁK"’Z/2 H 2 cosh(Bm). (44)
Zﬁ7N ]

Now it is not hard to see that the free energy can be obtained as

Thus we get the desired representation of the free energy

—fs= —ln/(@g ~(dm)exp (—BK (m?/2 — 8" In2cosh(Bm))) . (45)

Thus the Gibbs principle implies that
—fs :sup—ln/(@ dm) exp (—BK (m 2/2 - p 1anCOSh(ﬂm))) (46)

where the supremum is taken over all probability measures on R. It is of course
not hard to see that the supremum is realized by any probability measure that has
support on the minimizer of the function m?/2 — 3~!In cosh(8m).

We will see later that a curious analog, with the sup replaced by an inf, of
the formula (46) is the key to the solution of the Sherrington—Kirkpatrick model.

Should we not have known about the Gibbs principle, we could instead have
observed that (45) can only hold for all K, if Qg is supported on the minimizer of
the function m?/2 — 31 In cosh(Bm).

Remark 1.2. An other way to reach the same conclusion is to derive the consistency
relation

_BKm? K
/Qﬂ(dm)m _ [ Qp(dm)e=PEm™/2 [cosh(Bm)]™ tanh(Bm) (47

J Qs(dm)e=rKm2/2 [cosh(Bm)] ™
for arbitrary K. But then it is clear that this can hold for all K only if Qg is
concentrated on the minimizers of the function m?/2 — 37! Incosh(#m), which

happen also to solve the equation m* = tanh(fm*) so that in the end all is
consistent.

2. Random mean field models

The naive analog of the Curie-Weiss Hamiltonian with random couplings would
be

HN [w} Z J’L_] 0'10'_7' (48)
1<z,j<N
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for, say, J;; some family of i.i.d. random variables. Thus, we must estimate
]P’[m(?XHN(J) > C'N].
But,
Plmax Hy(0) > ON] < > P[Hy(0) = CN] (49)

gESN

inf e 1OV el Zieayxay ileloics

I
~+
V
=}

ceSN
= Y infe N [ Eefenluldles
t>0
ceESN T ,JEAN XAN

where we assumed that the exponential moments of J;; exist. A standard estimate

2
1 L e _t=
then shows that, for some constant ¢, Eefzx Jijlwloio; < e“2n8?, and so

o2

2
Plmax Hy (o) > CN] < 2V inf e IONet/2 < 9N o= 5T (50)
o t>0

which tends to zero with N. Thus, our Hamiltonian is never of order N, but at
best of order v/N. The proper Hamiltonian for what is called the Sherrington
Kirkpatrick model (or short SK-model), is thus

Z Jijoio; (51)

,JEAN XAN

SK
HYE = —

5

where the random variables J;; = Jj; are i.i.d. for i < j with mean zero (or at
most JyN~'/?) and variance normalized to one for i # j and to two for i = j. In
its original, and mostly considered, form, the distribution is taken to be Gaussian.

This model was introduced by Sherrington and Kirkpatrick in 1976 [27] as
an attempt to furnish a simple, solvable mean-field model for the then newly
discovered class of materials called spin-glasses.

2.1. Gaussian process

This point of view consists of regarding the Hamiltonian (51) as a Gaussian random
process indexed by the set Sy, i.e., by the N-dimensional hypercube. Its covariance
function

1
cov(Hy(0). Hy(0") = % Y. Elyluoiojoio] (52)
1<i,j,l,k<N

1
= 5 Z 00,0} ;:NRN(O',O'/)Q
1<i,j<N

where Ry (0,0’)=N"1 Zf\; ;0. is usually called the overlap between the two con-
figurations o and o¢’. Tt is closely related to the Hamming distance, dgam(o,0’)=
#(i<N:0;#0}), namely, Ry (0,0')=(1—2N"tduam(o,0")).

A more general class of models is obtained by choosing

cov(Hy(0), Hy(0")) = N§(Rn(0,07)) (53)
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normalized such that (1) = 1. In particular, the p-spin SK-models are obtained
by choosing &(z) = |z|P:

—1
p-SK — . e .
H M (0) = N ~ E . <NJ21“JPU“ O, (54)
SU1,--5lp S

As we will see later, the difficulties in studying the statistical mechanics of
these models is closely linked to the understanding of the extremal properties of
the corresponding random processes. While Gaussian processes have been heavily
analyzed in the mathematical literature (see, e.g., [22, 1]), the known results were
not enough to recover the heuristic results obtained in the physics literature.

2.2. The generalized random energy models

Further classes of models are obtained by choosing different distances on the hy-
percube.
Of special interest to us is the lexicographic distance. Here

dn(o,7) = N~ (min(i : oy # 1) — 1) (55)

is analogous to the overlap Ry(c, 7). The corresponding Gaussian processes are
then characterized by covariances given by

cov(Hy (o), Hn (7)) = NA(dn (o, 7)) (56)

where A can be chosen to be any non-decreasing function on [0, 1], and can be
thought of as a probability distribution function. The choice of the lexicographic
distance entails some peculiar features. First, this distance is an ultrametric, i.e.,
for any three configurations o, 7, p,

dy(o,7) = min (dy (o, p),dn (T, p)) . (57)

3. The simplest example: the REM
We set
Hy(o) = —VNX, (58)

where X,, 0 € Sy, are 2"V i.i.d. standard normal random variables.

3.1. Ground-state energy and free energy

Lemma 3.1. The family of random variables introduced above satisfies

lim max N~Y2X, =v2In?2 (59)
Nlooc c€SN

both almost surely and in mean.

Proof. Since everything is independent,

2N

T e
P X, <u|l=(1-— —=°/2
[msx . “} ( vl e dx) (60)
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and we just need to know how to estimate the integral appearing here. This is
something we should get used to quickly, as it will occur all over the place. It will
always be done using the fact that, for u > 0,

1 *° 1
Zev/2 (1 — 2u*2) < / e~ /2y < Zeu/2, (61)

u u u
Now we define a function uy(z) by

2N oo

7z2/2d _ T (62)
e z=e "
V2T Juy (z)
It turns out that (for x > —In N/1In2)
In(N1n2)+In4
un(xz) = V2NIn2 + x _In(NIn2)+ In 7T—|—0(1/\/N). (63)

V2N 1In?2 2v2N 1In?2
Thus

—x

N
P [max X, < uN(x)} =(1- 27Ne7‘r‘”)2 —e ° . (64)
gESN

In other terms, the random variable uy" (max,es, Xo) converges in distribution
to a random variable with double-exponential distribution. ([l

Next we turn to the analysis of the partition function
Zgn=2"N Y YN (65)
ocESN

A first guess would be that a law of large numbers might hold, implying that
Zg,n ~EZg n, and hence

1 2
Jlfl%go (I),B,N = J%flTrgo N IHEZ,Q’N = ?, a.s. (66)

But this holds only for small enough values of 3!
Theorem 3.1. In the REM,
8 <
lim E®sy = { 2 Jor = e
NToo 76 + (ﬁ - ﬂc)ﬁcv f07" ﬂ Z ﬂcv
where 3. = V21In 2.

Proof. We use the method of truncated second moments.
We will first derive an upper bound for E®g . Note first that by Jensen’s
inequality, EIn Z < InEZ, and thus

62
Edgy <5 (68)
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On the other hand we have that

d E, X, efVNXs
E—® = N\2p=efe 69
ag e Zon (69)
< N7YV2E max X, < BV2In2(1+C/N)
[ASISINS

for some constant C'. Combining (68) and (69), we deduce that

Ed, y < inf X ORE 0
T s20 | By (53— Bo)v2In2(1 + C/N), for B> f.

It is easy to see that the infimum is taken at By = v/2In 2. This shows that
the right-hand side of (67) is an upper bound.

(70)

It remains to obtain a matching lower bound. Note that, since %¢)67 N >0,
the slope of ®3 x is non-decreasing, so that the theorem will be proven if we can
show that @5 — (%/2 for all 3 < v/2In2, i.e., that the law of large numbers
holds up to this value of 5. A natural idea to prove this is to estimate the variance
of the partition function. One would compute

EZ3y = E,EnEe/VNXotXo)
= 27 [ 57 eV S e (71)
o#o'! o

= NP1 27N 42NN

where all we used is that for o # ¢/, X, and X, are independent. The second
term in the square brackets is exponentially small if and only if 32 < In 2. For such
values of  we have that

Z
P [ L.

In
ZBVN

‘ > 6N:| —eN ZB,N > eeN:|

Zg.N
P| =2 <
LEZB,N ¢ o EZs n

- (ZM_1>2 o (1 eN)?
- EZﬂ’N
- IEIZA%J\,/(IEZB,N)2 -1
— (1 _ efeN)Q
2-N 4 9—NeNB?
< — 2
= (1 —eeN)2 (72)

which is more than enough to get (66). But of course this does not correspond to
the critical value of 3 claimed in the proposition!

Instead of the second moment of Z one should compute a truncated version
of it, namely, for ¢ > 0,

Z@N(C) = Eaeﬁ\/ﬁx” I[X‘7<C\/N' (73)
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An elementary computation using (61) shows that, if ¢ > 3, then

82N ( e~ NB*/2

IEZ/QVN(C) =e 2 QﬂN(c—ﬁ) (1+O(1/N)> (74)

so that such a truncation does not alter the averaged partition function. Now
compute the average of the square of the truncated partition function:

EZ3 n(c) = (1 -2 M)[EZs n()]? + 27 VESYNXoq _ ) (75)
where
e2ﬂ2N, if 26 <e¢,

— 2
X,<cV/N — LN e2eBN-HY . (76)
2 m, otherwise.

Combined with (74) this implies that, for ¢/2 < 8 < ¢,
2~ NEe2IVNXo

Ee??VNXoq

e—N(c—ﬁ)z—N(Q In2—c?)/2

Xo<cVN _ (77)
- 2 =
(E ZN,B) (26 — c)V'N
Therefore, for all ¢ < v/21In2, and all § < ¢,
~ ~ 2
Zpn(0) ~BZan () | Nges) (78)
EZs.n(c)
with g(c, 8) > 0. Thus, by Chebyshev’s inequality
P[1Zs,n(0) ~ EZs n(c)| > 0B Zs n(c)] < 62~ Nole) (79)
and so,
1~ 1
I%fiTrgo NE]H Zgn(c) = 11[1%10 N InEZj n(c) (80)

for all § < ¢ < v2In2 = (.. But this implies that for all § < ., we can choose ¢
such that

1 1 ~ 2
]}[iTrglo N InEZg ny > J&}Trgo N InEZs n(c) = % . (81)
This proves the theorem. O

3.2. Fluctuations and limit theorems

Theorem 3.2. Let P denotes the Poisson point process on R with intensity measure

e *dx. Then, in the REM, with « = 3/v2In2, if 3 > v/21n?2,

efN[B\/mflnﬂ«F%[ln(N1ﬂ2)+1“4Tr]Zﬁ7N 3’/ e P(dz) (82)

and

(oo} o0

N (s n —Edgy) 2 ln/ e™*P(dz) —Eln/ e P(dz2). (83)

— 00 — 00



18 A. Bovier and I. Kurkova

Proof. Basically, the idea is very simple. We expect that for 3 large, the partition
function will be dominated by the configurations o corresponding to the largest
values of X,. Thus we split Z3 n carefully into

Eoe® VXM 5 cuno)) (84)

ZNp =
and Zg Ny —Z y- Let us first consider the last summand. We introduce the random
variable

WN(Z‘) = Z3 N — ZZ;,N —9o N Z eﬂ\/ﬁx” I[{Xa>uN(z)} (85)
gESN
It is convenient to rewrite this as (we ignore the sub-leading corrections to uy ()
and only keep the explicit part of (63))

Wy(z) = 27V > eﬂ‘m“”(“ﬁl(X“))]I{u,‘vl(xg)n}
ocESN
n2—In2)—<%[In n n4m auet (X,
—  N(BV2In2-In2)—§[In(N In2)+In 47] Z Qoun (X )I[{u;vl(xﬂ)n}(%)
gESN
1 —1
_ auy (Xo)
= o) 2 O g s (87)

oceSN

where
a=0(/vV2In2 (88)

and C(b, N) is defined through the last identity. The key to most of what follows
relies on the famous result on the convergence of the extreme value process to a
Poisson point process (for a proof see, e.g., [21]):

Theorem 3.3. Let Py be the point process on R given by
Pv= Y buiixa) (89)

gEeSN

Then Py converges weakly to a Poisson point process on R with intensity measure
e *dux.

Clearly, the weak convergence of Py to P implies convergence in law of the
right-hand side of (86), provided that e** is integrable on [z, c0) w.r.t. the Poisson
point process with intensity e~*. This is, in fact, never a problem: the Poisson point
process has almost surely support on a finite set, and therefore e** is always a.s.
integrable. Note, however, that for 8 > v/21n2 the mean of the integral is infinite,
indicating the passage to the low-temperature regime.

Lemma 3.2. Let Wy (z),« be defined as above, and let P be the Poisson point
process with intensity measure e~ *dz. Then

C(B, NYWy (z) 2 / e P(d2). (90)
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Next we show that the contribution of the truncated part of the partition
function is negligible compared to this contribution. For this it is enough to com-
pute the mean values

un (z)—BVN
z 22
EZSy ~ N2 T

V2
(@)=BVN)?/2

— 00

—(un
€
eNB2/2

Vv 27(5” —un(x))
N 27N6I(a71)eN(ﬂ\/21n271n2)7%[1n(Nln2)+1n47r]
a—1
z(a—1) 1
B 1)
a—1 C(B,N)
so that
ez(afl)
C(B,N)EZj  ~ 1
which tends to zero as z | —o00, and so C(3, N)EZj \ converges to zero in proba-
bility. The assertions of Theorem 3.2 follow. ]

3.3. The Gibbs measure

We now want to describe the Gibbs measure of the REM. A nice way to do this
consists in mapping the hypercube to the interval (0, 1] via

N

Syoo—ry(o)=1-) (1—0)27""" € (0,1]. (92)
i=1

Define the pure point measure fig x on (0,1] by

fisn = Y Ory(oyipn(0). (93)

ogESN

Our results will be expressed in terms of the convergence of these measures. It will
be understood in the sequel that the space of measures on (0, 1] is equipped with
the topology of weak convergence, and all convergence results hold with respect
to this topology.

Let us introduce the Poisson point process R on the strip (0,1] x R with
intensity measure %dy x e~ *dz. If (Yi, Xi) denote the atoms of this process, define
a new point process M, on (0,1] x (0, 1] whose atoms are (Y, wy), where

e()LXk

" TRy dajers o

for ae > 1.
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With this notation we have that:
Theorem 3.4. If § > v2In2, with a = 3/vV21n2, then

~ D .
fox Din= [ Maldy.dwse. (95)
(0,1]%x(0,1]

Proof. With uy(x) defined in (63), we define the point process Ry on (0,1] x R
by
RNZ D St (X.))" (96)
ocESN

A standard result of extreme value theory (see [21], Theorem 5.7.2) is easily
adapted to yield that

Ry 2R, as N | oco. (97)
Note that
e(xuf\,l(Xﬂ) e(xuf\,l(Xﬂ) 0
pp.N(0) = > eouy' (Xo) J Ry (dy, dz)ex (98)
Since [ Ry (dy,dz)e™ < oo a.s., we can define the point process
Ma’N = § explauo! (Xg (99)
ansN (v (@) Ty Ay optay)
on (0,1] x (0,1]. Then
g, N = /./\/lmN(dy,dw)(;yw. (100)

The only non-trivial point in the convergence proof is to show that the contribu-
tion to the partition functions in the denominator from atoms with un(X,) <
vanishes as | —oo. But this we have shown already in the proof of Theorem 3.2.

Standard arguments now imply that first Mg n REN M, and, consequently, (95)
holds. O

The measure fig is closely related to a classical object in probability theory,
the a-stable Lévy subordinator. To see this, denote by

Z.(1) = /0 t /_ :O TR (dy, da). (101)

Clearly, the probability distribution function associated to the measure fi satisfies,
for ¢ € [0, 1],

! _ Za(t)
| wotae) = Z45. (102)

Lemma 3.3. For any o > 1, the stochastic process Z,(t) is the 1/a-stable Lévy
process (subordinator) with Lévy measure y~/*~1dy.
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Proof. There are various ways to prove this result. Note first that the process has
independent, identically distributed increments. It is then enough, e.g., to compute
the Laplace transform of the one-dimensional distribution, i.e., one shows that

Ee 2« = exp </ (e — 1)9_1/a_1dy> : (103)
0

This can be done by elementary calculus and is left to the reader. O

Let us note that it is not difficult to show that the process

—1
Z e*N (Xﬂ)]IrN(a)gt (104)

oceESN

converges in the Skorokhod J;-topology to the a-stable Lévy subordinator. Hence
the distribution function of the measures fig n to fig can be interpreted in the
sense of the corresponding convergence of their distribution functions as stochastic
processes on Skorokhod space.

3.4. The asymptotic model

In the case 8 > 1, we can readily interpret our asymptotic results in terms of a
new statistical mechanics model for the infinite volume limit. It has the following
ingredients:

e State space: N;

e Random Hamiltonian: x : N — R, where x; is the ith atom of the Poisson
process P;

e Temperature: 1/a = f./0;

e Partition function: Z, = ), e

e Gibbs measure: i, (i) = Z,e*%:.
Our convergence results so far can be interpreted in terms of this model as

follows:

e The partition function of the REM converges, after division by
exp(Bv Nupn(0)), to Z4;
e If we map the Gibbs measure i, to the unit interval via

floo = flo = Y 6u, fla (1), (105)
ieN

where U, i € N| is a family of independent random variables that are dis-

tributed uniformly on the interval [0, 1], then f, has the same distribution

as fig.

This is a reasonably satisfactory picture. What is lacking, however, is a proper
reflection of the geometry of the Gibbs measure on the hypercube. Clearly the
convergence of the embedded measures on the unit interval is insufficient to capture
this.

In the next section we will see how this should be incorporated.
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3.5. The replica overlap
If we want to discuss the geometry of Gibbs measures, we first must decide on
how to measure distance on the hypercube. The most natural one is the Hamming
distance, or its counterpart, the overlap, Ry(c,c’). Of course we might also want
to use the ultrametric distance dy, and we will comment on this later.

To describe the geometry of pg v, we may now ask how much mass one finds
in a neighborhood of a point ¢ € Sy, i.e., we may define

QSQ,N(U,t) = Ug,N (RN(O',O'/) >t). (106)

Clearly this defines a probability distribution on [—1, 1] (as we will see, in reality
it will give zero mass to the negative numbers).

Of course these 2!V functions are not very convenient. The first reflex will be
to average over the Gibbs measures, i.e. to define

Yen(t)= D npn(0)dpn(0.t) = ppnlw] @ pplw] (Ry(o,0") € dz). (107)

ogESN

The following theorem expresses the limit of ¢ in the form we would expect,
namely in terms of the asymptotic model.

Theorem 3.5. For all 3 > v/21n2

0, if t <0,
ban(t) 2 {1- %ﬂa(iﬂ ifo<t<l, (108)
1, ift > 1.

Proof. The only new thing we have to show is that the function 1 increases only
at 0 and at one; that is to say, we have to show that with probability tending to
one the overlap Ry takes on only the values one or zero.

We write for any A C [—1,1]

VN (D) = pSA(Ry € A) =9an(A) = Z5 4 BBy Y YN+,
A
RN(tf,U'):t (109)

We use the truncation introduced in Section 3.2. Note first that, for any interval A,

27%
z/}B,N(A)—ZngEUEU, Z ]IX‘T’XU/ZHN(m)eﬁ\/N(XU+X‘,I) §%~ (110)
teA B,N
Ry (o,0")=t

We have already seen in the proof of Theorem 3.2 that the right-hand side of
(110) tends to zero in probability, as first N T co and then x | —co. On the other
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hand, for ¢t # 1,

P[Ho,0’ : Ry(0,0") =t: X, > un(z) A X > un(z)] (111)
2ef¢ﬁ)N672x

V2rNV1 —t?

by the definition of uy(x) (see (62)). This implies again that any interval A C
[-1,1) U [-1,0) has zero mass. To conclude the proof it is enough to compute
Yg,n(1). Clearly

< Eoo Ty (oot 22V P[X, > un(@))® =

2‘JV2& N
Ypn(l) = Tﬁ . (112)
B,N
By Theorem 3.2, one sees easily that
b [e**P(dz)
— 5.
([ e**P(dz))

It is now very easy to conclude the proof. O

Ys,n (1) (113)

The empirical distance distribution. Rather than just taking the mean of the
functions ¢g n, we can naturally define their empirical distribution. It is natural
to do this biased with their importance in the Gibbs measures. This lead to the
object

Kon =Y 1.n(0)0p, (o) (114)
ocESN
Here we think of the §-measure as a measure on probability distribution functions,
respectively probability measures on [—1,1], and to g n as a random probability
measure on the same space. This measure carries a substantial amount of informa-
tion on the geometry of the Gibbs measure and is in fact the fundamental object
to study.
Note that we can define an analogous object in the asymptotic model. We
just have to decide on how to measure distance, or overlap, between points in N.
In view of the results above, the natural choice is to say that the overlap between
a point and itself is one, and is zero between different points. Then set

Ka = ita(D)3(1-p.:)1{- €101} +ha ()1 - >1}- (115)
ieN
A fairly simple to prove extension of Theorem 3.5 gives the strongest link between
the REM and the asymptotic model.

Theorem 3.6. With the standard relation between o and (3,
Ksn = Ka, (116)

where the convergence is in distribution with respect to weak topology of measures
on the space of distribution functions equipped with the weak topology.
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4. Derrida’s generalized random energy models

We will now turn to the investigation of the second class of Gaussian models we
have mentioned above, namely Gaussian processes whose covariance is a function
of the lexicographic distance on the hypercube (see (56)). B. Derrida introduced
these models in the case where A is a step function with finitely many jumps as
a natural generalization of the REM and called it the generalized random energy
model (GREM)[11, 13, 14, 15]. The presentation below is based on our results
obtained in [6, 7, 8.

4.1. The GREM and Poisson cascades

A key in the analysis of the REM was the theory of convergence to Poisson pro-
cesses of the extreme value statistics of (i.i.d.) random variables. In the GREM,
analogous results will be needed in the correlated case.

We assume that A is the distribution function of a measure that is supported

on a finite number, n, of points x1, ..., z, € [0,1], as shown in Figure 1.
am+--Hap=1_____ P, =(1,1)
|
————————————————— —
| |
_______________ !
|
A(z) S
ay+az |- _____ 52_,| L
|
1 o
| | | |
moB o
|
| | Co
Py ‘ | | | |
— I | I -
In oy In oy s In(og--an) _ 1
In2 In 2 In2 -

FIGURE 1. The function A(z).

In that case we denote the mass of the atoms x; by a;, and we set
lno; = (r; —x;-1)In2, i=1,...,n (117)

where 29 = 0. We normalize in such a way that Y., a; = 1, and [[;_, o = 2.

It is very useful that there is an explicit representation of the corresponding
process X,. We write 0 = 0102...0, where 0; € Syina,/n2- Usually we will
assume that z1 > 0, x,, = 1, and all a; > 0.

Then the Gaussian process X, can be constructed from independent standard
Gaussian random variables Xo,, Xo 00 - - - » Xo,...00, Where o; € { —1,1}NInei/In2 59

XU = \/aXol +\/£X0'10'2 +"'+\/EXU1O'2...U¢17 lfJ = 0102...0n. (118)
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4.2. Poisson cascades and extremal processes

Our first concern is to understand the structure of the extremes of such processes.
The key ideas are easiest understood in the case where n = 2. Let us consider the
set, Sy, of o1 for which X;, ~ vai12NInajz. We know that the cardinality of
this set is rather precisely aiv(l_f) if z < 1. Now all the aiv(l_m)aév =2Na "N
random variables X,,,, with o1 € 9, are independent, so that we know that their
maximum is roughly 1/2asN(In2 — zIn o). Hence, the maximum of the X, with
o1 €S, is

Vai2NInayz + v/2aoN(In2 — zln o). (119)

Finally, to determine the overall maximum, it suffices to find the value of x that

maximizes this quantity, which turns out to be given by z* = ‘11;1512, provided the

constraint %0‘312 < 1 is satisfied. In that case we also find that

Vai2NInayz + v/2aaN(In2 — z* Ina;) = vV2In 2, (120)

i.e., the same value as in the REM. On the other hand, if “11110‘312 > 1, the maximum
is realized by selecting the largest values in the first generation, corresponding to
x = 1, and then for each of them the extremal members of the corresponding

second generation. The value of the maximum is then (roughly)

Vai2NIna; + v/2a3NInay < vV21In2 (121)
where equality holds only in the borderline case “1;1;112 = 1, which requires more
ai;ln?2

care. The condition o, <1 has a nice interpretation: it simply means that the
function A(z) < z, for all x € (0, 1).

In terms of the point processes, the above considerations suggest the following
picture (which actually holds true): If %0‘312 < 1, the point process

> bix, =P (122)

ogESN

exactly as in the REM, while in the opposite case this process would surely con-
verge to zero. On the other hand, we can construct (in both cases) another point
process,

> O farusls, w(Xoy +vamun, x(Xoyos) (123)
o=c102€{—1,+1}V
where we set
UQ,N(x) =UNIn a/ an(x)~ (124)

This point process will converge to a process obtained from a Poisson cascade:
The process

) Ouzt o (Xay) (125)

a.le{_L_;’_l}lualN
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converges to a Poisson point process, and, for any o1, so do the point process

Z 5“;21,N(X0102)' (126)

026{*1,*‘1’1}1“&2]\]

Then the two-dimensional point process

) Oz (Kol (Xoroa)) (127)

o=c1026{—1,+1}N

converges to a Poisson cascade in R?: we place the Poisson process (always with
intensity measure e"*dx) on R, and then, for each atom, we place an independent
PPP on the line orthogonal to the first line that passes through that atom. Adding
up the atoms of these processes with the right weight yields the limit of the process
defined in (123). Now this second point process does not yield the extremal process,
as long as the first one exists, i.e., as long as the process (122) does not converge
to zero. Interestingly, when we reach the borderline, the process (122) converges
to the PPP with intensity Ke™*dx with 0 < K < 1, while the cascade process
yields points that differ from those of this process only in the sub-leading order.

Having understood the particular case of two levels, it is not difficult to figure
out the general situation.

The next result shows which Poisson point processes can emerge.

Theorem 4.1. Let 0 < a; < 1, a; > 1,1 = 1,2,...,n with Y ;" a; = 1. Set

a = [1i; ;. Then the point process

Z 5U;YIN(\/(I71X0'1+\/EX(7'10'2+"'+\/a7nX0'1‘72""7’n,) (128)

U:Ul,,,an€{71’+1}N1!\d/ In 2

converges weakly to the Poisson point process P on R with intensity measure
Ke™*dz, K € R, if and only if, for alli=2,3,...,n,

a; + aip1 + -+ an > In(aaipr o)/ Ina. (129)

Furthermore, if all inequalities in (129) are strict, then the constant K = 1. If
some of them are equalities, then 0 < K < 1.

Remark 4.1. An explicit formula for K can be found in [6].

Remark 4.2. The conditions (129) can be re-expressed in the simple form “A(x) <
x for all z € (0,1)”.

Theorem 4.2. Let o; > 1, and a = Hle ;. Let Yy, Y5 60y, Yo, 0, be identi-
cally distributed random variables, such that the vectors

(Y01 )ale{—Ll}Nl“(‘l/ln@a (YO'IG'Q)UQG{—Ll}Nl"“z/ln@a A

ey (Y010'2---0'k)o’ke{—l,l}Nlr‘ak/ln&
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are independent. Let vy 1(x),...,vn (x) be functions on R such that the following
point processes

Z 5UN71(Y01) !
o1

ZéUN,Z(Yﬂmz) - Pg Val

ZévN,k(Ydldz.,.ok) —Pr Yoi,...,06-1 (130)
ok
converge weakly to Poisson point processes, Pi,..., P, on R with intensity mea-
sures Kie *dx, ..., Kxe~*dz, for some constants K1, ..., K. Then the point pro-

cesses on R¥,
_ k
= o (Vo) D OonaWaron) D Oon i Vorog o) — PP (131)
o1 o2 Ok

converge weakly to point processes P*) on R, called Poisson cascades with k
levels.

Poisson cascades are best understood in terms of the following iterative con-
struction. If k = 1, it is just a Poisson point process on R with intensity measure
Kie~*dz. To construct P2 on R2, we place the process PV for k = 1 on the axis
of the first coordinate and through each of its points draw a straight line parallel
to the axis of the second coordinate. Then we put on each of these lines indepen-
dently a Poisson point process with intensity measure Kse™"dx. These points on
R? form the process P(?). This procedure is now simply iterated k times.

Theorems 4.1 and 4.2 combined tell us which are the different point processes
that may be constructed in the GREM.

Theorem 4.3. Let o; > 1, 0 < a; < 1, such that [[}_, o, =2, Y1, a; = 1. Let
Ji, Joy ooy Jm € N be indices such that 0 = Jy < J1 < Jo < -+ < Jp, = n. We
denote by a; = Z;.]’:'JFIH a;, ay = H;];szﬁl a;, 1=1,2,...,m, and set

Ji—Ji—1
GO1...00; 4 ].

Xo, 46 =— E Ja i X : (132)
T 4100, _ 120, — Ji—1t+i Aoy og 4t
a
Va4

To a partition J1,Ja, ..., Jm, we associate the function Ay obtained by joining the
sequence of straight line segments going from (xj,, A(zy,)) to (xs, ., A(xs,,)),
i=0,. — 1. A partition is admissible if A(z) < AJ( ) for all xz € [0,1].
Then, for any admissible partition, the point process

(m)  _ _ oo
PN = Z 6 0 maJl) Z 6 il N(X 1- J 0'12)

Ty
Lo OJy41---0J,

Z R (133)

0‘7n 1+1"'0J7n)
OJpy_ 1410,
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converges weakly to the process P(™ on R™ defined in Theorem 4.2 with constants
Ky,...,Ky,. If Aj(z) < A(z), for all x € (x5,,27,,,), then

K, =1. (134)
Otherwise 0 < K; < 1.

Having constructed all possible point processes, we now find the extremal
process by choosing the one that yields the largest values. It is easy to see that this
is achieved if as many intermediate hierarchies as possible are grouped together.
In terms of the geometrical construction just described, this means that we must
choose the partition J in such a way that the function A; has no convex pieces,
i.e., that Ay is the concave hull, A, of the function A (see Figure 2). (The concave

_ >
Py, Ina In(a1a2) In(@1 - @m) _
- In2 In2 n2 =1
=% =q =q2

FIGURE 2. The concave hull of A(x).

hull, A, of a function A is the smallest concave function such that A(z) > A(z),
for all z in the domain considered.) Algorithmically, this is achieved by setting
Jo =0, and

J = min{J > Ji_q: AJlil_A'_LJ > AJ_A,_L]C Vk>J+ 1} (135)

where A; ), = Zf ;aif(2 ln(Hk L))

Set vy =Va,/V2Ina;, | = 1 2,...,m. Clearly, by (135), 71 > v2 > -+ > V.
Define the function Uy by

m

Ujn(z EZ(\/2NG[ Ina; — N~V2( 1n(N(1no7;))+1n47r)/2) + N~V2
=1
(136)
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and the point process
En = Z Sy, (%) (137)

oce{—1,1}N
Theorem 4.4.

(i) The point process En converges weakly, as N T oo, to the point process on R

E= i P (day,. .. dem)osm a0, (138)
where P™ is the Poisson cascade introduced in Theorem 4.3 corresponding
to the partition Jy, ..., J, given by (135).

(ii) & emists, since y1 > -+ > Y. It is the cluster point process on R containing
an a.s. finite number of points in any interval [b,00), b € R. The probability
that there exists at least one point of £ in the interval [b,00) is decreasing
exponentially, as b T oo.

The proofs of these theorems can be found in [6].

4.3. Convergence of the partition function

We now turn to the study of the Gibbs measures. The main point will be to show
that the infinite-volume limit of the properly rescaled partition function can be
expressed as a certain functional of Poisson cascade processes, as suggested by
Ruelle [25].

For any sequence of indices, J;, such that the function A7 is concave, the
partition function can be written as:

Zsn = e5i (BN/2a; n &; — B, [In(N Ina,)+In 4x]/2) «

_o1...0g
_1 > —1 m—1
eﬁ’ylual,N(Xﬂl---”Jl) K BV’”“ézm,N(X”.Im,1+1---wm)
T Jy— 141 T Ty, .

(139)

X IEUL“C,J1

These representations will only be useful, if the sums in the second line converge to
a finite random variable. For this to happen, from what we learned in the REM,
each of the sums should be at ‘low temperature’, meaning here that Gy, > 1.
Moreover, we should expect that there is a relation to the maximum process; in
fact, this will follow from the condition that v; > 7,41, for all ¢ that appear. Thus
we will have to choose the partition J that yields the extremal process, and we
have to cut the representation (139) at some temperature-dependent level, .J;g),
and treat the remaining hierarchies as high-temperature REM’s, i.e., replace them
by their mean value. The level I(3) is determined by

(B) =max{l >1: 0y >1} (140)

and [(B) =0 if py < 1.
From these considerations it is now very simple to compute the asymptotics
of the partition function.
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The resulting formula for the free energy was first found in [9]:

Theorem 4.5 ([9]). With the notation introduced above,

UB) n
lim &35 =0 2a; Ina; + 6%a;/2, a.s. 141
N—oco B

i=1 i:Jl(B)+1

The condition that for 8 < ., I[(8) = 0, defines the critical temperature, 5. = 1/~1.
The more precise asymptotics of the partition function is as follows.

Theorem 4.6. Let Jy,Ja,...,Jm € N, be the sequence of indices defined by (135)
and 1(B) defined by (140). Then, with the notations introduced above,

efﬁzljff (Ny/2a; 6, —;[In(N In &) +1n 47] /2) — N 52 T e+ ai/QZﬂ’N
Do | PEEnmpl) (g, ... daygs). (142)
RUB)

This integral is over the process PUB) on RUB) from Theorem 4.2 with constants
K from Theorem 4.3. The constant C(3) satisfies

{C(ﬁ) =1 if Bnp+ <1, (143)

0<C(P) <1, otherwise.
Remark 4.3. An explicit formula for C() is given in [6].

The integrals over the Poisson cascades appearing in Theorem 4.6 are to be
understood as

/ eﬁ71“+”'+57’"£m73(m)(dx1 coodey) (144)
= lim /a:l,‘..,wm)eRm, 6[371£1+“‘+57m£mp(m) (dxl o dl‘m)
2l=00 /3, 1<i<m:

yiE1yims > (vt i) e

The existence of these limits requires the conditions on the ; mentioned before,
and thus can be seen as responsible for the selection of the partition J and the
cut-off level {(3). Namely:

Proposition 4.1 ([6]). Assume that y1 > v2 > -+ > Y, > 0, and By, > 1. Then
(i) For any a € R the process P contains a.s. a finite number of points
(1, ., 2m) such that y1x1 + -+ + YmTm > a.
(ii) The limit in (144) exists and is finite a.s.
4.4. The asymptotic model

As in the REM, we are able to reinterpret the convergence of the partition function
in terms of an asymptotic statistical mechanics model.
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This time, it has the following ingredients:

e State space: N’ that should be though of as an (-level tree with infinite
branching number.

e A sequence ¥ = (71 > y2 > -+ > ) of numbers.

e Random Hamiltonian: Hf;: N — R, where

l
M = iy, (145)
k=1

and ;, is the 45th atom of the Poisson process P*).
e Temperature: 1//.
e Partition function: Z3 = Ziew ePH(E)
e Gibbs measure:
i (3) = 25750, (146)
Our convergence results so far can be interpreted in terms of this model as
follows:

e The partition function of the GREM converges, after multiplication with the
correct scaling factor, to Zg.

A new feature compared to the situation in the REM is that the state space N* of
the asymptotic model carries a natural non-trivial distance, namely the hierarchical
distance, respectively the corresponding hierarchical overlap

d(i,5) = %(min(k Cin # i) — 1). (147)

This allows to define in the asymptotic model the analog of the local mass distri-
bution (see (106)) as

¢p(i,t) = fip (d(2,5) > t). (148)
This allows also to write the empirical distance distribution function for the as-
ymptotic model in the form

Ko = ip(8)ds,6,-)- (149)
ieN¢
Clearly we expect K to be related to the analogous object in the GREM, i.e., to
Kpg,n defined as in (114). The only additional ingredient is a translation between
the overlap on the hypercube and the tree-overlap (148). This is in fact given by
the following Lemma:

Lemma 4.1. Let
¢

—~ Ina,
=\ " 1

qe — n2 ) ( 50)
and let f(q) = sup{k : g < q}/€(B). For any B3, for ¢ < qmax = (),

Jim 15 (B (,0') < q) = i§? (d(3,§) < /() (151)



32 A. Bovier and I. Kurkova

A nontrivial aspect of the lemma above is that the overlap defined in terms
of the non-hierarchical Ry is asymptotically given in terms of the distribution of
a hierarchical overlap, d. In fact, it would be quite a bit easier to show that

Jim iy (dw(0,0") < 0) = 15 (d(,5) < f(a)), (152)

where dy is defined in (55). The fact that the two distances are asymptotically the
same on the support of the Gibbs measures is remarkable and the simplest instance
of the apparent universality of ultrametric structures in spin glasses. Bolthausen
and Kistler [5] (see also Jana [20]) have shown that the same occurs in a class of
models where the covariance depends on several different hierarchical distances.

The main result on the limiting Gibbs measures can now be formulated as
follows:

Theorem 4.7. Under the assumptions and with the notation of Lemma 4.1

; —1f
]5[1%210 Ks.n = K5, (153)
where f:]0, gmax] — [0,1] is defined in Lemma 4.1 and
Kh =2 i@, 0i.50)- (154)
€N’

We see that in the asymptotic model, we have so far three ingredients:

1) the Poisson cascade;
2) the weights 7;;
3) the mapping f that readjusts the tree-distance.

In fact, K3 as a probability distribution on distributions of distances contains a
lot of gauge invariance. In particular, neither the measures /ig nor the underlying
space N¢ play a particular role. In fact, there is a canonical way to shift all the
structure into the ultrametric and to choose as a canonical space the interval [0, 1]
and as a canonical measure on it the Lebesgue measure. To do this, choose a
one-to-one map,

0: N — [0,1] (155)

such that for any Borel set, A C B([0, 1],
Al = 5(07 1 (A)). (156)

Then define the overlap, 1, on [0, 1], by
m(zy) = (d (07 (2),07 (1)) - (157)

Note that this overlap structure is now random, and in fact contains all the re-
maining randomness of the system. Then we can write IC{; as

1
’C§:/O Az 6}y, (2,9)> - (158)
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This representation allows, in fact, to put all GREMs on a single footing. Namely,
one can show that the random overlaps ; can all be obtained by a determin-
istic time change from the genealogical distance of a particular continuous time
branching process, the so-called Neveu CBP. This observation goes back to an
unpublished paper of Neveu [24] and was elaborated on by Bertoin and Le Gall
[3] and the present authors [8].

5. Gaussian comparison and applications

We now return to the study of the SK type models. We will emphasize here the
role of classical comparison results for Gaussian processes. A clever use of them
will allow to connect the SK models with the GREMs discussed above. We begin
by recalling the basic comparison theorem.

5.1. A theorem of Slepian-Kahane

Lemma 5.1. Let X andY be two independent n-dimensional Gaussian vectors. Let
Dy and D5 be subsets of {1,...,n} x {1,...,n}. Assume that

EX,X; = EY;Y;, if (i,j)& DyUDs.

Let [ be a function on R™, such that its second derivatives satisfy

o o
axzaxj f(l[}) 2 07 Zf (Z,]) S Dl,
2
Then
Ef(X) <Ef(Y). (161)

Proof. The first step of the proof consists of writing

1
d
£O0) = 1) = [ e r(x) (162)
0
where we define the interpolating process

X =VtX +V1-tY. (163)

Next observe that

R . N -
@ﬂX)—Q; 5 X0 (PP X - =7y (164)
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Finally, we use the generalization of the standard Gaussian integration by parts
formula to the multivariate setting, namely:

Lemma 5.2. Let X;, i € {1,...,n} be a multivariate Gaussian process, and let
g: R™ — R be a differentiable function of at most polynomial growth. Then
- 0
= E(X:X;)E5—g(X). (165)
,7 8xj
Applied to the mean of the left-hand side of (164) this yields
82
E E dt (EX; X; — EY;Y; Xt 166
FX) ~Ef(Y Z/m BG5S, (160
from which the assertion of the theorem can be read off. O

Note that Equation (166) has the flavor of the fundamental theorem of cal-
culus on the space of Gaussian processes.
5.2. The thermodynamic limit through comparison

Theorem 5.1 ([17]). Assume that X, is a normalized Gaussian process on Sy with
covariance

EX,X, = £(Ry(0,7)) (167)
where £: [—1,1] — [0,1] is convex and even. Then
—1
im —— BVNXs —
11[1%10 ﬂNElnEae = f3 (168)

ex1sts.

Proof. The proof of this fact is frightfully easy, once you think about using Theo-

rem 5.1. Choose any 1 < M < N. Let 0 = (6,5) where 6 = (01,02,...,0M), and
&= (0M+1,---,0n). Define independent Gaussian processes X and X on Sy; and
Sn—, respectively, such that
EX;X: = &(Ru(6,7)) (169)
and
EXsX: = &(Rn_a(5,7)). (170)
Set
Yo =/ N Xe + 1/ VM X5 (171)
Clearly,
EY,Y, = F&(Rm(5,7))+ " E(RN-m(5,7)) (172)
> f(%R]V[(é',f') + N= ]\/IRN MG, T ) E(RN(o,7)).

Define real-valued functions Fy(z) = InE,e®VNr on R2" It is straightforward
that
EFyn(Y) = EFy(X) + EFy_p(X). (173)
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A simple computation shows that, for o # 7,

92 272Nﬂ2Neﬂ\/ﬁ(a:a+a:7)
——F =— <0. 174
O0x,0x; w(@) Z3 N - (174)
Thus, Theorem 5.1 tells us that
EFN(X) > EFy(Y) = EFp(X) + EFy-m(X). (175)

This implies that the sequence —EFy (X) is subadditive, and this in turn implies
(see Section 1.2) that the free energy exists, provided it is bounded, which is easy to
verify (see, e.g., the discussion on the correct normalization in the SK model). O

The same ideas can be used for other types of Gaussian processes, e.g., the
GREM-type models discussed above [10].

Convergence of the free energy in mean implies readily almost sure conver-
gence. This follows from a general concentration of measure principle for functions
of Gaussian random variables.

5.3. An extended comparison principle

As we have mentioned, comparison of the free energy of SK models to simpler
models does not immediately work. The idea is to use comparison on a much
richer class of processes. Basically, rather than comparing one process to another,
we construct an extended process on a product space and use comparison on this
richer space. Let us first explain this in an abstract setting. We have a process X on
a space S equipped with a probability measure E,. We want to compute as usual
the average of the logarithm of the partition function F(X) = InE,e’*-. Now
consider a second space 7 equipped with a probability law E,. Choose a Gaussian
process, Y, independent of X, on this space, and define a further independent
process, Z, on the product space S x 7. Define real-valued functions, G, H, on the
space of real-valued functions on 7 and S x 7, respectively, via G(y) = InE,ef¥~
and H(z) = InE,E,e’?«. Note that H(X +Y) = F(X) 4+ G(Y). Assume that
the covariances are chosen such that

cov(Xg, Xor) +cov(Yy, Yo ) > cov(Zo,ay Zor o )- (176)

Since we know that the second derivatives of H are negative, we get from Theorem
5.1 that

EF(X)+EG(Y)=EH(X +Y) <EH(Z). (177)

This is a useful relation if we know how to compute EG(Y') and EH(Z). This idea
may look a bit crazy at first sight, but we must remember that we have a lot of
freedom in choosing the auxiliary spaces and processes to our convenience. Before
turning to the issue whether we can find useful computable processes Y and Z, let
us see why we could hope to find in this way sharp bounds.
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5.4. The extended variational principle and thermodynamic equilibrium

To do so, we will show that, in principle, we can represent the free energy in the
thermodynamic limit in the form EH(Z) — EG(Y). To this end let S = Sy and
T = Sy, both equipped with their natural probability measure E,. We will think
of N > M, and both tending to infinity eventually. We write again S x 7 > 0 =
(6,0). Consider the process X, on Syia with covariance §(Rn+ar(o,0')). We
would like to write this as

X, =Xs+ X5+ Zs (178)
where all three processes are independent. Note that here and in the sequel equal-

ities between random variables are understood to hold in distribution. Moreover,
we demand that

cov(Xs, Xo) = §(N+M (6,0 )) (179)
and
cov(Xs, Xo1) = E(27 R (5,6")). (180)
Obviously, this implies that
CoV(Zy, Zor) = € (N+MRM(&,&’) + MLMRN(@&’)) (181)

~ & (A R (6,8))) = & (3 B (5,5))

(we will not worry about the existence of such a decomposition; if &(x) = 2P,
we can use the explicit representation in terms of p-spin interactions to construct
them). Now we first note that, by super-additivity [2]

ZBN+M
]Vlf%goﬁMhmlnfElog Zon fs- (182)

Thus we need a suitable representation for % But
E, OVN+M (Xs+2:+X5)

Z3.N E6eﬂ\/N+JVI(,/(1—JVI/(N+M))X;,) ’

Now we want to express the random variables in the denominator in the form

VA =M/(N+M)Xs =Xs+Y; (184)

Z3,N+M

(183)

where Y is independent of X. Comparing covariances, this implies that
cov(Ya, Yar) = (1 = M/(N + M)&(Rn(,5") = € (Y5, Rn(,5))) . (185)

As we will be interested in taking the limit N T oo before M T oo, we may expand
in M/(N + M) to see that to leading order in M /(N + M),

cov(Ys,Ys) ~ MiRa(o, &')g'(MMRN(& &))

T (MMRN(&, 6’)) . (186)
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Finally, we note that the random variables X, are negligible in the limit N T
00, since their variance is smaller than £(M/(N + M)) and hence their maxi-
mum is bounded by \/&(M/(N + M))M In2, which even after multiplication with
VN + M gives no contribution in the limit if £ tends to zero faster than linearly
at zero, which we can safely assume. Thus we see that we can indeed express the
free energy as

o1 EsEyefVN+MZs,5
fﬁ = — ]\141%1’010 llJI\}’!rlOI;)lf ﬁ—ME In ]E&eﬁ\/my& (187)

where the measure IE(} can be chosen as a probability measure defined by IEU() =
EsefVNTMXo (1)) 75 n ar where Zg n.ap = EgePVNTMXs  Of course this represen-
tation is quite pointless, because it is certainly uncomputable, since E is effectively
the limiting Gibbs measure that we are looking for. However, at this point there
occurs a certain miracle: the (asymptotic) covariances of the processes X,Y,Z
satisfy

§(@) +y&'(y) — &) = =€ () (188)

for all 2,y € [—1,1], if £ is convex and even. This comes as a surprise, since we did
not do anything to impose such a relation! But it has the remarkable consequence
that asymptotically, by virtue of Lemma 5.1 it implies the bound

EsRyefVN+MZs 5

_BYVMX;
ElnEse <Eln IEg,eﬁ Ny,

(189)

(if the processes are taken to have the asymptotic form of the covariances). More-
over, this bound will hold even if we replace the measure E by some other prob-
ability measure, and even if we replace the overlap Ry on the space Sy by some
other function, e.g., the ultrametric dy. Seen the other way around, we can con-
clude that a lower bound of the form (177) can actually be made as good as we
want, provided we choose the right measure E. This observation is due to Aizen-
man, Sims, and Starr [2]. They call the auxiliary structure made from a space 7, a
probability measure E,, on 7, a normalized distance ¢ on 7', and the corresponding
processes, Y and Z, a random overlap structure

cov(Yy, Yor) = q(a, )¢ (q(a, ') — £(q(a, ) (190)
and the process Z, o, on Sy x [0, 1] with covariance
coV(Zg,ay Zorar) = Ry (0,0")E (q(a, a')). (191)

With these choices, and naturally X, our original process with covariance £(Ry),
the equation (176) is satisfied, and hence the inequality (177) holds, no matter what
choice of ¢ and E,, we make. Restricting these choices to the random genealogies
obtained from Neveu’s process by a time change with some probability distribution
function m, and E,, the Lebesgue measure on [0, 1], gives the bound we want.
This bound would be quite useless if we could not compute the right-hand
side. Fortunately, one can get rather explicit expressions. We need to compute two
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objects:
EoEqe?VN 700 (192)
and
E,e’VNYo (193)
In the former we use that Z has the representation
N
Zoo =N " 0iza; (194)
i=1

where the processes z,,; are independent for different i and have covariance
cov(Za,is 2ari) = €' (q(a, ). (195)
Thus at least the o-average is trivial:

N
EoEye®VNZr0 = |, T e eosh(Pzen), (196)
=1

Thus we see that, in any case, we obtain bounds that only involve objects that
we introduced ourselves and that thus can be manipulated to be computable. In
fact, such computations have been done in the context of the Parisi solution [23].
A useful mathematical reference is [4].

This is the form derived in Aizenman, Sims, and Starr [2].

5.5. Parisi auxiliary systems

The key idea of the Parisi solution is to choose as an auxiliary system the asymp-
totic model of the GREM.

That is, the space 7 in this case is chosen as an n-level infinite tree N"
equipped with the measure jig defined in (146).

T is naturally endowed with its tree overlap, d(i,5) = n~'(min{¢ : i, #
je} —1). This distance will play the rdle of the distance ¢ on 7. Finally, we define
the processes Y; and Z; , with covariances

cov(Y;, Yy) = d(3,5)€'(d(3,5)) — £(d(3, 5)) = h(d(3,5)) (197)
and the process Z, ; on Sy x 7 with covariance
cov(Zo,j, Zor j) = Ry (0,0")E (d(3, 5))- (198)

It is easy to see that such processes can be constructed as long as h, £’ are increasing
functions. E.g.,

Y; = Z V() = h((f=1)/n)Y ", (199)
(=1

where Yz(f) ;, are independent standard normal random variables. In this way, we
have constructed an explicit random overlap structure, which corresponds indeed
to the one generating the Parisi solution.

Note that also the auxiliary structure depends only on the information con-
tained in the empirical distance distribution, kg, associated with the asymptotic
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model. In fact we could alternatively use 7 = [0, 1] equipped with the Lebesgue
measure and the random overlap 71, as defined in (158). While this is nice con-
ceptually, for actual computations the form above will be more useful, however.
5.6. Computing with Poisson cascades

Lemma 5.3. Assume that P be a Poisson process with intensity measure e~ *dux.
and let Z; j, 1 €N, j € N and Y be i.i.d. standard normal random variables. Let
gi :R—=R, j=1,...,M, be smooth functions, such that, for all |m| < 2, there
ezxist C' < 0o, independent of N, such that

Eyems(Y) = ekilm) < ¢ (200)
Let x; be the atoms of the Poisson process P with intensity measure e~ *dx. Then
PO eoxit 1L, 95(Zi

i—

Do o

Proof. Let for simplicity M = 1. The numerator on the left in (201) can be written

as
/ P (dz)

) M
Eln => aL(l/a). (201)

where P is the point process
P=) 0 ratgyy):
J

This follows from a general fact about Poisson point processes: if N' = >~ d,, is
a Poisson point process with intensity measure A on F, and Y; are i.i.d. random
variables with distribution p, then

is a Poisson process with intensity measure A% p on the set E +supp p. This follows
from the representation of N as

N
N=> dx,
=1

where N is Poisson with parameter [, A(dz) = |A| (if this is finite), and X i.i.d.
random variables with distribution A/|A|. Clearly

Ny
N=>buiv.=) bx.1v,
i i=1

is again of the form of a PPP, and the distribution of X; + Y; is A % p/|A|. Since
the total intensity of the process is the parameter of Ny, |A|, it follows that the
intensity measure of this process is the one we claimed.

Thus, in our case, P is a PPP whose intensity measure is the convolution
of the measure e *dz and the distribution of the random variable a~tg(Y). A
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simple computation shows that this is Eye?®)/®e~2dz, i.e., a multiple of the
original intensity measure!

Finally, one makes the elementary but surprising and remarkable observation
that the Poisson point process » j 024InEyes(v)/a has the same intensity measure,
and therefore, 3 e®%19(Y5) has the same law as 3 ;e [Ey e9Y)/@)@: multiplying
each atom with an i.i.d. random variable leads to the same process as multiplying
each atom by a suitable constant! The assertion of the lemma follows immediately.

]
Remark 5.1. A slightly different proof from the one above can be found in [26].
Let us look first at (193). We can then write
ZGH" (i+B8VATY; _ Zenﬂ(z +BVMY:,, _y+y/h(@n)— k(@)Y (202)

_ / (n)
— E 622;11 VeTiy o FAVMYs, § :e'Ynzinfl,in +AVMA/h(1)—h(1-1/n)Y;™
D11 )

Using Lemma 5.3, the last factor can be replaced by

) ) — “1/n)y
Ein,e’\/”wln—1ﬂn+ﬁm h(1)=h(1=1/n) tn—1-tn (203)
dz 22 V h h o E
|: e 2 ezmnﬁ M (1)~ (ll/n):l e (204)

Ver

B2M
=e 2

@i (205)
(we use throughout m,, = 1/7,). Note that the last factor is independent of the
random variables z;, . ;, with ¢ < n. Thus

ElnzeawiJrB\/MYi _ Eln‘ Z ez;!fw-”ﬂ” ..... g HBYMY: (206)
V1yeeesln—1
2 M
—|—ﬂTmn(h(1) —h(1—1/n)) +Eane%“.

in
The first term now has the same form as the original one with n replaced by n—1,
and thus the procedure can obviously be iterated. As the final result, we get that

. eTi BVMY; n 2
MR 2T Z%mé( (1= ¢/n) — h(1 — (£—1)/n))

2oievi
= ﬂ2/ m(x)x€" (x (207)

The computation of the expression (192) is now very similar, but gives a more
complicated result since the analogs of the expressions (203) cannot be computed
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explicitly. Thus, after the kth step, we end up with a new function of the remaining
random variables Y;, ;. .. The result can be expressed in the form

1
S7Em EiE,e?YMZe — (0, h,m, B). (208)

Here h is the magnetic field (which we have so far hidden in the notation) that
can be taken as a parameter of the a priori distribution on the ¢ such that

1 .
Eq, (-) MGZ e i)

i=+1

where ((1,h) = Incosh(Sh), and

(a1 h) = ——n [ Lo 2gmatlza btz E @€ @) (209)

meg \/i’]'('
(we put x, = a/n).
In all of the preceding discussion, the choice of the parameter n and of the
numbers m; = 1/~ is still free.
We can now announce Guerra’s bound in the following form:

Theorem 5.2 ([16]). Let ¢(t, h, m,b) be the function defined in terms of the recur-
sion (209). Then

2 [l
IlliTm N™'ElnZs n < inf¢(0,h,m,3) — %/ m(z)zE" (z)dz (210)
[eS) m 0

where the infimum is over all probability distribution functions m on the unit
interval.

Remark 5.2. Tt is also interesting to see that the recursive form of the function
¢ above can also be represented in a closed form as the solution of a partial
differential equation. Consider the case £(z) = 2%/2. Then ( is the solution of the
differential equation

2 2
% (t,h) +% (%C(t,h) +m(t) (%C(t,h)) > =0 (211)

with final condition
¢(1,h) = Incosh(Bh). (212)
If m is a step function, it is easy to see that a solution is obtained by setting, for

T € [Tq—1,%q),

1
((z,h) = — InE,ema¢(@ahtzvra—z) (213)

Mg

For general convex &, analogous expressions can be obtained through changes of
variables [16].
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5.7. Talagrand’s theorem

In both approaches, it pays to write down the expression of the difference between
the free energy and the lower bound, since this takes a very suggestive form.
To do this, we just have to use formula (166) with

XL, =VHXe +Ya) + V1 —tZoq (214)

and f(X?) replaced by H(X?) = InE,Ene?YNZs.a This gives the equality

HX+Y) - H(Z) = %]E /0 L 75?2 (o, da) (g(RN(a, o))
+ q(a, )¢ (q(e, a'))
~€la(a, ') = R (0,0)¢ (gl ) (215)
where the measure fig,, v is defined as

EoEaeﬁ\/ﬁXf},a )
EoEqe?VNX0a

fig,en () (216)

where we interpret the measure fig ¢ v as a joint distribution on Sy x [0, 1]. Note
that for convex and even &, the function &(Ry(c,0")) + q(a, o) (q(a,a’)) —
&(¢(a,@’)) vanishes if and only if Ry(o,0’') = ¢(a,a’). Thus for the left-hand
side of (215) to vanish, the replicated interpolating product measure should (for
almost all ¢), concentrate on configurations where the overlaps in the o-variables
coincide with the genealogical distances of the a-variables. Thus we see that the
inequality in Theorem 5.2 will turn into an equality if it is possible to choose the
parameters of the reservoir system in such a way that the overlap distribution
on Sy aligns with the genealogical distance distribution in the reservoir once the
systems are coupled by the interpolation.

This latter fact was proven very recently, and not long after the discovery of
Guerra’s bound, by M. Talagrand [29].

Theorem 5.3 ([29]). Let ((t, h,m,b) be the function defined in terms of (211) and
(212). Then

62 1
J%lTrgo N 'ElnZgpn = igf <C(O,h,m,ﬂ) - ?/0 m(x)xf”(x)dx) (217)

where the infimum is over all probability distribution functions m on the unit
interval.

We will not give the complex proof which the interested reader should study
in the original paper [29], but we will make some comments on the key ideas.
First, Talagrand proves more than the assertion (217). What he actually proves
is the following. For any e > 0, there exists a positive integer n(e) < oo, and a
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probability distribution function m,, that is a step function with n steps, such that
for all t > ¢,

Ilvi%go Efi§3 y(do,da) (E(Ry (0, 0")) + q(e, o' )¢ (q(, ')
_g(Q(aa O/)) - RN (07 O'/)é./(q(()é, O/))) =0 (218)
if the measure iy n corresponds to the genealogical distance obtained from this

function m. That is to say, if the coupling parameter ¢ is large enough, the SK
model can be aligned to a GREM with any desired number of hierarchies.
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REM Universality for Random Hamiltonians

Gérard Ben Arous and Alexey Kuptsov

Abstract. We survey in this paper a universality phenomenon which shows
that some characteristics of complex random energy landscapes are model-
independent, or universal. This universality, called REM-universality, was
discovered by S. Mertens and H. Bauke in the context of combinatorial opti-
mization. We survey recent advances on the extent of this REM-universality
for equilibrium as well as dynamical properties of spin glasses. We also focus
on the limits of REM-universality, i.e., when it ceases to be valid.

Mathematics Subject Classification (2000). 82B44, 82D30, 82C44, 60G15,
60G55.

Keywords. Spin glasses, random energy model, extreme values, Gaussian pro-
cesses, statistical mechanics, disordered media

1. Introduction

We survey in this paper a universality phenomenon which shows that some charac-
teristics of complex random energy landscapes are model-independent or universal.
In a probabilistic language this means that some characteristics of random vectors
in large dimensions are insensitive to correlations between the components of these
vectors, for a wide class of such vectors.

This universality goes under the name of REM-universality and has been dis-
covered by S. Mertens and H. Bauke in the context of combinatorial optimization
(see [30, 4]). For a previous survey of this universality we refer to [23]. Here we
want to concentrate on the recent progress made in [6, 12, 13, 28].

The basic phenomenon, first observed numerically by S. Mertens and H.
Bauke, is that the micro-canonical distribution of energies of a very wide class of
models of Statistical Mechanics of disordered media is very close to the distribution
of energies for the Random Energy Model. This universality is valid in the “bulk”,
i.e., for micro-canonical windows of energies far enough from the ground state.
Knowing how far is far enough is a difficult question that we also address here

The work of Gerard Ben Arous has been supported partly by NSF Grants DMS-0806180 and
OISE-0730136.
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thoroughly. We also give another version of this universality phenomenon which
is more suited to dynamics of these disordered media. This new version has been
introduced in the PhD thesis [28], and studied in the papers [12, 13]. It originated
in a question raised by one of us and A. Bovier in view of potential applications to
dynamics questions. We will show how this universality phenomenon does apply
to dynamical questions in our last section.

We will start in Section 2 by giving the scope of REM-universality. We first
explain in Section 2.1 some basic textbook facts about i.i.d. random variables which
form the core of the phenomenon of REM-universality. We will then give in Section
2.2 a list of fundamental models of statistical mechanics where REM-universality
is expected/observed /proved. We then give in Section 2.3 the definition of a more
recent variant of REM-universality (the re-sampled REM-universality) and discuss
briefly in Section 2.4 the implications of REM-universality for non-equlibrium
questions.

In Section 3 we give the known results for local (or micro-canonical) REM-
universality for examples given in Section 2.2, including results when REM uni-
versality does not hold. This section is based on the results of [1, 2, 3, 4, 13, 14,
15, 16, 19, 22, 23, 29, 28, 30).

In Section 4 we delve deeper in the new “re-sampling” REM-universality
introduced in [28], and studied in [12, 13].

Finally, in Section 5 we give the REM-universality results for dynamics of
mean field spin glasses as recently proved in [6].

2. The scope of REM-universality

2.1. The basic results for i.i.d. random variables

We first recall a few text-book facts about i.i.d. random variables. Even though the
framework could be much more general we will restrict ourselves here to the sim-
plest case, i.e., to the case of i.i.d. standard normal random variables X1, ..., X,,.
We describe the asymptotic behavior of the point process defined by those random
variables in different locations and scales. More precisely, we want to consider the
values of the X;’s in a window [a,, + aby,, a, + Sby], i.e., a, > 0 will be the center
of the window and b,, > 0 its width. The best way to do so is to consider a random
point process on R, defined as

P, = Zébgl(XMn). (1)
=1

For A C R, P,(A) is a random variable equal to the number of points X; inside
the set a, + b, A. It is clear that EP, ([a, §]), i.e., the mean number of points in
the window [a,, + aby, a, + Bby] is of order ne_ai/zbn/\/ﬂ. It is thus natural to
assume that this number is finite. We will assume

7@721/21)
ne "0 _ 1. (2)

lim

n— 00 2
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Depending on the sequence a,, the point process introduced in (1) describes
the behavior of the values X1, X5, ..., X, in the “bulk” of the sample or at the
edge of the sample. Let us first look at the behavior in the “bulk”, i.e., the case

when ,
anean /2

li =0. 3
Jim — (3)

Theorem 2.1 (Poissonian behavior in the bulk). Under assumptions (2) and (3)
the sequence of point processes Py, defined in (1), converges in distribution to a
Poisson point process on R whose intensity measure is the Lebesgque measure.

This implies in particular that the spacings between the values X;, which fall
in the window [a,, + aby,, a, + [b,] are asymptotically independent and exponen-
tially distributed. Indeed, let us consider the order statistics

XM >x@>..0> x0) (4)
i.e., the values X1, Xo,..., X}, in non-increasing order.

Corollary 2.1. Define ry, so that X" < a,, < X+ Then under assumptions
(2) and (3) for any fized positive integer ¢ > 1
nefai/Q
V2T

converges in distribution asn — oo to (W1, Wi +Wa, ..., Wi+---+Wy), where W;
are i.i.d. random variables which are distributed exponentially with parameter 1.

(X(rn+1) — G, X(Tn+2) — Gy 7x(rn+() — an) (5)

The Poissonian behavior is valid as long as condition (3) is satisfied, i.e.,
as long as the window is “in the bulk”. For instance, one could choose a, to be
a, = o(y/logn) or a, = c¢y/logn with ¢ < v/2 or even a, = v/2logn(1l — &,,) with
en > 0 satisfying

logn 1
liminfe,, ———— > —. 6
e loglogn = 4 (©)

For a,, growing larger the result is different since the influence of the extreme
values of the X/s is then dominant.

Theorem 2.2 (Poissonian behavior at the edge). Assume (2) and

/ a2 /2
lim Y20 (7)

n— 00 n

Then the sequence of point processes P, defined in (1), converges in distribution
to a Poisson point process with intensity measure given by

p(dt) = e “dt. (8)
Corollary 2.2. Under assumptions of Theorem 2.2 for any positive integer k

XM —q, Xk —q,
( oA )

9)
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converges in distribution to a non-degenerate random vector as n — oo. In partic-
ular, the normalized maximum

XM —q,
S 1
- (10)
converges in distribution to a Gumbel random variable:
XM —q,
v (b - 9”) = P(Py((z,00)) = 0) = exp(—e~fc). (11

2.2. Important models for local REM-universality
After this brief survey of the results for the i.i.d. case, we now want to come
to our universality question and examine the influence of correlations on these
Poissonian results. Consider the case of a Gaussian process Hy, defined on a large
finite space Sy, when |Sy| tends to infinity as N — oco. An element o € Sy will
be called a configuration. For given o € Sy we call the corresponding value of the
function Hy (o) the energy of the configuration o. We assume that the process
H p is centered
Vo€ Sy E(Hn(0)) =0 (12)
and that its covariance is given by
Vo,0' € Sy E(Hn(0)Hy(0')) = Ky(0,0") and Ky(o,0) = 1. (13)
If the covariance function is
KN(O', O'/) = 10:0’7 (14)

then the values (Hy(0))secsy are i.i.d. Gaussian random variables and then The-
orems 2.1 and 2.2 are valid with n = |Sy]|.

The local or micro-canonical REM-universality result we want to explain
first is that, under general conditions on the covariance (13), results analogous to
Theorem 2.1 are valid, i.e., we can observe Poissonian statistics in the bulk of the
sample.

Let us consider an important and specific example, which will occupy most
of this survey. Let Sy be the N-dimensional hypercube {—1,1}" and consider a
centered Gaussian process (Hy(0))ses, indexed by Sy with covariance

Cov(Hy (o), Hy(0")) = v(R(o,0")), (15)

where R(o,0") = N=' 3V | 6,0/ is the so-called overlap and v is a smooth function
with (1) = 1. We will always assume that

v(0) =0, (16)
which will be our key hypothesis. Note that the covariance is a function of the
Hamming distance d(o,0’) = #{i < N : 0; # 0} }:

2
Cov(Hy(0),Hn (") =v <1 - Nd(a, O'/)> . (17)

Thus our hypothesis (16) means that the covariance vanishes when the configura-
tions 0,0’ are at the typical distance N/2 on the hypercube.



REM Universality for Random Hamiltonians 49

Ezample 2.1 (Random Energy Model). Consider the case when
v(r) =1,-1. (18)

Then the random variables Hy(c),0 € Sy, are i.i.d. standard normal random
variables and they are the energy levels of the simplest spin-glass model, the Ran-
dom Energy Model (REM), introduced by B. Derrida in [25]. In this case Theorems
2.1 and 2.2 are clearly valid with n substituted by 2%.

Ezample 2.2 (Number Partitioning Problem). Consider the case when
v(r)=r. (19)

Then the random variables Hy(c),0 € Sy, are the energy levels of the Gaussian
version of the number partitioning problem (NPP), which is usually described in
the following equivalent way:

| X
Hy(o) = N Zgiffi, (20)
i=1

where (g;)1<i<n are i.i.d. standard normal rv’s.

It is not at all clear that a Poissonian behavior analogous to the one given
in Theorem 2.1 could be valid here because of the strong correlations between the
energy levels. Nevertheless, Bauke and Mertens (see [3]) observed a Poissonian
behavior in the bulk (initially when ax was finite). The Poissonian behavior has
then been proven to be correct if and only if ay = o(N'/*), (see [22, 14, 15]).
Notice that the maximum value of the Hamiltonian is of order N'/2. Thus there
is a very large gap between the scales in the bulk where REM-universality holds,
ie., 0(1\f1/4)7 and the edge of the sample of order N/2. This will be detailed in
Section 3.1.1.

Ezample 2.3 (Sherrington—Kirkpatrick mean-field spin glass). Consider the case
when

v(r) =12 (21)
This is the celebrated Sherrington—Kirkpatrick (SK) mean-field model of a spin
glass. It is predicted that the equilibrium picture in this model is rather involved
exhibiting a full continuous replica symmetry breaking at low temperatures. The
subject of our interest though are the energy levels in the bulk which clearly do
not influence the Gibbs distribution and thus the equilibrium properties of the
model. The energy levels of the SK could be equivalently written as

Hy (U) = N Z Gi1,i2041 g (22)
1<in,ia <N
where (g4, i, )1<iy is< N are i.i.d. standard normal random variables. The Poissonian
behavior has been shown if and only if the energy scales ay satisfy ay = o(N1/?),
(see [22, 15]). Thus the REM-universality is valid up to scales of order o(N'/2) and
the edge of the sample is of order N'/2. The gap is much smaller than in Example
2.2 but still exists. For details see Section 3.1.2.
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Ezample 2.4 (p-spin models). Consider the case when

v(r)=r", p>3. (23)
This model is well known in statistical mechanics of spin glass systems as the p-
spin interaction model. Both, NPP and SK are versions of the p-spin model with

p =1 and p = 2 respectively. Similarly, its energy levels could be rewritten in the
following equivalent form:

1
Hy(o) = Z Giv,.oyipTiy -+ - Ty (24)
VNP 1<iy,...,ip<N

where (gi1,‘..,ip)lgil,‘..,i,,<N are i.i.d. standard normal random variables. It is pre-

dicted that the behavior in equilibrium of p-spin models with p > 3 is remarkably
different from the behavior of the SK model. Physicists predict the onset of a
so-called one step replica symmetry breaking picture.

Here the REM-universality persists for energy scales ay < ¢, N 1/2 with cp >
0 which is remarkably of the same order as the edge. Thus the gap between the
region where we observe a Poissonian behavior of energy levels and the edge of the
sample is rather small. For details we refer to Section 3.1.3.

We will give in Section 3.1 results on the micro-canonical REM-universality
for general covariance of the form (15) on the hypercube. This will show that the
behavior given by Examples 2.2, 2.3 and 2.4 is typical.

We want to emphasize now that REM-universality is not restricted to the
cases described above where Sy is the N-dimensional hypercube and to a covari-
ance structure of the form (15). To support this we give Examples 2.5 and 2.6
for which REM-universality has been established rigorously, while in Examples
2.7 and 2.8 it was conjectured but the conjecture is still open (see for instance
H. Bauke’s PhD thesis [1]).

Ezample 2.5 (Edwards—Anderson short range spin glass). Let Ax be the d-dimen-
sional torus of length N, i.e., Ay = {0,1,..., N—1}% and |Ay| = N¢. We consider
the configuration space Sy = {—1,1}*~ and the Hamiltonian corresponding to
o € Sy of the form
1
Hy(o) = T Z Gy Ty, (25)
Ty

where g,.4, ©,y € Ay areii.d. standard normal random variables and  ~ y means
that the sites = and y are neighbors on Ay. Then

Cov(Hy(o), Hy(c")) = % Z 020y0,0,. (26)

Ty
Up to the multiplicative factor 1/v/N¢ the model with Hamiltonian (25) is
the Gaussian version of the famous Edwards-Anderson (EA) model. The debate
about the equilibrium properties of this model is still open. We will see that, as
long as the REM-universality is concerned, it is most likely that the EA model
behaves as the NPP in Example 2.2. More precisely, it is established that the



REM Universality for Random Hamiltonians 51

micro-canonical REM-universality holds if ay = o(N%*/log N) but we believe
that, in fact, REM-universality holds if and only if ay = o( N¥*4) = o(|Ax|'/*). In
other words, we believe that the threshold on the validity of the REM-like behavior
diverges with the size of the system with critical exponent 1/4 while the scale of
the ground state is N%2 = |Ax|'/2. Bovier and Kurkova proved in [22] that the
Poissonian behavior holds for ay = ¢N7,¢ € R,y € [0,d/4) and by adapting the
proof of Section 4.2 one can prove that it persists up to ay = o(N%*/log N). For
details we refer to Sections 3.2 and 4.2 where we also explain what combinatorial
step is missing to get ay = o(N4/4).

Ezample 2.6 (Directed Polymers). Let Q be the path space of a simple random
walk on the d-dimensional lattice Z¢, i.e., Q = {(wn)n>0;wp € 7wy = 0}. We
define the configuration space Sy as the space of paths of length N, i.e., the set
of graphs {(w;)}X, in Z%. A configuration o € Sy will be called a polymer chain.
Let {n(n,z),n € N,z € Z%} be a sequence of independent identically distributed
normal random variables of zero mean and variance 1. They describe the random
environment, i.e., the impurities at site x € Z? at time n. We define the energy of
the chain o = (w;)¥, to be
N

(o) = —= 3 i), (27)
=1

Then for a given pair 0,0’ € Sy

N
1
Cov(Hn(0), Hn(0")) = N D luo)=wi(e)» (28)
i=1

and thus the covariance is a function of the number of sites common to both
chains o and ¢’. The REM-universality for directed polymers is proved in [29] in
dimension d = 1 for energy scales ay = ¢N7,c € R,y € [0,1/4) and in dimension
d > 2 for energy scales ay = ¢N7,¢ € R,y € [0,1/2). It is an open question
whether 1/4 and 1/2 are the true critical exponents.

Example 2.7 (Minimum Spanning Tree Problem). Assume Gy = (Vv, En) is a
sequence of complete graphs, where Vi is the set of vertices and Ex = Vi x Vy
is the set of edges of G, we fix |[Viy| = N. Define Sy to be the set of spanning
trees of Gy with Hamiltonian (or weight) corresponding to a configuration o € Sy
given by

Hy(o) = < S X(e), (29)

eco

where (X (€))cery is a set of i.i.d. standard normal random variables. Then clearly

1
COV(HN(J),HN(J/)) - ﬁ 1660,660/7 (30)
ecENn

i.e., the covariance is a function of the number of common edges of configurations
o and o’. It is a Gaussian version of the minimal spanning tree problem (MSTP).
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The REM-universality has been conjectured by Mertens and Bauke but, to our
knowledge, there are no rigorous results, even for constant energy scales.

Ezample 2.8 (Travelling Salesman Problem). As in Example 2.7 we consider a
sequence of complete graphs Gy = (Vy, En) on N vertices. Define Sy to be the
set of closed paths of length NV on the graph G . The Hamiltonian corresponding
to the configuration o € Sy (the weight corresponding to the path o) is defined as

Hy(o) = %ﬁ S X(e), (31)

eco

where (X (€))ecry is a set of i.i.d. standard normal rv’s. Clearly, the covariance

Cov(Hy (o), Hy(0")) = % Z lecoeco (32)

ecEn

is a function of the number of common edges of paths ¢ and ¢’. Again, as in
Example 2.7 it is conjectured by Bauke and Mertens that REM-universality holds
for TSP, but no rigorous results are known to us.

Let us now explain very vaguely the reason why correlations can be ignored
safely for the bulk behavior in Examples 2.2, 2.3, 2.4 and thus the rough mechanism
for the proof of REM-universality in these examples. The “rough” mechanism is
the following: the finite set of configurations o corresponding to values Hy (o) in
a window [ay + aby,an + Bbn] are “sparse” in the configuration space and they
are “typical”, i.e., they are close to being distributed uniformly on Sy. So that
the overlap of two such configurations o and ¢’ is close to zero and thus by the
critical assumption that v(0) = 0 the correlation between the values Hy (o) and
Hy (o) is also close to zero, which makes the distribution of the values of the
Hamiltonian in the window [ay + abn,an + (by] close to that of Example 2.2,
i.e., to the Random Energy Model.

2.3. Re-sampling REM-universality

For many random Hamiltonians Theorem 2.1 is valid for a wide region in the
bulk. But nothing like Theorem 2.2 about the edge bevavior can be proven or even
expected, since in order to feel the intensity e~“’d# one must get near the edge
where the correlations seem too strong to be controlled. We will now present a
different form of REM-universality, a different way to “kill” correlations, which
will enable us to extend fully Theorems 2.1 and 2.2 to a wide class of random
Hamiltonians. The natural way to do that, different from the micro-canonical
point of view given above is the following. Instead of looking at the values of the
Hamiltonian restricted to a small window, one could re-sample those values, i.e.,
draw at random a subset of all possible values, and hope that the same mechanism
as above will also kill the influence of correlations in this context. Hence the name
of this new form of REM-universality: re-sampling REM-universality.

Let us be more specific about this new variant of REM-universality for models
on the hypercube. We again assume that the configuration space is Sy = {—1,1}
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and we consider a random Hamiltonian Hy (o) on Sy, which is a Gaussian pro-
cess satisfying conditions (12) and (13). Now consider a sequence of positive num-
bers M(N) < N and for fixed N define a set of i.i.d. Bernoulli random variables

(XO')O'ESN with
2M

P(X, =1) =1 - B(X, =0) = 7. (33)

Let us define a sequence of random subsets Xy C Sy as Xy = {0 € Sy : X, =1}
and for a given realization of random variables (X,),ecs, examine the statistics of
the energy levels Hy (o) restricted to Xy. The main object of our study will be
the sequence of point processes Py on R, defined as

Py = 2 O (no)-an): (34)
ocEXN
where the sequences ay and by will be chosen later. As before, we assume that for
many disordered systems the asymptotic behavior of the sequence Py is universal.
In order to realize what this universality behavior could be let us examine
the case when v(r) = 1,-1, i.e., the case of the Random Energy Model. For the
REM the random variables Hy(0),0 € Xy, are independent and if M (N) is not
too small then P-almost surely there are 2M (14 0(1)) configurations in the random
subset X . Thus results analogous to Theorems 2.1 and 2.2 are valid with n = 2
i.e., under normalization satisfying
M, —a% /2
i 20y (35)
N—o0 \/ﬂ
P-almost surely the sequence of point processes Py converges in distribution to the
Poisson point process on R with intensity measure equal to the Lebesgue measure if
. CLNGG?V /2
J =0 @0
and to the Poisson point process on R with intensity measure given by

p(dt) = e~ ctdt (37)
if
2
2 ay /2
Jim 7V”21]VMGN =c>0. (38)

Therefore the re-sampling REM-universality is that for a wide class of random
Hamiltonians one finds the Poissonian statistics not only in the “bulk” of the
random sample X but also at the edge of the sample.

If M = N, i.e., the random sample X coincides with Sy, then we do not ex-
pect that the analog of Theorem 2.2 is valid unless it is the Random Energy Model.
Instead, we expect that there is a gap between the largest sequence M = M (N)
such that the re-sampling REM-universality still holds and V. As we will see in the
following the size of the gap will depend on the behavior of the function v at zero.

Let us examine whether Examples 2.2-2.8 exhibit the re-sampling REM-
universality and if so what is the threshold on the validity of this REM-universality.
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Example 2.2. For the Gaussian version of the number partitioning problem it
is proved in [12] that the re-sampling REM-universality holds if and only if M =
o(v/N). More precisely, P-almost surely the sequence of point processes Py, defined
in (34) with normalization given by (35) and (38), converges weakly to the Poisson
point process with intensity defined by (37) if and only if M = o(v/N). Thus there
is a very large gap in the case of the NPP. For details see Section 4.1.1.

Example 2.3. For the SK model from Example 2.3 it is proved in [12] that the
re-sampling REM-universality is valid as long as M = o(N). Thus, just like in the
micro-canonical picture, the gap for the SK model still exists but is much smaller
than for the NPP. This will be detailed in Section 4.1.2.

Example 2.4. It is proved in [12] that for the p-spin models, p > 3, the re-sampling
REM-universality is valid as long as M = o(N). In [13] it is further shown that
the true threshold is actually of the form ¢N with some ¢ > 0 and thus the gap is
rather small. For details we refer to Section 4.1.3.

Even though by now we considered the re-sampling REM-universality only
on the hypercube Sy it goes beyond this class of models as we will see in the
following example.

Example 2.5. The configuration space of the Edwards—Anderson short range spin
glassis Sy = {—1,1}*~ where Ay is the d-dimensional torus of length N. To state
the re-sampling REM-universality for the EA spin glass we consider a sequence
of positive numbers M (N) < N and for each N consider a set of i.i.d. Bernoulli
random variables (X, ),cs, with

oM*

P(X,=1)=1-P(X, =0) = (39)

2N

Then the average size of the random set Xy = {0 € Sy : X, = 1} is oM? The
re-sampling REM-universality reduces to the following. The sequence of point
processes Py, defined in (34), under normalization (2) with n = oM e

d 2
oM e—aN/ZbN

N e =1, (40)
and (38) with M = M9, i.e.,
2
/9 an /2
lim_ ”g+e —c>0, (41)

converges weakly to the Poisson point process with intensity measure given by (37).
In Section 4.2 we establish that the re-sampling REM-universality holds if M =
o(N'/2/log N). In fact, we believe that the re-sampling REM-universality holds
for the EA spin glass if and only if M = o(N'/2) and thus, just like in the micro-
canonical framework, the EA model has the same critical exponent as the NPP.
In Examples 2.6, 2.7 and 2.8 no rigorous work is known to us but it is likely
that the re-sampling REM-universality holds for small enough random subsets.
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2.4. Dynamics and REM-universality

We will show in Section 5 how the equilibrium REM-universality described above
translates for dynamics questions. We will restrict ourselves to the case of the
mean-field spin glasses, mainly the REM itself (Example 2.1) and the p-spin mod-
els, p > 3, (Example 2.4). We report in Section 5 on works done jointly (by one of
us) with A. Bovier, J. Cerny and V. Gayrard. This line of research explains how
the aging results of the REM are universal for p-spin models (p > 3) in a wide
range of time scales e“V, for 0 < ¢ < ¢(p). One should note that these time scales
are exponentially long but still “transient,” i.e., shorter than the mixing time, or
time to reach equilibrium. One cannot hope that this dynamic REM- universality
is valid up to the mixing time since the last phase of approach to equilibrium must
be model-dependent, as the equilibrium is.

3. The local or micro-canonical REM-universality

In this section we study in more depth the local or micro-canonical REM-universal-
ity introduced in Section 1. More precisely, we consider a Gaussian process Hy,
defined on a large finite space Sy, |Sn| — oo, and study the point process, de-
fined by values (Hy(0))sesy, in the bulk of the sample. To do so we study the
asymptotic behavior of the sequence of point processes Py, defined as

PN =D Oyt (s (o)—an) (42)
ogESN
where apy, by satisfy
a3 /2 —a? /2b
lim M7 g and lim |Snle™*¥ by _ 1. (43)
N—oo |SN‘ N—oo V2T

Micro-canonical REM-universality says that for a wide class of random Hamil-
tonians H and, for a wide range of scales ay, the sequence Py converges weakly
to a Poisson point process whose intensity measure is the Lebesgue measure.

We give rigorous results on the local REM-universality for the mean-field
models on the hypercube in Section 3.1 and on the Edwards—Anderson short range
spin glass in Section 3.2.

3.1. Mean-field models on the hypercube

Let us consider the case of a Gaussian Hamiltonian H y indexed by the N-dimensio-
nal hypercube. We assume that Hy is centered, i.e.,

Vo € Sy E(HN(O')) =0, (44)

N

and its covariance is a function of the overlap, R(c,0’) = N1 3" 0,0/, i.e., it is
i=1

given by

Vo,0' € Sy E(Hy(0)Hy (o)) = v(R(0,0")). (45)
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Moreover, we always assume that the covariance v is a smooth function satisfying
the key hypothesis

v(0) = 0. (46)
We will show here that the types of behavior observed in Examples 2.2, 2.3 and
2.4 are typical and actually are the only possible.

Definition 3.1. We will say that Hamiltonian Hpy is of:
e the NPP-type if v/(0) # 0;
e the SK-type if 2/(0) = 0 and v”(0) # 0;
e the p-spin type if 2/(0) = v”(0) = 0.

In the rest of the section we will consider separately each of these three
types and show that the gap between the region where the micro-canonical REM-
universality holds and the edge of the sample (Hy(0))ses, depends only on the
type of the Hamiltonian Hy.

3.1.1. The NPP-type models. For the number partitioning problem that was in-
troduced in Section 1 (see Example 2.2) the micro-canonical REM-universality
holds if and only if ay = o(N'/*). In this section we give results for the whole
class of the NPP-type models. We also briefly describe the approach used in the
proof, the so-called moment method.

Theorem 3.1. Assume the Hamiltonian Hy is of the NPP-type.
(a) If ay = o(N*) then the sequence of point processes Py, defined as
PN =D Oyt (s (o)—an): (47)
ogESN
converges weakly to a Poisson point process whose intensity measure is the

Lebesgue measure, where by satisfies (2), i.e.,

oN —a? /2b
i % —1. (48)
— 00 T
(b) If the sequence an is such that
a

. N
hjrvnjllcp ~ia € (0,00); (49)
then the sequence of point processes Py does not converge to a Poisson point

process.

Let us indicate briefly how one can prove Theorem 3.1. The proof is based
on the following

Proposition 3.1. Let &, = Zf;l 0x,., be a sequence of point processes on R defined
on a common probability space (U, F,P) and £ be a Poisson point process on R
with intensity measure p. Assume that for all bounded Borel sets A C R and for
all positive integers £ > 1

Jim B(€n(4))e = (1(4)", (50)
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where for a random variable Z we define B(Z)y = EZ(Z —1)...(Z — €+ 1) and

call it the ¢t factorial moment. Then the sequence of point processes &n converges
weakly to a Poisson point process on R with intensity measure .

Proof. The proof of the proposition is based on the following classical theorem
which is easily derived from Theorem 4.7 in [27].

Theorem 3.2. With the notation of Proposition 3.1 the sequence &, converges
weakly to & if the following conditions are satisfied:
(1) For all intervals A = [a,b)

lim E(¢,(4)) = u(A). (51)

k
(2) For all finite unions of intervals A = | [a;, b;)

i=1
lim P(£,(A) = 0) = e #D), (52)
Taking £ = 1 in (50) we obtain that condition (1) is satisfied. Thus we are

left with the proof of the condition (2).

For a Poisson random variable with parameter A\ < oo, which we will denote
Po(A), its moments unambiguously determine its distribution. Therefore given a

sequence of random variables (Z;);>1, defined on a common probability space
(Q, F,P), moment convergence

lim EZf — E(Po(\))* for all £ > 1 (53)

implies weak convergence Z; — Po(\) and thus
Jim P(Z; = 0) — P(Po(}) = 0) = e N (54)
It is clear from the definition that convergence of the factorial moments
Jlim E(Z;), — E(Po())), = M for all £ > 1 (55)
is equivalent to convergence of the ordinary moments (53) and thus it implies (54).

Thus (50) implies condition (2) of Theorem 3.2 and the sequence &y converges
weakly to a Poisson point process with intensity measure p. O

One then establishes REM-universality in part (a) of Theorem 3.1 using
Proposition 3.1 and the following result which we give without a proof.

Theorem 3.3. If the Hamiltonian Hy is of the NPP-type and ax = o(N'/*) then
for every integer £ > 1 and every bounded Borel set A

Jm_E(Py(4)): = |AI", (56)

where |A| denotes the Lebesque measure of A.
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Theorem 3.3 is the core of the proof of universality. For a proof we refer the reader
to [22] where it is proved for ay = ¢N7,c € R,y € [0,1/4) but it could be easily
adjusted to work for ay = o( N'/4).

We now want to concentrate on the limits of the REM-universality, i.e., we
want to prove that for large ay the sequence of point processes Py does not
converge. For that we use the following

Theorem 3.4. With the notation of Proposition 3.1, assume that for some Borel
set A the following conditions hold:

(1) (En(A))1 emists,
(2) Jim (€n(A))2 does not equal to (
(3) lim (En(4))s < oc.

Then the sequence of point processes {n does mot converge weakly to a Poisson
point process.

lim
N—oo

(Ev(a)

lim
N—o0

This theorem is a consequence of the following simple consideration. Given
a sequence of random variables (Z;);>1 assume that Z; % Po(\) and for some
integer £y > 1

limsup E(Z;)g, < oo. (57)

Then necessarily E(Z;), — A for all £ < £y. Therefore, if Z; % Po()\) and for some
ly > 1 (57) holds and also for some ¢ < ¢y sequence E(Z;), does not converge to
X then sequence Z; does not converge weakly to Po()\). Taking /o = 3 and £ = 2
implies Theorem 3.4.

Thus Theorem 3.4 together with the following theorem establishes part (b)
of Theorem 3.1.

Theorem 3.5. Assume the Hamiltonian Hy is of the NPP-type. For every bounded
Borel set A,
Jim E(Py(A): = |4] (58)

Moreover, if lim sup =€ < 00, then

N—oo
(i) limsup E(Pn(A))y = e (' (0)7/2) 4)2,
N —oo
(ii) limsupE(Py(A4))s < oco.
N—oo

aN
N1/4

The proof of Theorem 3.5 could be found in [14] (not just for the Gaussian
version of the number partitioning problem but for quite general distribution of
the random variables (g;);<n in (20)).

Let us conclude the part on the local REM-universality for the number par-
titioning problem with an open problem.
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Problem 3.1. What type of statistics can one expect when observing the energy
levels of a Gaussian version of the number partitioning problem inside a micro-
canonical window [ay + aby, an + Bby] with ay = cNY4 ¢ > 0?7 It was shown in
[15] that in that case the factorial moments are

lim E(P(4)); = |Affe -0/, (59)

but the moments growing so fast with ¢ do not determine the asymptotic distribu-
tion of Pn(A). Actually, it is not even clear that the point process with factorial
moments defined by (59) exists, so the first problem would be to build such a
process.

3.1.2. The SK-type models. For the Sherrington—Kirkpatrick model introduced
in Section 1 (see Example 2.3) the micro-canonical REM-universality holds if and
only if ay = o(N'/?). In this section we give the same REM-universality results
for all SK-type models.

Theorem 3.6. Let the Hamiltonian Hy be of the SK-type.

(a) If ay = o(N'/?) then the sequence of point processes Py, defined in (47),
converges weakly to a Poisson point process whose intensity measure is the
Lebesgue measure.

(b) If the sequence ay satisfies

1
(" 7))
N 1/2 8v(0)

hm sup (60)

then the sequence of point processes Py, defined in (47), does not converge
to a Poisson point process.

To prove Theorem 3.6 one can use the same method as for Theorem 3.1 —
the moment method. More precisely, Theorem 3.6 is a direct consequence of the
following two theorems.

Theorem 3.7. If Hy is of the SK-type and an = o(N'/?) then for every £ € N and
every bounded Borel set A,
Jim E(Py(4)), = |4 (61)

Theorem 3.8. Assume that Hy is of the SK-type. Then for every bounded Borel
set A,

Jim B(Px(4)); = 4] (62)
Moreover, if the sequence an is such that
1
lmswp e =€ < ) (03

then

2
() TmsupB(Py(4))2 = #(0) L (i) HmsupE(Py(4))a < oo.
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We omit the proofs but refer the reader to [22] for the proof of Theorem 3.7 when
an = cN7,c € R,y € [0,1/2). This proof extends easily to the case ay = o(N'/?).
For the proof of a result equivalent to Theorem 3.8 we refer to [15].

Remark 3.1. The somewhat cumbersome restriction (63) is due to the fact that for
large € the third moment becomes infinite and thus Theorem 3.4 is not applicable.
Condition (63) is not optimal and could be improved, the reason for such a choice
is that for e satisfying (63) the third moment estimate is quite simple.

Remark 3.2. In fact, our statement of Theorem 3.6 is not really accurate if v is
an even function. Then it is clear that Hy (o) = Hy(—o) for every configuration
o € Sy. Thus each value of the point process Py is repeated twice which excludes
a Poissonian limit. To circumvent this trivial symmetry effect we must redefine
Pn to be

Py = 2 O ((o)-an): (64)

ocEXN

where Yy is the set of residual classes modulo the group of automorphisms, G, of
SN, that leave Hy (o) invariant and ay, by satisfy

a2 /2 N —a? /2b
im N gand  lim [Enle™* "oy _ 1. (65)
N—oo ‘EN‘ N—oo V2T

We will not mention this symmetry problem in the following.

3.1.3. The p-spin type models. For the p-spin models from Section 1, see Example
2.4, the micro-canonical REM-universality holds if ay < ¢, N'/2. Here we give a
proof of this fact, more precisely, we show that this behavior is common to all the
p-spin type models (see Definition 3.1). We also show that the usual approach, the
moment method, does not work for p-spin type models because the explosion of
the factorial moments (see Theorem 3.11).

To formulate the main theorem of this section we define the function

11— ) log(1 — la log(1 if 1,1
T(e) = {2< 7)log(l—x) + 3(1+2)log(l+a) Hwe[-L1, oo
400 otherwise.
Theorem 3.9. Assume the Hamiltonian Hy be of the p-spin type.
(a) If the sequence any > 0 satisfies
. anN
h]rvn 1SUD S < G (67)
where ¢, > 0 is defined by
&= i J@ATVE) (68)
2€(0,1) v(z)

then the sequence of point processes P, defined in (47), converges weakly to
a Poisson point process whose intensity measure is the Lebesque measure.
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(b) If the sequence ay satisfies

) a
lim sup F% > c (69)
where ¢, > 0 is defined by
2
@)= e 276 (70)

N ze%,l) v2(x)

then the sequence of point processes Py, defined in (47), does not converge
weakly to a Poisson point process.

Remark 3.3. In the case of pure p-spin models, i.e., when v(r) = r?, p > 3 then ¢,
coincides with the well-known estimate on the critical value of inverse temperature,
see [31]. The reason is that the second-order calculations are used in both cases.

Tt is also established in [19] for the pure p-spin models, i.e., v(r) = 7P, that
the constants ¢, and ¢, satisfy for large p

V2log2 (1-27P) <¢, <, </2log2(1-27%7). (71)

Roughly speaking, it means that in the limit p — oo the micro-canonical REM-
universality persists even when we examine the energy levels in a small window
very close to the maximum energy. This is not surprising since in the limit p — oo
p-spin models formally “converge” to the Random Energy Model for which the
statistics of the extremes are Poissonian.

We draw the reader’s attention to the fact that for the NPP-type and for
the SK-type models we know the exact threshold on the validity of the REM-
universality while for the p-spin type models there is a region for ay,

. an /
< 3 <
o < h]{[nj;lop N1z S G (72)
for which we can neither prove nor reject that the statistics of energy levels inside
the micro-canonical window [an + aby, an + Sby] are Poissonian.
Let us address the proof of Theorem 3.9. Part (b) is trivial. Indeed, for ¢},
defined in (70), one can show by modifying the proof given in [19] that P-almost
surely

max Hy (o)
lim sup 7N
N—oo \/N v
Thus for a sequence ay satisfying (69) the observed window [ay+aby, an+6bn] is
above the edge of the sample and clearly, we cannot have the Poissonian statistics
because there are just no energy levels there.
To prove part (a) of Theorem 3.9 in case ay = o(N'/?) one can use the
moment method, more precisely it follows from Proposition 3.1 and the following
theorem.

(73)
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Theorem 3.10. If the Hamiltonian Hy is of the p-spin type and any = o(N'/?)
then for every £ € N and every bounded Borel set A

Jim E(Py(4)), = [4]" (74)

Theorem 3.10 was established in [22] for ay = ¢N7,c € R,y € [0,1/2) and
v(r) = 7P but the proof given there could be extended for ay = o(N'/?) and for
a general v.

It was actually conjectured in a follow-up paper, see [23], that the moment
method would work to prove the REM-universality for ay = O(N'/?). However
it is not the case and the moment method fails to establish the REM-universality
in part (a) of Theorem 3.9 when

. aN
lszrljllop N2 > 0. (75)
The reason is that for models with /(0) = 0, high enough factorial moments of

the random variable Py (A) blow up as N — oc.
Theorem 3.11. Assume v'(0) = 0. Then for every sequence (an)n>1 satisfying

hm sup >0, (76)

N1/2
there exists Ly such that for all £ > ly and for all Borel sets A C R with nonzero
Lebesque measure
limsup E(Pn(A))e = oo, (77)
N—o0

where the sequence of point processes Py is defined in (47).
We give the proof of Theorem 3.11 in Section 3.1.5, it was first proved in [13].

Remark 3.4. In [23], using the moment method, REM-universality was proved up
to ay = c¢N'/2 for an explicit constant ¢. The conjecture was that the constant ¢
is positive. It is a direct consequence of the proof of Theorem 3.11 that, in fact,
this constant c is 0.

The fact that factorial moments explode does not imply the absence of REM-
universality since moment convergence is only a sufficient condition for weak con-
vergence. It turns out that the explosion of the factorial moments is caused by the
“highly” correlated energy levels that are inside the window [ay +aby, an + Sby].
Therefore, the idea is to exclude them from our consideration. We show that for

hm Sup < ¢y, (78)

N1/2
where ¢, > 0 is defined in (68), the probability to have two energy levels that are
inside the window and are highly correlated (i.e., levels corresponding to config-
urations with a large overlap or, equivalently, to configurations close enough on
the hypercube) is negligible in the limit N — oo and an event with probability
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approaching zero has no influence on the weak convergence. More quantitatively,
we fix sequences Ry — 0 and vy — o0, define the event

Ax = {30’1,02 €Sy : |HN(01) — CLN‘ < bN’YN»
|Hx(0%) = an| < by, [R(e',0%)| > B}, (79)

and show that under condition (78) the probability of Ay tends to zero as N — oo
and that on A% the moment method “works”, i.e., for all bounded Borel sets A
and all integers ¢ > 1

Jim E((Px(4))e1ag,) = (u(A)". (80)

The details are covered in the next part.

3.1.4. Proof of REM-universality for the p-spin type models. As we already men-
tioned, the idea of the proof is to exclude the possibility to have two energy levels
inside the considered micro-canonical window such that the corresponding config-
urations have “large” overlap. To define event Ay in (79) we specify vy = log N
and Ry = logN/\/N.

Proposition 3.2. If the sequence an satisfies (78) then P(Ayx) — 0.

Proof. By the definition of the event Ay

P(Ay) = P( |J {Hk(0") <, Hiy(0®) < })

< Y P(Hy(0") < yw, Hiy(0%) < ), (81)

1 2
o,0

where the union and the sum are over all pairs of configurations o!,0? with
|R(c!,0?)| > Ry. In (81) we group together terms with fixed overlap, i.e.,

P(Av) < Y Y. P(Hy(eY) <o, Hy(0%) <aw),  (82)
Ri2€AN ol,o?:
R(al,02):R12

where

ANE{1—%,/4;:0,7N}ﬂ{(—l,—RN)U(RN,l)}. (83)

An individual term in (82) is

P(Hy(0") <y, Hy (o) < 7v)

b2 YN YN
_ N — L@ B ?)b% —anbn (B )= L(1,B 1) 1=
= — e 2 2 dz, 84
2wy det B (84)

—YN —IN
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where B = (Cov(Hy (0%), Hx(07))1<i j<2 is the covariance matrix, T = (1,1)* and
¥ = (21, 12)". From (48) it follows that by is exponentially small in N and after a
little algebra, up to multiplication by 1 + o(1),

2 a? v(R12)/(14+v(R12))

Vi e

PHR() S Hy(o) Sw) = g & e (9
- 12

For every fixed configuration o € Sy the number of its neighbors at the
distance d is given by the binomial coefficient, (7). Therefore, the number of
terms in the inner sum in (82), i.e., the number of pairs o', 0% € Sy with overlap
fixed to Rqo, is

(1 — ng)

2 22N —NJ(R12) 1
2R ()
T /N(1 - R%) N(1 - Ri2)
where the second equality follows from the Stirling’s formula and where J is
defined in (66). Thus for some C' > 0

#H(o 0 € 5% Rl o) = Ruah =2y V)
2

#{(c%,0%) € S% : R(c},0?) = Rip} < C2*Ne NI (fh2), (87)
Together with (85) it implies that the inner sum in (82) is bounded by
\/N,ﬁvefNJ(ng)+a?\,u(R12)/(1+u(R12)). (88)
From (82) and (88) we further get that
Pdy) < VI 3 e NI Rt GtRe) (g0)
Ri2€AN

From assumption (78) and from the definition of ¢, in (68) there exists § > 0
such that

- a2 Y@
min {Nj(x) A, (x)} > 6NJ(Ry). (90)
Therefore
Z o~ NI (Riz2)+alv(Ri2)/(1+v(Riz2)) < Ne NI (Ry) (91)

Ri2€AN
decays faster than any polynomial. This finishes the proof of Proposition 3.2. [

Let us turn to the proof of part (a) of Theorem 3.9. By Theorem 3.2 it is
sufficient to prove that for every bounded Borel set A

(1) Jim EPy(A) = [A],
(2) Jim P(Py(A) =0)= e~ 1Al
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Condition (1) is a consequence of our normalization, more precisely, of (48). We,

therefore, concentrate on the proof of condition (2). Since P(Ax) = o(1)

P(Pn(A4) =0) =P({Pn(A) =0} N An) + P({Pn(A) = 0} N AY)
= P({Pn(A) = 0} N AS) + o(1). (92)

Using the inclusion-exclusion principle we write

P({Pn(A) =0} NAY) )
o0 1 Y
:Z( £') X Z }P’({H]’V(al) EA,...,HJ’V(JZ) EA}H.A?V),
=0 "
where the inner sum is over ordered collections of distinct configurations o', ..., o’

belonging to Sy. Let A be bounded. Thus A C [0,yn] when N is large enough.
Therefore from the definition of the event Ay

1 oryea-- 1y otyealas,
= 1Rpr(or,....0) <Ry LH (01)eA - - Ly (00)ealAg s (94)
where we define the maximal overlap as

1 0y -
Ryax(o™,...,0%) 15?3;%”]%(0 ,o07)|. (95)

Taking expectation
P({Hy(c") € A,...,Hy(c") € A} N A%)

=K <1H;\,(al)eA e 1H§V(a’5)eA1Af\,>

= 1R (ot 0) <Ry <1H§v(al)eA e 1H;V(of«)eA1A;~\,) ; (96)
and summing over all ordered sequences of distinct configurations o',. .., ¢ be-
longing to Sy we obtain

> P({Hx(o') € A,...,Hy(0") € A} N AY) (97)

1 2

= Y lpieton<ryP{HN(0") € A ... Hy(of) € AN AR).

1 4
yreey

o

(e [ea

Lemma 3.1. For every bounded Borel set A C Ry
Y 1rpuiotion<nyP(HN(0!) €A Hy(0f) € A) — A, (98)
ol,...,ot

1

where the sum is over ordered sequences of distinct configurations o', ..., 0" be-

longing to Sy .
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Proof. For a collection (01,. ,02) £ satisfying Ruax (o 1,.. ) < Ry the
covariance matrix B = B(o!,...,0%) of the vector (Hy(c1),...,Hy(c%)) is in-
vertible and therefore

P({Hy(c") € A,... Hy(o") € A})

_ leZ\/ e—§aN(1,B )
(2m)*/2 /det B
Since by is exponentially small in N, the dominated convergence implies that

the integral in (99) is |A[*(1 + o(1)). Substituting by we further get, up to a
multiplicative term of order 1+ o(1),

_ _/e—(f,Bflf)biv/z—aNbN(f,B*lf)df_ (99)
A

esan(E—(I,B7'D))

P(Hy(o') € A,...,Hy(c") € A) = ST 1AL (100)
Since ¢ — (I,B~'1) =0 (l/(Rmax(Jl, ...,0"))) and
Nv(Ry) = O(NR3,) = O(log® N/V'N)
we obtain
ezaN(f (1 B~ 11)) O(NV(RN)) -1 _|_0(1)7 (101)
and thus
/ 1 |A‘€
P(Hy(o') € A,...,Hy(c") € A) = oNT” (102)
By Lemma 2.2 in [12] there are 2V/(14O(e~$VEX)) ordered collections of distinct
configurations (¢, ..., 0") € S satisfying Rmax(c!,...,0%) < Ry. Since NR%, =
log® N Lemma 3.1 follows. ]

Lemma 3.1 together with the dominated convergence theorem imply that

> lpunoren<nyP{HN(GY) €A, Hy(0f) € A} N Ay) — 0, (103)
ot

and thus we obtain from (97) that
Z P({Hj (o Hi(c%) € Ay nAg) — |A% (104)

The partlal sums of the right-hand side of (93) provide the upper and lower
bounds for P({Pn(4) = 0} N A%), i.e., for any o € N

2£0+1(_1)€
> i > P({Hy(e") € A,...,Hy(o") € A} N AR)
£=0 RS S
< ]P’({PN(A) =0} NAY)
20g

Z P({Hy(o') € A,...,Hy(c") € A}NAS).  (105)

£=0
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Letting N — oo in (105) and applying (104) we see that for all £y > 0

=D Sy
Y A< Jim P({Pr(4) =0} NAR) <S4l (106)
=0 ’ =0 ’

This easily implies that P(Py(A) = 0) — e |4l and thus the micro-canonical
REM-universality in part (a) of Theorem 3.1 is proved.

3.1.5. Explosion of moments. To prove Theorem 3.11 we estimate the number of
equidistant subsets on the hypercube, i.e., the number of sequences (o', ..,0%) €
Sﬁ, with all the overlaps between nonequal configurations equal to some a € [0, 1).
To be exact, we are interested in the asymptotic result as N — oo, i.e., we estimate
the number of configurations where all the non-diagonal overlaps are a + o(1).
In terms of the Hamming distance, the problem is equivalent to estimating the
number of the subsets of the hypercube with ¢ elements such that the distance
N

between any two of them is 5 (1 —a). In the following discussion let us use C' to

denote an arbitrary positive constant, not necessarily the same from case to case.

Proposition 3.3. For a € [0,1) there are at least

—a C
ordered sequences (ol,...,0%) € S& with R(o%,07) = a for all 1 <i < j <.

Remark 3.5. In the statement of the theorem and in the following proof we ignore
the divisibility questions since one can easily resolve them by introducing an error
of order o(1) to the off-diagonal overlaps.

Proof. In general, the structure of the set consisting of all ordered sequences of
configurations (a!,...,0%) € S5 with R(c%,07) = a for all 1 < i < j < £ can be
quite complicated. Therefore we explicitly construct a subset W whose size is easy
to estimate. We build W inductively.

(1) Let I ={1,2,...,N} be the index set. To construct o' we fix set By C I of
cardinality N and let the spins of ¢! with indices belonging to the set By
be fixed to 1. The values of all other spins, i.e., of the spins belonging to the
set By = I\ By, are chosen in an arbitrary manner. If we denote by W; the
set of the configurations constructed in this way then its size is given by the
number of ways to choose the signs of spins with indices in By, i.e.,

Wy | =2N0-a), (108)

Below we fix o! € W, and construct a sequence o2,...,0¢ such that
R(o*,07) =a forall 1 <i<j<U.
(2) Let us construct a configuration o with R(c!,0?) = a. We first split the set

By into two nonintersecting subsets By and Bj, both of cardinality w
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Then o2 is obtained by putting 0? = ¢} foralli € By = B1\Bz and 0? = —0o}

for i € Bs. By construction

_ |Bo| +[B2| = [Bs| _ “
N

We denote by Wy = Wa(o!) the set of all configurations ¢ built in this way.

It is easy to see that the size of W5 is given by the number of ways to split
Bl into BQ, B37 i.e.,

R(c', 0?) (109)

N(1—a) o C
W2|=( i )=2N< ) o) (110)

(3) To construct a configuration o® with R(c',03) = a and R(c?%,03) = a we
split B2 and Bs into nonintersecting subsets By, Bs and Bg, B7 respectively,

cach of them having cardinality X2=% We put o3 = 02 for i € B4U BsUB
and o3 = —o? for i € Bs U By. Then it is easy to see that o3 satisfies
By| - |B Bg| — |B B
R(U1703):\ 4| = |Bs| + |Bs| — |Br| +[Bo| _ (111)
N
and
By| — |Bs| — |B B B
R(02,03):‘4‘ [ Bs| — |Bs| + | 7|+\0|:a (112)

N
The set of configurations o built in this way is denoted by W3 = W3(o!, 02)
and its size is determined by the number of ways to split B and Bs into sets
By, Bs and Bg, B7 respectively, i.e.,

N(1—a) N(1—a)
2 2
[Ws| = <N(1—a)> (N(l—a))
4 4
C _~N(o-a) 2 C
= (=22 (1+0(1)) =2Y0"9 (1 +0(1)). 113
(2™ o)) Saro). )
(4) At this point it is clear how to construct o* and, more generally, how to
construct o”, having constructed o',...,o%"1. In particular, for every j =
k=2 2kl _ 1 we split B; into nonintersecting sets Baj, Ba;41 and then
we put of = ¥ for i € Byu (UJ Byj) and of = —of 1 fori € U; Baj1- It
is easy to show that R(c7,0%) = a for all j < k— 1. The set of configurations
o® built in this way is denoted by W}, = Wi (o', ..., o%!) and its cardinality
is given by the number of ways to split the B;’s, i.e.,

‘Wk‘ _ 2N(1—a)

N2 (1+o0(1)). (114)
To conclude the argument it remains to notice that the constructed collections
o', ...,o% are all distinct which is a direct consequence of the fact that we are

interested in ordered sequences (o', ..., c"). Let us now define

W = {(01,...,04) cot e Wi, 0% e Wy(ol),...,of € Wg(al,...,aefl)}, (115)
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which clearly has cardinality

u C
W =207 ey (14 o(1)). (116)

Thus Proposition 3.3 is proved. (]

Proof. We can now proceed with the proof of Theorem 3.11.
Let us begin by fixing notations. For a vector

R = (Rij)icicj<e € [-1,1]07172
we define By, = Bg,l,(ﬁ) to be an £ x ¢ symmetric matrix with entries
1 ifi—j
Byo)ii = ’ 117
(Be)iy {V(Rij) ifi < j. (117)
We also denote Sy, 5 the set of all ordered sequences (¢, .., 0%) € S§ compatible

with a given set of overlaps R = (Rijhi<i<j<e, i-e.,

SNﬁ:{(al,. cYesSh:V1i<i<j<t R(ool)= =Rij}. (118)
In particular, setting @ = (a,...,a) € R,
Sna=1{(0",...,0") e Sy :V1<i<j<{l R(c",0')=a}. (119)
It is an easy exercise to show that the /*" factorial moment of Py (A) is
E(Pn(A)e= Y P(Hn(c')€A,...,Hy(c") € A), (120)
S

where the summation is over all ordered sequences of different configurations

ol,...,0f € Sy. Using (120) we can obviously bound

E(Pn(A))e > > P(Hj(o') € A,...,Hy(o") € A). (121)
(o1,...,0")ESN,a

We will show that with appropriately chosen a the sum (121) grows exponentially
fast as N — oo. To do this first note that by Proposition 3.3

o) €
Sl 2 270 CL(1 4 0(1)), (122
Let us now assume that (o!,...,0%) € Sy.z and estimate the general term in (121)
that is given by formula (99). We rewrite
Biy(@) = (1 —v(a)I+v(a)l], (123)

where J denotes the ¢ x ¢ matrix with all entries equal to 1, ie., J;; = 1, and I
denotes the ¢ x ¢ identity matrix. Inverting By , (@) we get

By, (@) = (1 —v(a) I+ v(a)J)~"
_ 1 I_ v(a)
1—v(a) (I=v(a)(1+ (£ —-1)v(a))

J. (124)
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Let us choose ay,, in such a way that v(ay,) = 1/¢. Then

_ 1 1/¢
B Y, ) = I— . 12
£ e) 1—1/¢ (1—1/6)(1+(£—1)/£)“U (125)
and
det By, (@) = (1 —1/0) Y1+ (£ —1)/0). (126)
‘We thus conclude that
P(Hj (o) € A, ..., Hy(0") € A) > O a8, (127)

aNe
Using (127) we can further bound (121) from below by

O dak(-(BID) gy

aNt
1 a2 0— (1, Bg_lf) log N
> “ag Nllog2(-N—— BV 7 o4 02— . 128

- exp{ZaL 8 (N ag,llog2 + ( N ))} (128)

By (124) on BZVI we obtain that (T, B[j )= m and hence
T op-17 ¢
g_(LBZ,z}l) _é—m B f—1 (129)
ag llog2  ag,llog2  ap b1+ (0—1)/0)log?2’

Since ag,, is the solution of the equation v(ae,) = 1/¢ and an satisfies (76) we
conclude from (129) that for large enough ¢

2 ¢—(1,B;}1
limsupa—Ni( evl)

N ag,llog?2
which finishes the proof of Theorem 3.11. O

> 2, (130)

3.2. Edwards—Anderson short-range spin glass

Consider the Hamiltonian of Example 2.5, more precisely let us normalize it so
that its variance is 1, i.e., we define

Hy(o (131)

1
)= —— Ga,y0z0y.
i ey
Theorem 3.12. If ay = o(N%*/log N) then the sequence of point processes Py,
defined in (47), converges weakly to the Poisson point process on R whose intensity
measure is the Lebesque measure.

Theorem 3.12 was proved in [22] for ay = ¢N7, where ¢ € R,y € [0,1/4).
The proof in [22] could be easily extended to work for ay = o(N%*/log N).

We believe that in reality the micro-canonical REM-universality for the EA
spin glass is valid as long as ay = o(N d/ 4). Tt, actually, can be confirmed rigorously
conditionally on the fact that some combinatorial lemma is correct. We postpone
to Section 4.2 the formulation of the lemma as well as the proof of Theorem 3.12,
since the proof of the micro-canonical REM-universality is quite similar to the
proof of the re-sampling REM-universality.
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3.3. References

REM-universality was first observed by Mertens in [30] for the number parti-
tioning problem in the case when the micro-canonical window was at zero, i.e.,
in the case ay = 0, and when the random variables g; in the definition of the
Hamiltonian (see (20)) were uniformly distributed on [0, 1]. This numerical obser-
vation was rigourously proved by Borgs, Chayes and Pittel in [16]. Then Bauke,
Franz and Mertens in [2] and also Bauke and Mertens in [3] generalized the ob-
servation of Mertens to the case of non-zero energy scales as well as for many
other disordered systems. Motivated by this new numerical evidence Bovier and
Kurkova in [22] gave an axiomatic approach to the proof of the micro-canonical
REM-universality and applied it to many spin glass models. In particular, Bovier
and Kurkova showed that the universality persists in the Gaussian version of the
number partitioning problem for ay = ¢N7,¢ € R,y € [0,1/4) and in p-spin
models with p > 2 it persists for ay = ¢N7,¢c € R,y € [0,1/2). They also proved
the micro-canonical REM-universality for the Edwards—Anderson short-range spin
glass on d-dimensional lattice when ay = ¢N7,c € R,y € [0,d/4) and showed the
validity of the local REM-universality for a wide class of non-Gaussian short-range
spin glasses. The fact that N'/* and N'/2? are indeed the true thresholds on the
validity of the REM-universality in the NPP-type and the SK-type models was
proved by Borgs, Chayes, Mertens and Nair in [15]. Moreover, in [14] and [15] they
proved that the micro-canonical REM-universality holds for the Hamiltonian from
(20) for quite general assumptions on the distribution of the g;’s. Finally, we proved
in [13] that for the p-spin type models REM-universality holds for ay < ¢, N 1/2,

4. Re-sampling REM-universality

In this section we give results on the re-sampling REM-universality introduced in
Section 1. More precisely, we consider a Gaussian process Hy on a large finite set
Sn, sample a random subset Xy C Sy and study the asymptotic behavior of the
sequence of point processes Py, defined by

Py = Z Syt (Hn (0)—an)? (132)
oceXN

where the normalizations ay, by are determined by

/2 ay/2 X le—an/2
lim YETONENT 0 o0d lim | Xn|e™ "> "y -1 (133)
N—o0 |XN‘ N —o0 2

Re-sampling REM-universality means that for sparse subsets Xy the sequence Py
converges weakly to a Poisson point process whose intensity measure is given by
p(dt) = e ctdt.

We will only study here the simplest possible random subset, i.e., a site per-
colation cluster Xy = {0 € Sy : X, = 1}, where the random variables (X, )scsy
are i.i.d. Bernoulli random variables.
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In Section 4.1 we give results on the mean-field spin glass models on the
hypercube and in Section 4.2 we study in detail the re-sampling REM-universality
for the Edwards—Anderson short range spin glass.

4.1. Mean-field models on the hypercube

We consider a Gaussian Hamiltonian Hy indexed by the N-dimensional hyper-
cube. We assume that Hy is centered, i.e.,

Voe Sy E(Hy(0)) =0, (134)

N
and its covariance is a function of the overlap, R(c,0’) = N1 3" 0,0/, i.e., it is
given by =
Vo,0' € Sy E(Hy(0)Hy(0")) = v(R(o,0")). (135)
Moreover, we always assume that the covariance v is a smooth function satisfying
the key hypothesis
v(0) = 0. (136)
To specify the way we choose the random subset Xy we consider a sequence
M = M(N),0 <M < N, and put
PX,=1)=1-P(X, =0) = oN - (137)
Then the mean size of the sampled set X is 2M. In order to obtain results
almost surely with respect to the realization of Xy we will assume that Xy is not
too small, e.g., it is enough to assume that log N = o(2™). On the other side,
if Xy is too large, e.g., in case M = N, then we do not expect the re-sampling
REM-universality to hold. Thus there is a gap between the largest scales of M for
which REM-universality still holds and N. We will see that just like in Section 3.1
the size of the gap depends on the type of the Hamiltonian, see Definition 3.1.

4.1.1. The NPP-type models. The number partitioning problem was introduced
in Section 1 (see Example 2.2). The following theorem asserts that for all models
of the NPP-type the threshold on the validity of the re-sampling REM-universality
is M = o(N'/?).

Theorem 4.1. Let the Hamiltonian Hy be of the NPP-type.

(a) If M = o(N'/?) then P-almost surely the sequence of point processes Py
converges weakly to a Poisson point process whose intensity measure is given
by p(dt) = e ctdt.

(b) If the sequence M(N) is such that

lim sup € (0,00) (138)

N oo N1/2

then P-almost surely Pn does not converge to a Poisson point process.

Let us just mention that one can prove Theorem 4.1 using the moment method
(see Theorems 3.2 and 3.4). We refer the reader to [12] for complete proofs.
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4.1.2. The SK-type models. In the following theorem we show that all models of
the SK-type share the same threshold on the validity of the re-sampling REM-
universality, which is M = o(N).

Theorem 4.2. Let the Hamiltonian Hy be of the SK-type.

(a) If M = o(N) then P-almost surely the sequence of point processes Py con-
verges weakly to a Poisson point process whose intensity measure is given by
u(dt) = e~ctdt.

(b) If the sequence M(N) is such that

M
limsup — € (139)

1
0, o)
Nooo N ( 4v""(0) log 2
then P-almost surely Pn does not converge to a Poisson point process.

We omit the proofs here and refer the reader to [12].

4.1.3. The p-spin models. Finally, we examine the case of the p-spin type mod-
els, i.e., models with v/(0) = v”(0) = 0. We show that the re-sampling REM-
universality holds for M < ¢, N.

Theorem 4.3. Let the Hamiltonian Hy be of the p-spin type.
(a) If the sequence M(N) satisfies

M
li =<y, 140
ey < @)

where ¢, > 0 is defined by
1
¢, = inf M7 (141)
z€(0,1)  2v(x)log2
then the sequence of point processes P converges weakly to the Poisson point
process whose intensity measure is given by p(dt) = e~ ¢tdt.
(b) If the sequence M(N) satisfies

M
liI{[n sup — > c,, (142)
where ¢, > 0 is defined by
c, = inf _J@) (143)

ze(0,1) v2(z) log 2’
then P-almost surely Pn does not converge weakly to a Poisson point process.
Just like in Theorem 3.9, part (b) of Theorem 4.3 is trivial. Indeed, one can
show that for M > ¢, N, where ¢/, is defined in (143),

max Hy (o)

. oEXN
limsup 2% < /2log2, P x P-as. 144
N—o0 V M & ( )

which is incompatible with the Poissonian convergence at scales defined by (133).
For a proof of part (a) we refer to [13].
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4.2. Edwards—Anderson short range spin glass

Here we give a proof of the re-sampling REM-universality for the EA short range
spin glass. Let us redefine the Hamiltonian from Example 2.5 as follows

1
Hy(o) = N ;y J2y0a0y, (145)
then Hy are standard normal random variables indexed by Sy = {—1, 1},
To specify the way we choose the random subset Xy we consider a sequence
M = M(N),0 < M < N, and define a sequence of i.i.d. Bernoulli random variables
(Xo)oesy as
oM*

P(X, =1)=1-P(X, =0) = (146)

o2Ne”
We prove that the statistics of energy levels restricted to the set Xy = {o €
Sy : X, = 1} is Poissonian at scales (133) if M = o(N'/2/log N).

Theorem 4.4. If M = o(N'/?/log N) then P-almost surely the sequence of point
processes Py converges weakly to a Poisson point process with intensity measure
given by u(dt) = e~<tdt.

The natural question is whether the sparseness assumption of Theorem 4.4
is optimal. We believe that the re-sampling REM-universality holds for the EA
spin glass if and only if M = o(N'/2). Actually, we can prove it if the following
conjecture is correct.

Conjecture 4.1. For all sequences Oy — 0, N0y € Z,

|Un2(0n)| 20 v
o =\ ~ya® NETZON) (1 4 0(1)), (147)

where set Uy » is defined in (149) and JV is defined in Lemma 4.1.

The rest of the section is concentrated on the proof of Theorem 4.4. First we
need to give a few auxiliary results.

4.2.1. Combinatorial estimates. For a given pair of configurations o,p € Sy, we
define the overlap

ST 1
R (0,0) = 235 D Ox0yPapy: (148)
zry
Then for a sequence of configurations o', o2, ..., o’ belonging to Sy and a Borel
set A C Ry we define
UNﬁg(A)Z{(O'l,...,O'Z)ESf&: RfXaXEA}, (149)
where RS (o',...,0%) = max |R* (0%, 07)|. We will write Uy ¢(61,602) and

1<i<j<e
Un,e(0) instead of Un ¢({61,62}) and Un ¢({6}) respectively.
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Lemma 4.1. For all Borel subsets A C R

Una(A)] v
Jim g los oA =k 7 6), (150)

where JY(0) = sup(0t — P(—t¥)) and P is the pressure (or specific free Gibbs
teR

energy) of the Ising nearest-neighbor ferromagnet at inverse temperature —t/d.

Proof. The lemma is a direct application of Corollary 2.3 in [26]. ]

We will need a similar result for the N-dependent sets A. Therefore we use
a result of Bovier and Kurkova (see [22, Proposition 3.8]):

Proposition 4.1. There exists a positive constant K such that for every R € [0,1]
for large enough N

Un (R, 1)| < 22N e KRN, (151)
Corollary 4.1. For every £ > 2 and R € [0, 1], and for large enough N,

|Une(R, 1)| < 22V e KRN, (152)

ST _ 2M 2 log 2+2log N
Corollary 4.2. P-a.s. Jnax |R*"(0,p)| < On =/ =572~

For a set Y C S% we denote by Y its intersection with X .
Corollary 4.3. Assume Ry satisfies log N = o(NYR%,). Then for some a € (0,1)
UR (R, 1)] < 2M - (- KNRY - pg g, (153)
Proof. By Markov’s inequality, for any «,
d p2 d p2
P(IUX (R, 1)] 2 e N REUF (Ry, 1)]) < KN (150)
By the assumption log N = o(N?R%;) sum Z e~@N“EX ig finite for o > 0 and
thus by the Borel-Cantelli Lemma we obtain that P-a.s.
d
UR o(Bv, D] < SN FEU (R, 1)1 (155)
We further obtain from Corollary 4.1 that P-a.s.
U (R, 1)| < 28M 7= (1m0 KNTRY, (156)

The corollary is proven. O
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4.2.2. Proof of Theorem 4.4. The proof follows the standard outline: for M =
o(N'/?/1log N) we show that P-almost surely E(Px(A)); — (u(A))¢ and thus
Proposition 3.1 applies.

First, by (120) we write the £*® factorial moment as

E(Pn(A))e= Y P(Hy(o')€A,...,Hy(o") € A), (157)

ol,...at

where the summation is over all ordered sequences o', ..., o’ belonging to Xx.

By Corollary 4.2 P-a.s. R, < 0y = o(1) and thus B = I,(1 + O(R,,)).
Therefore for all collections (a?,...,0"%) € X§ covariance matrix B(o?,...,0") is
invertible and B~ = T,(1 + O(R?",.)). It implies that

max
e(@—(T,B’IT))(JVId log2—1/2log2M®)

P(Hy\ (oY) € A,...,Hy(c?) € A) = 158
(Hi(o) W(oh) € ) N (158)
y /.'./e—(f,Bflf)b?\,—aNbN(f,B*II)df.
A A
To simplify the above formula we further notice that
1. £ —(I,B~'1) = O(R?",.) uniformly in N.
2. By the dominated convergence theorem
/ . / e~ @B DR —antn @B D gz — (u(A) (1 +0(1)).  (159)
A A
3. det B =1+ O(R;!,,) uniformly in N.
It implies that up to a multiplication by 1+ o(1)
sT A e
P(Hly (o) € A, ..., Hy(o%) € A) = eOBiiuxM) (1(4)) (160)

QM4

Next we split the summation in (157) in two parts: the first one over the set

UJ)\,{@(O, Ry) and the other one over UJ)\,(’e(RN, On), where we put
log N

- loglog N.

By Corollary 4.3 |US ,(0, Ry)| = 2M%(140(1)) and thus applying (160) we obtain

that the contribution from the set Uz ,(0, Ry) is ((A) (1 + o(1)).

To calculate the asymptotic contribution from the set U J)V(’@(RN, On) we re-
write it as

(161)

> > P(Hy(c') € A,..., Hy(c%) € A). (162)

RN<R<ON (c!,...,0%)eUZX (R
NReZ ( JEUN £(R)

From (160) we conclude that for some N-independent constant Cy

r(1(A))*
2eMd

P(H) (oY) € A, ..., Hy(0) € A) < 1M (163)
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If R € (Ry,0n) then NYR% > ¢%.. Thus by Corollary 4.3 for some a € (0,1) P-a.s.

UR(R)| < [UR (R, 1)] < 20" e (meINTAE, (164)
Combining it with (163) we obtain that the sum (162) is bounded by
Z ec‘l]VIdR—(l—a)NdR2. (165)
ST

If R € (Ry,0n) then MR = o(N?R?) and thus for some constant Cy > 0
the sum (162) is bounded by

ST e N (166)
Ry<R<0y
NREL
There are at most N terms in the last sum and every term is bounded by e_CQC?V,
which decays faster than any polynomial in N. Thus the contribution from the set
U ¢(Rn,0n) is o(1) and it finishes the proof of Theorem 4.4.

5. REM-universality for dynamics of spin glasses

We explain here how the REM-universality translates for non-equilibrium ques-
tions. In particular we show the universal character of the aging mechanism proved
for the REM.

These aging results are proven only for a very simple instance of Glauber
dynamics, i.e., the trap model dynamics (introduced by Bouchaud in [17], for a
review of the trap models see [10]). It is a major open question to extend them to
more general Glauber dynamics, including for instance Metropolis dynamics.

These dynamical universality results explain the domain of validity for the
aging mechanism of p-spin models proposed by J.-P. Bouchaud. Its failure for p = 2
also points to a very different behavior for the SK model.

We will start by describing very briefly the trap model on a general graph
in Section 5.1, then explain the large time behavior of this model on the simplest
graph, i.e., the complete graph, see Section 5.2. We then give in Section 5.3 the
aging behavior of dynamics for the REM on a very broad range of time scales
(proven in [8, 9, 7] for the longest possible time scales before equilibrium and in
[11] for shorter exponential time scales). This is a short survey of Section 6 in [10].
We then give in Section 5.4 the full REM-universality results for p-spin models,
proven very recently in [6].

The best way to summarize these results is the following: the trap dynamics
for a mean-field spin glass consists in a simple random walk on the hypercube time-
changed so that it waits at each configuration a time exponentially distributed
with mean proportional to the Gibbs weight. The dynamics thus samples the
random landscape in a different but not unrelated way than in the re-sampling
question of Section 4. Here the random sampling of the energy landscape is through
the sampling of the path of a random walk. Thus the question of universality is
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harder than in Section 4, since close points and high “local energy correlations”
are inevitable on paths of random walks.

Nevertheless the picture emerging is the following: the energy landscape as
seen from the path of long random walk on the hypercube is universal, in the sense
that its statistics are insensitive to correlations, including the local correlations
mentioned above. In order to state this universality result the best tool is the
internal clock of trapped dynamics. The result is that the internal clock converges
to an a-stable subordinator in all cases mentioned above (large complete graphs,
REM and p-spin models with p > 3 for appropriate exponential time scales).

5.1. The trap model on a finite graph

In [17] J.-P. Bouchaud introduced the following phenomenological model for the
dynamics of mean-field spin glasses.

Let us consider a finite graph G = (V,€), non-oriented and connected,
and collection of “depths” 7(x), z € V such that 7(z) € (0,00). The collection
(t(z),z € V), is called a trapping landscape or trapping environment. We define a
continuous time Markov chain X (¢) on V by its jump rates

v(r(x))~ (=9 (r @ ifx~
c(x,m{((” (r(y)", itz ~y,

. (167)
0, otherwise,

where v > 0 fixes the time unit and a € [0, 1] is a symmetry parameter. Since the

measure 7 = Y, 7(x)d, satisfies the detailed balance condition:
eV

T(@)e(z, y) = 7(y)e(y, ©), (168)
it is an invariant and reversible measure for the Markov chain X ().
As we already mentioned our main object of study will be the clock process

S of the chain X (¢) where S(k), k = 1,2,... is the time of the k*™® jump of X (¢)
and S(t) = S(|t]). The embedded discrete time random walk Y (k) is defined as

Y(k) = X(t) for S(k)<t< S(k+1). (169)

In the case a = 0 the process X (t) is particularly simple. Its jumping rates
c(x,y) do not depend on the depth of the target vertex y. Therefore, the process
X waits at the vertex z exponentially distributed time with mean 7(x)(vd(z))~?,
where d(x) is the degree of the vertex x in G. After this time it jumps to one of
the neighbors of x chosen uniformly at random. Hence, the name of this dynam-
ics - Random Hopping Times dynamics. The embedded Markov chain Y (k) is a
standard random walk and X (¢) is its time change.

In the case a # 0, the Markov chain Y (k) is no longer a standard random
walk, in fact, it is a random walk in a random environment.

5.2. Aging for the complete graph

Trap dynamics on the complete graph were first introduced in [17] and [18] as a
paradigm for dynamics of mean field spin glasses. This section gives a short version
of Section 5.1 of [10].
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Let Gy = (Vn,EN) be a complete graph on N vertices Vy = {1,2,...,N}
and Ey = Vn X Vn. We assume that the “depths” of the traps are random, in
particular, we let 7(x) be i.i.d. with E7(z) = oo. In fact, we choose

1
]P)(TZu):u—a, 0<a<l (170)

and L(u) is a slowly varying function.

We will consider only the case a = 0, i.e., the case where the embedded
random walk Y'(k) is a standard random walk and the continuous time Markov
chain Xy is a time change of Y. If 7(Y'(¢)) is the time spent by the random walk
Y at site Y (7) then the clock process is

[t]
Sn(t) = Sn([t]) =Y m(Y (§))es, (171)
i=1
where {e;} is an i.i.d. sequence of exponential random variables with mean one.

If the random variables 7(Y' (7)), ¢« = 1,...,[t] are independent then Sy (t)
should be close to an a-stable subordinator, when properly normalized. For the
random variables 7(Y (7)) to be independent, we must see that the probability of
self-intersections of the trajectory Y'(-) is negligible. This is true for short enough
time scales.

Theorem 5.1. Assume 0 < k < 1/« and choose the time scale t(N) = N*. Then
for almost every realization of the environment T the rescaled clock process con-
verges to a stable subordinator V,, with the Lévy measure al'(1 + a)u™*"tdu:

Sn(sN*®)
Nr/o
This theorem suggests a natural aging result. Let us introduce the following
two-point function

Mn(t,t+s7) =P(X(t+u) = X(t) Yuel0,s]|T), (173)

which is the probability that, conditionally on 7, the system does not jump during
the specified time interval [¢,t + s].

— Va(s). (172)

Theorem 5.2. For a.e. realization of the random environment T

: K K., _ 1
lim Ty (EN, (1+ )N 7) = F, <—1+0>’ (174)
where .
Fo(u) = @ /uo"l(l —u)"%du, wue(0,1). (175)
0

Indeed, the dimension of the range of an a-stable subordinator is a < 1
and the probability that a given interval (a,b) does not intersect the range of V,
is F,,(a/b), where F, is defined in (174). This fact together with Theorem 5.1
suggests Theorem 5.2 which gives aging for our model.
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A similar result, proved in [18] and [21], holds for the shortest possible time
scale k = 0. Then
1
lim lim On(t,(1+60)t7)=Fo | —— ). 176
Jim i (e, (14 0)67) = Fo (1) (176)
For the largest possible time scales, i.e., for kK = 1/, a double limiting pro-

cedure is also necessary. One can show (see [10]) that T (tN1/*, (1 + 0)tNY ;1)
converges to F,(1/1+ 6) in probability, i.e., for any € > 0

lim lim P <|HN(tN1/“, (1+0)tNY* 1) — Fo(1/1 4 6)| > a) —0. (177)

5.3. Trap dynamics for the REM

The first model for which the paradigm given in the preceding section applies is
the REM. We summarize here the results of [8, 9, 7, 11, 24].

Let Gy = (Vn,EN), where Vy is the N-dimensional hypercube {—1,1}¥
and Ey is the set of pairs of vertices at Hamming distance 1. We choose here the
depths to be given by the un-normalized Gibbs measure of the REM, i.e.,

(o) = e PYNHN@) 5 ey, (178)

and (Hy(0))seyy are i.i.d. N(0,1) random variables. We also choose a = 0, i.e.,
the jump rates of the trap dynamics are

c(o,0') = %T(O’)il.

(179)

Again here, the embedded random walk Y is a standard random walk on the
hypercube.

If we consider the clock process (171) then, once properly rescaled, it con-
verges in distribution as NV — oo to an a-stable subordinator in a proper range of
time scales e“V and « is a function of c.

Theorem 5.3. Let the parameters a € (0,1) and 8 > 0 satisfy

0 < a?B?/2log2 < 1. (180)
We choose the time scale to be t(N) = @ N Then for almost every realization
of the random environment T
o S (te? B°N/2)

a/
N eaB2N

— Va(t). (181)
Here V,, is an a-stable subordinator as in Theorem 5.1. Theorem 5.3 implies
then an aging result similar to that of Theorem 5.2.

Theorem 5.4. Let the parameters o € (0,1) and G > 0 satisfy (180). Then for
a.e. T

Jim Ty (N, (1 + 0)e®N) = F,(1/1 + 0). (182)

The first difference between the REM and the complete graph dynamics of

Sections 5.2 and 5.3 is the potential theory for the standard random walk on the
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underlying graph (complete graph vs. hypercube). The second important difference
is that here the depths 7(z) are i.i.d. but not heavy-tailed. The following compu-
tation explain why, on a proper time scale, the random walk can be “fooled” to
believe that they are. Let o € (0,1) and v > 0:

P(r(0) > ue®* N | 7(0) > e“ﬁzN)
=P(8VNHy(0) > logu+ af?N | BVNHy(o) > a?N)

2 2

- e—l/2(10g1:;\,/(%32N) 61/2(25\/2%\/) -~ e—(logu)a _ La. (183)
u

Theorem 5.3 has an interesting interpretation which we take verbatim from
[5]: at a time scale e®?*N N=9/2 the process succeeds to make ¢® #°N/2 — 9eN
0 = a?B3%/2log 2, steps, that is, it explores a subset of the configuration space that
corresponds to a “little REM” in volume n = pN. At this time scale, the process
feels an effective inverse temperature 3, = 3/,/0. If the effective temperature is
below the critical temperature 8. = 1/2log2 for the standard REM, then the
system shows aging, otherwise it does not. It may seem somewhat counterintuitive
that the system is effectively “warming up” as time goes by. The heuristics of
this result is the following. When the random walk has made 22V steps, with
o0 < 1, it has only explored a small fraction of the total configuration space. In
particular, it has not had time to find the absolute minima of Hy, hence it is still
out of equilibrium. Moreover, the random walk will essentially not have visited
any configuration twice. Therefore, the minimum of Hy along those configurations
that were visited is the minimum of 22V independent Gaussian random variables
of mean zero and variance 1. It is well known that this is of order /2oN log 2.
Then the mean waiting time in this extreme trap is of order e#Vv?2elog2 — @B’ N .
Now the condition 8, > 3. implies that this time is of the same order as the total
time the process has accumulated in all the other sites along its way, and, more
precisely, the process will have spent all but a negligible fraction of its time in the
“few” “deepest traps”. Again, standard results of extreme value theory imply that
the precise statistics of the times spent in the deepest traps are asymptotically
governed by a Poisson process, and that the sum of these random times, after

rescaling, converges to a stable subordinator.

5.4. Trap dynamics for p-spin models, p > 3

We point out that previously discussed results, for instance aging in the REM,
made crucial use of the independence of energies of different spin configurations.
In this section we survey a recent work [6] which studies the dynamics of p-spin
models, see Example 2.4. To our knowledge, it is the first rigorous aging result
for a model with correlated energies and it affirms that the aging picture for this
class of spin glasses is essentially the same as for the REM, in a wide range of
exponential time scales.

Theorem 5.5. Let Y be the o-algebra generated by the standard random walk ran-
dom variables Yn(k), k € N. There exists a function ((p) such that for all p > 3
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and vy satisfying

0 < < min(82,¢(p)B), (184)
under the conditional distribution P(-|Y) the law of the stochastic process
e TN SN ([ENV/2eNY /207 ) ¢ >0, (185)

defined on the space of cadlag functions equipped with the Skorokhod M;-topolo-
gy, converges, Y-a.s. to the law of the v/3*-stable subordinator V,p2(Kt), t >0,
where K is a positive constant depending on v, 3 and p.

Moreover, the function ((p) is increasing and it satisfies

¢(3) ~1.0291 and pli_}rgo C(p) = /2log2. (186)

The difference with similar results of Section 5.2 and 5.3 is that the traps here
will not consist of a single site, but consist of a deep valley (along the trajectory)
whose bottom has approximately the same energy as in the i.i.d. case and whose
shape and width can be described quite precisely. Moreover, the number of sites
contributing to the time spent in the valley is essentially finite, and different valleys
are statistically independent (see [6] or [5]).

Since the valleys contain more than one configuration we re-define the two-
point function Iy as

Ty (t,t + 5) = P(R(oy (te™), on ((t + 5)e™)) > 1 —¢), (187)

that is 115, is the probability that the overlap at two far-distant time instants is
exceptionally large.

Theorem 5.6. Under the hypothesis of Theorem 5.5, for all e € (0,1), t > 0 and
s>0
lm TI°(t,t+s) = Fo (t/t + ), (188)

N—o0

where Fy, is defined in (174).

Note the role of the condition (184) in Theorem 5.5, which is equivalent to
0 <~ < B%and 0 <7 < ((p)B. The first condition is again the statement that the
effective temperature at the time scale considered is below the critical one. The
second condition is related to the correlation of the energies. It implies that the
REM-like behavior holds only up to time scales where the explored region is so
small that the process does not feel the correlations; essentially it ensures that the
process does not have enough time to get close to a point it visited before so that
it is able to feel correlations.

Finally, let us recall the static REM-universality of p-spin models discussed
in Sections 3.1.3 and 4.1.3. Conditions (67) and (140) of Theorem 4.3 and Theo-
rem 3.9 are very similar to the condition v < {(p)8 and could be interpreted as
the conditions ensuring that the energies in the micro-canonical window and in
the sampled random cloud respectively are so sparse on the configuration space
that they do not yet feel correlations. Moreover, the constant ¢, in (67) for the
case v(r) = rP coincides with the constant ((p).
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1. Introduction

Aging was proved recently for a simple Glauber-type dynamics of p-spin spin
glasses [2]. In order to overcome the difficulties stemming from the correlations
of the Hamiltonian of these spin glasses, several new ideas were introduced. They
allowed to show that the aging behaviour of the p-spin spin glass is essentially
the same as the one of the Random Energy Model (REM), at least at some time
scales.

In the present paper, we take a step back and apply these ideas to the REM.
A new proof of aging in the REM, even if it be shorter than the older proofs,
is, however, not the principal objective of this paper. Rather, it is written as a
different presentation of ideas of [2], uncluttered from rather heavy computations
that were necessary for the p-spin spin glass.

Let us start with a brief summary of the efforts that lead to [2]. Aging in
spin glasses was for the first time observed experimentally in the beginning of
the 1980’s. In order to explain the observations, trap models were introduced by
Bouchaud [9, 10] in the physics literature. Trap models are effective models which
can be solved analytically using simple renewal arguments, and which nevertheless
reproduce the characteristic power-law behaviour observed experimentally. While
trap models are heuristically motivated to capture the behaviour of the dynamics of
spin glass models, there is no clear theoretical, let alone mathematical, derivation
of them from an underlying spin-glass dynamics.
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The first steps to provide such a derivation were taken in [3, 4] for a version
of a Glauber dynamics in the REM. Technically very elaborate renewal arguments
were used to prove aging and the relevance of the trap model ansatz in this case.
The core of the argument is an analysis of visits of the dynamics to a finite set
of extremes of the Hamiltonian. In order to allow the dynamics to discover these
extremes, the time scales studied in these papers should be carefully fixed to be
only slightly shorter than the equilibration scale. In particular, it means that the
considered time scales should increase exponentially with the size of the system.

Another proof of aging in the REM, for a dynamics close to this of [3], was
given in [5]. It was inspired by methods developed for trap models on Z¢ [6]. The
main idea of the approach of [5] is to study the extremes of the Hamiltonian along
the trajectory of the dynamics instead of concentrating on visits of dynamics to the
extremes of the Hamiltonian. Apart from having some slight technical advantages,
the new point of view gave more freedom in choosing the time scales. In [5] time
scales much shorter than the equilibration scale, but still increasing exponentially
with the size of the system, were studied. The techniques can be however easily
extended to apply also to the scales considered in [3].

The main technical tool of [5] is the so-called clock process, which is, roughly
speaking, a process that records the time needed for a given number of jumps of
the dynamics (see (4) for the exact definition). It was argued that this process
converges, after a proper rescaling, to a stable subordinator in many situations.
From the convergence to a subordinator, aging can be deduced using the classical
arc-sine law. Even if techniques and time scales are different, the obtained aging
results are essentially the same as those predicted by the trap models.

Both above mentioned studies of the REM used substantially the fact that
the Hamiltonian is particularly simple: it is a collection of i.i.d. random variables.
This ceases to be true for ‘more realistic’ mean-field spin glasses, like Sherrington—
Kirkpatrick model or p-spin spin glass. For statics of the spin glass the correlation
between the energies impose that (at low temperature) the main contribution to
the Gibbs measure does not come from a finite number of distant configurations as
in the REM, but from a finite number of distant ‘valleys’, which, however, contain
many configurations.

Interestingly, in [2] it was showed that the global behaviour of the clock
process is not influenced by the correlations in the dynamics of p-spin spin glass
with p > 3. The rescaled clock process hardly feels the correlations and large
valleys and it converges to a stable subordinator, confirming the universality of
this behaviour. However, this convergence can be proved only at the expense of
restricting the range of time scales to the lower part of the range of [5], remaining
far from the equilibration time scale (see (14) for details).

Even if the asymptotic behaviour of the clock process remains unchanged, the
non-i.i.d. character of the Hamiltonian disallows a direct application of methods of
[5]. New techniques used in [2] are based on ideas from extremal theory and exploit
strongly the Gaussian character of the Hamiltonian. It should be remarked that
this property of the Hamiltonian had been hardly used in the studies of the REM
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dynamics. E.g., the only Gaussian ingredient in [5] is the standard asymptotic
expression for the tail probability. The results of [5] can thus be extended to a
much larger class of distributions of the Hamiltonian.

In this paper, we take full advantage of the Gaussian distribution of the
Hamiltonian and we use the methods of [2] to provide new and relatively short
proof of aging in the REM on time scales that are much shorter than the equili-
bration scale. Aside from this proof, we use the occasion to explicitly write out the
modifications which are necessary to obtain a result on the longest possible time
scales of [4].

To close the introduction, let us remark that the time scales of this paper
(and also of [3, 5]) are ‘much longer’ than those used in the studies of the Langevin
dynamics of soft-spin models [11, 8, 7], where one considers the infinite volume
limit at fixed time ¢, and then analyzes the ensuing dynamics as ¢ tends to infinity.
In this paper, the time depends exponentially on the size of the system and both
tend to infinity together.

2. Model and results

We will study the same dynamics of the REM as in [5]. It is defined as follows.
Let Sy = {—1,1}" be an N-dimensional hypercube equipped with the distance

N
1
dist(o, 7) = 52\@—73\, o, T € Sn. (1)
i=1

The Hamiltonian of the REM is defined as \/]_VHN, where Hy : Sy — R is a
centred i.i.d. Gaussian process on Sy with variance E[Hy (0)?] = 1. We will use H
to denote the o-algebra generated by {Hy (0),0 € Sy, N € N}. The corresponding
Gibbs measure is given by

. (0) = Z eV NI, (2)
We consider a nearest-neighbour continuous-time Markov dynamics oy = (on (t),
t > 0) on Sy which is given by its transition rates

N-1e=8VNHN() if dist(o,7) = 1,

0, otherwise.

wn(o,7) = { 3)
Obviously, o is reversible with respect to the Gibbs measure pg n.

It is an important property, that this dynamics can be constructed as a
time change of a simple random walk on Sy: Let (Yn(k),k € N) be the simple
discrete-time random walk (SRW) on Sy started at some fixed point of Sy, say
at 1={1,...,1}. For 8> 0 and k € N we define the clock-process by

k-1
Sn (k) =Zeiexp {ﬁ\/NHN(YN(i))}, (4)
i=0



88 J. Cerny

where (e;,7 € N) is a sequence of mean-one i.i.d. exponential random variables.
The process oy can then be written as

an(t) = Yn(Sy'(t))- ()
We consider all random processes to be defined on an abstract probability
space (2, F,P). We denote by ) the o-algebra generated by {Yn(k), k € N, N €
N}. The o-algebra generated by {e;, ¢ € N} will be denoted by £. Note that the
three o-algebras H, ), and £ are all independent under P.
For v > 0 we define

v = (y) =N

ty =ty(y) = N"2e,

(6)

and the rescaled clock process Y by

S (s) =ty Sn(|srn]), s> 0. (7)

The function ry is the number-of-jumps scale: We observe o after making O(ry)
jumps. The function ¢y, the time scale, then gives the time that oy typically needs
to make this number of steps. We view S} as an element of the space D of cadlag
functions from [0, c0) to R equipped with the standard Skorokhod .J;-topology.
Let V,,(t) be the a-stable subordinator with the Laplace transform given by

Efe e ®)] = exp(—tA). (8)

We will use . = v/21og2 to denote the critical temperature of the REM.
The main result of this paper is the following theorem that provides the
asymptotic behaviour of the clock.

Theorem 2.1. For any fixed v such that
0 < v < min (3%, 8.3), (9)

under the conditional distribution P[-[Y], Y-a.s., the law of the stochastic process
S converges to the law of a-stable subordinator Vo (K-), where a = /32, and K
is a constant which will be computed explicitly in Lemma 3.1.

This theorem is very close to the results of [5]. However, there is one impor-
tant difference. In [5], the convergence to the subordinator is proved under the
law P[-|H], H-a.s. The slightly non-physical conditioning on ) that appears in
our theorem, and of course also in [2] whose methods we use, is the price to pay
for having at hand Gaussian tools. As we have already remarked, the Gaussian
character of the Hamiltonian was almost not exploited in the previous studies of
the REM. Hence, the conditioning on H did not pose any problem. This condi-
tioning, that is fixing the Gaussian disorder, is ruled out if we want to employ
more advanced Gaussian techniques now.

It is an interesting open question whether it is possible to deduce the results
of [5] from Theorem 2.1 without using too much the properties of the REM. This
could allow to prove the convergence under P[-|H] also for the p-spin spin glass.



Another View on Aging in the REM 89

The next theorem will be used to prove aging on the longest possible time
scales, that means on time scales of [4].

Theorem 2.2. Let 3> (3. and v = BB.. Then for all n > 1 finite, for all 0 < s1 <
s < 8y and Aq, ..., Ay € B(R)

Jim J\}iLnOOIP’[le/“SX,(gsi) € A y] - P[Q Va(Ksi) € Ai] (10)

in probability.
As a consequence of Theorems 2.1 and 2.2 we get the following aging result

Theorem 2.3.
(a) Under the hypotheses of Theorem 2.1, for all 0 > 1, Y-a.s.,

1\/Ii—r>nooP[UN(tN) :O'N(etN)D)] :AS|a(9), (11)
where Asly (0) = Sin(ﬂaﬂ) 01/9 u* Y1 — u)~*du.
(b) Under the hypotheses of Theorem 2.2, for all 6 > 1, in probability,
gliH(l) Nlim Plon (&tn) = on (€0t )| Y] = Asl, (0). (12)

Claim (b) of the last theorem relates to the aging result obtained in [4] just
as claim (a) relates to [5]: the role of o-algebras H and Y is inverted.

Finally, let us compare our result with the result of [2] for the p-spin spin glass.
The definition of the dynamics considered there is the same as in this paper. The
only change is, of course, the Hamiltonian, which is given by a centred Gaussian
process on Sy with covariance

N
Cov(Hy (o), Hy(7)) = (% > o) (13)
i=1

With two replacements, Theorem 2.1 holds in this case: First, condition (9) should
be replaced by p > 3 and
v < min (52,¢(p)B) , (14)

where ((p) is an increasing function strictly smaller than (. which converges to 3.
as p — o0o. Second, the space D should be equipped with a weaker topology.

Condition (14) implies that the longest time scales we are able to treat in
the p-spin model are shorter than for the REM. We do not know what happens
in the p-spin model on longer scales. As p — oo (14) approaches (9), which is not
surprising, since the REM can be considered as p-spin model with p = oco.

Let us close this section by a rough description of the techniques which are
used to prove Theorem 2.1. The behaviour of the rescaled clock process 5’;{, is
determined by the energies of spin configurations that are visited during the
first O(ry) steps. The energies of visited configurations form a Gaussian pro-
cess X\ (k) = Hy(Yn(k)) which has random covariance Cov(X%(k), X% (j)) =
1{Yn(k) = Yn(j)}. We are interested mainly in the visited configurations whose
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energy is very large, because these configurations contribute a lot to the clock pro-
cess. We want thus to know how extremes of a Gaussian process X with random
correlation structure behave.

The standard method how to study such extremes is to replace the compli-
cated Gaussian process with a simpler process, the behaviour of whose extremes
can be determined more easily and whose correlation structure locally approxi-
mates well the correlation structure of the original process. A study of the be-
haviour of extremes of the original process then breaks into two parts. First, the
behaviour of extremes of the simple process should be determined. Second, it
should be proved that the approximation by the simple process is reasonable.

In the case of the REM, that is of Gaussian process X%, the approximat-
ing process will be particularly simple. We define (X!(k),k € N, N € N) as an
i.i.d. sequence of standard Gaussian random variables. It is clearly a natural
choice, since the simple random walk on the hypercube has a very small prob-
ability to return to an already visited configuration. More precisely, for any j
fixed, P[3k :ry >k > 4, Yn(k) = Yn(4)] ~ 1/N (at least if v < 55,).

In the first step of the proof we will thus analyse extremes of an i.i.d. sequence,
which is, of course, quite simple. This is done in Section 3 using a method that
allows control the clock process immediately. The second step of the proof, that is
the verification if the approximation is justified, is done in Section 5. In Section 4
we collect several estimates on the simple random walk on the hypercube. Finally,
all theorems are proved in Section 6.

3. Sum of i.i.d. exponentials

As explained in the last section, we will compare the clock process with the sum
of i.i.d. random variables with the same distribution, that is with the sum

LsTn ]
Sh(s) =tyt 3 AYNIND), (15)
i=0
Sums of this type were exhaustively studied in [1]. The results of this paper imply
directly that S‘X, converges to an 7/3? stable subordinator. For the sake of com-
pleteness we will provide here a simple proof of this claim. We start by an easy
lemma.

Lemma 3.1. For all 38, v satisfying hypotheses of Theorems 2.1 or 2.2 there exists
K =Kg, >0 such that, for rn and ty as in (6) and u > 0,

J\;LmOOTN (1 —E[exp{ - %eieﬂ‘/ﬁx}v(i)”) = Ku®. (16)

This lemma should be viewed as a ‘large deviation’ statement, since values
of X (i) that give the largest contribution to the Laplace transform in (16) differ
significantly from the typical ones. From large deviation point of view, the proof
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below is simply a tilting of the Gaussian distribution. This tilting makes the most
contributing values typical.

Proof. Recall that o = ~v/3%. To save the notation we set X; = X} (i) and define
g(z) = In(1 + z). Performing the expectation over e; we get

1—E[exp{—?eﬂmxi}] :/_OO de e*§<1—exp{—g(ieﬁ\/ﬁw)}>. (17)

N 0o V2T tn

We now tilt the measure. Setting z = (8z + logty — logu)/(6v/N) we find that
(17) equals

w1 /OO dz o—F2/2N o 1*/Befz
N ) V2r 1+ef

where fn(8,7v,u) = (BlogN)/(2yN)+logu/(BN) — 0 as N — oo. The integrand
converges to e(!=)F%(1 4 ¢4%)~1 which decays exponentially as z tends both to oo
and —oo, since (3/7? < 1. An application of the dominated convergence theorem
then yields the convergence of the integral to a positive constant K independent
of w. |

e*IN By (1 4 o(1)), (18)

By consequence, we get the analogue of Theorem 2.1 for the process X 3;:

Proposition 3.1. For all B8, v satisfying hypotheses of Theorem 2.1 or 2.2, the
sequence of processes S} (s) converges to the stable subordinator Vo, (Ks) weakly in
the Skorokhod Ji-topology.

Proof. To check the convergence of finite-dimensional marginals from Lemma 3.1
is trivial. E.g.,

- lsrnv] N o
]E[e—uSN(s)] — E[QXP{ _ tleieﬂvNXi}} N N—> e—slcu , (19)
N

which is the Laplace transform of V,,(Ks). The proof of the tightness is an easy
modification of the tightness proof for Theorem 2.1. We omit it therefore here. [

By simply changing the domains of integration in the last proof, the next
lemma can be verified. We will need it later to check the tightness of S}.

Lemma 3.2. Let B5; be such that
tj_vleﬂ‘/ﬁBIEV =¢ (20)
and let
i) =rn(1=E[exp{ — 15 ese™ 5O b1x L () < BRY]). ()

Then lim._, limsupy_, o fn(e) = 0.
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4. Random walk properties

To compare the clock processes S}, and 53, we need to know to what extent the
covariances of X! and X© differ. Since the non-zero covariances of X° rise from
self-intersections of the simple random walk Y we should control their number.

Lemma 4.1. Under the assumptions of Theorem 2.1 there exists C = C(8,7) such
that Y-a.s. for all but finitely many N,

STN

> 1{Yn(i) = Yn(j)} < CN'sry. (22)

i#j=1

Proof. Note that the assumption (9) implies that ry < 2V. Let pl¥(z,y) =
P[Yn(k) = y|Yn(0) = z]. To bound the sum (22) for 4, j that are far from each
other we use the fact that the random walk on the hypercube reaches the equilib-
rium very quickly. The next lemma can be proved by using the coupling argument
of [15]. Detailed proof is given in [2] and we will not repeat it here.

Lemma 4.2. There exists K large enough such that for all k > KN?log N =: &(N)

and z,y € Sy

PR (@,y) + i (2, y)
2

Let Ay = {(4,7) : 0 <i,j < srn,|i—j| > K(N)}. From Lemma 4.2 it follows
that

— 2N‘ < 278N, (23)

B[ 3 1wl =)} < Clorw)?2™, (24)
(1,J)EAN
Hence,
P[ S {Ywi) = Yn()} = CN—ler} < CNsry2~V. (25)
(i,5)€EAN

The Borel-Cantelli lemma then implies an a.s. bound for the sum over Ay.
To bound the contribution of pairs ¢, j with |i — j| < R(N) we need another
lemma.

Lemma 4.3. There exist ca > ¢1 > 0 such that, for all N,

c Pl c

| Z L{Yn() = Yu(0)}] < 2. (26)
Proof. There are many ways how to prove this lemma. Let us sketch one of them.
Let, for A C Sy, 74 = min{k > 1: Yy (k) € A}, and let By = {z : d(z,1) = 4}.
Using the fact that d(1,Yy(k)) is the Ehrenfest’s-Urn Markov chain, one can
check that ¢//N < P[ry < 75,|¥n(0) = 1] < ¢/N. A similar argument gives also
Plr < 75,|Yn(0) € By] < ¢/N~%. Therefore to get from By to 1 we need in
average N* tries, but we have at most &(IV) = KN?log N of them. Hence, the
probability of returning to 1 before K(N) is smaller than ¢/N, which yields the
claim of the lemma. ]
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Let Z; = A(N)" 80 1{Yn(j) = Yi(i)}. Then Z; € [0,1], and by the

last lemma ¢ (N&(N))~! < E[Z;] < co(NK&(N))~t. Obviously,

STN

Z {Yn(i) = Yn(j)} < 28(N Z Z GR(N)+i> (27)
3,7=1 k=1 j=1
li—j|<KR(N)

where m = [sry/R(N)]. The inner sum in the last expression is an i.i.d. sum.
Hoeffding’s inequality [13] applied to the sequence {Z;} gives for any u > 0,

[Z ia(Ny i — mME[Z;] > um| < exp{—2mu?}. (28)

Setting u = E[Z;] and observing that the right-hand side of the last expression is
summable even after a multiplication by £(N), the Borel-Cantelli lemma and (27)
imply that Y-a.s., for all but finitely many N,

STN
> 1{yn(i) =Yn()} < CN tsry. (29)
i,j=1

li—jI<A(N)
This completes the proof of Lemma 4.1. O

Lemma 4.4. Let s > 0 and let for any w > 1
I,=1,(N,s)={oceSy:3i1 < - <iy,<rys, Yn(i1) = =Yn(iy) =0}
(30)
be the set of configurations visited at least w-times. Then,
(a) there exists C' > 0 such that YV-a.s., for all but finitely many N, for all
we{2,...,N}
|I,| < CY(N'"“rys v 1). (31)
(b) V-a.s., for all but finitely many N,
|In| = 0. (32)

Proof. The proof is very similar to the previous one: Lemma 4.2 can be used to
show that the number of elements of I, with max{i —ix_1:2 <k <w} > &(N)
is much smaller than the right-hand side of (31). Defining Z; = 1{YN( e L, i1 =
i, i, —i1 < wA&(N)} and observing similarly as in Lemma 4.3 that E[Z;] ~ ¢cN1~¢,
the claim (a) can be proved by another application of Hoeffding’s inequality.
Claim (b) follows from P[3i < rys : Yy (i) € In] < CNsN~N*+lry and the
Borel-Cantelli lemma. U

To prove Theorem 2.2, we need the following modification of Lemma 4.1.
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Lemma 4.5. Let v = 303, that is ry = 2V. Then there exists a constant C such
that for all £ <1

Ern

IP[ > 1{Yn(i) = Yn(j)} > rn | < CE,
i#j=1

P[|L,| > ry€E“/?] < C€/2.

(33)

Proof. Following the same reasoning as in the proof of Lemma 4.1 one can show
that E[Zf;g’:l 1{Yn(i) = Yn(j)}] < C&rn. The first claim then follows from
the Markov inequality.

The second claim can be obtained from E[|1,,|] < C(&ry)«2 V@D < pyee.

O

5. Comparison of two processes

We can now compare the clock process S'X, with the i.i.d. sum 5’;{, We use A° and
A' to denote the covariance matrices of X° and X!:

AL =HYn(@) =Yn()}h Al =6y (34)

For h € [0, 1] we define the interpolating process X% (i) =v/1—hX% (i) +VhX 5 (7).
Let £/ € N,O =359 < -+ < sg =T and uy,...,us > 0 be fixed. For any
Gaussian process X we define

L SETN— 1

Fn(X; {si}, {ui}) = [exp( Z . Z e;efVNX( ”)’X}

k=1 1=Sk_1TN

<
ES)

(35)

SETN— 1

—exp (- Z S g(Hevixo))

k=1i=sp_1TN

Note that E[F(X?; {s;}, {u;})|))] is a joint Laplace transform of the distributions
of the properly rescaled clock process at times s;. The following proposition thus
compares Laplace transforms of S, and S7};.

Proposition 5.1.

(a) If the assumptions of Theorem 2.1 are satisfied, then for all sequences {s;}
and {u;},

]J@ME[FN(XJ%;{&},{W})W] —E[Fn(Xn;{si}, {ui})] =0, YV-a.s. (36)
(b) If the assumptions of Theorem 2.2 hold, then, in probability,

lim Jim B[Py (X% (€sih, (6 5ui)) V] ~ B[y (X4 (g}, {6 Huid)] 0.
(37)
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Proof. We use the well-known interpolation formula for functionals of two Gauss-
ian processes due (probably) to Slepian and Kahane (see, e.g., [14])

E[Fy(XY) — Fn (X)) = / thfN: [%Ni)@v‘y] (38)
i,j=1
i#£]

We will show that the integral in (38) converges to 0. To save on notation we assume
that ¢ = 1 and write u = w1, s = s1. Generalisation to larger ¢ is straightforward.
The second derivative in (38) is 0 if at least one of ¢, j is larger than sry. For
1,7 < srn the second derivative equals

w? PN Fy (X)) 11 eﬂmxmo)g/(ieﬁﬁm(o))

k. i w 39
u?BN BYN XY (o) BYN X (o) )
<— H e N exp[ 2g<—e N )]
% A t

where we used the fact that ¢/(z) = (In(1 + ) = (1 + 2)~! = exp(—g(z)), and
omitted in the summation of F (X%) all terms different from i and j. To estimate
the expected value of this expression we need the following technical lemma.

Lemma 5.1. Let ¢ € [0,1) and let Uy, Uy be two standard normal variabfles with
the covariance E[U1Uz]| = c. For u > 0 define Zx(c) = En(c, B,7,u) and Ey(c) =
_.N(C,/B,’%U) b

=n () = LN [T [ exp {8VNU, — 29 (utyte?VN ") 1] (40)

th 0=1,2
and
= _ 2N
En(c) = C(1 — &)~ V2(1 A u2) NV (1+0) eXp{ - m}, (41)
where C = C(v, B) is a suitably chosen large constant. Then
En(c) < En(c). (42)

Proof. Define kg = 1/2(1 =+ c). Since ¢ < 1 both k4 and k_ are positive. Let Uy,
Us be two independent standard normal variables. Then U; and Us can be written
as

- - N i
U, = §(I€+U1 +I‘€,U2)v Us = 5(5+U1 - H*U2)' (43)

Hence, Uy + Uz = k. Uy. Using g(z) + g(y) = g(z + y + 2y) > g(z +y) if 2y >0,
and e® + e~ % > el®l we get

Z g(ut;eﬁ\/ﬁUo) > Q(Utfvl exp (H+ﬁ\2/J_VU1 n ‘H—ﬂ\gﬁﬁz D) (44)

o=1,2
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Hence, Zn(c) is bounded from above by
u?3N dy
t?\f R2 2w

(45)
2 2
X exp{ _hrh ;yQ + BV Nkyy; — 2g(ut&le“ﬂmyl/zJ”"—ﬁm'y?|/2) }
Substituting z; = y; — ﬁ\/]_\f k4 and zo = Yo we get
UQtﬁ;NeﬁZniNm/ ;Lz e ( 2 ; ZS)
N R2 Y (46)

2.2
cosp (=20 (uesp (VN[(75 ) VW e+ B ),
where yy = N~'logty = v — log N/(2aN). Observe that exp(—2g(ueY™N?)) con-
verges to the indicator function 1,.9, as N — oo. The role of x will be played
by the square bracket in the expression (46). Since x4 > v/2 and +/3% < 1, this
bracket is positive for ‘typical’ z1, z2 not far from 0. This means that the largest
contribution to (46) comes again from non-typical values of 21, z2. We need another
tilting:
1 K 29N V2

21 = N U1 P |va N(BK/+ ﬂmr)], Z2 = N
This substitution transforms the domain where the square bracket of (46) is neg-
ative into the half plane vy < 0: The expression inside the braces in (46) equals
Br4v1/2. Substituting (47) into (27 + 22)/2 produces an additional prefactor

2.2 2
—1/aprl/(14c (B*k1 = 29)°N

(47)

Another prefactor N~ comes from the Jacobian. The remaining terms can be
bounded from above by

2 —
v 29N FK—
C’/exp{——Q—<ﬁ/<_— >|’U2 }d’Uz
R 2N /Bl{,i ‘
9%
X / exp { (ﬂm_ - ﬂ)vl - 29(ue5“+”1/2)}dvl.
R B4

Ignoring the quadratic term and using the facts that the parenthesis on the first
line is always positive and vy — = we can bound the first integral for N large by

(48)

2 N1
C(ﬁn_ - g:i ) <Okl <Ol o)V, (49)

To bound the second integral observe that the integrand behaves as
exp{—2v1yn/0Kk+} as v — o0,
and as

exp{(Bry — (29n/Bk4))o1} as v — —oo.
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Therefore, the second integral is bounded uniformly for all values of ¢. Moreover,
as u increases, the second integral is O(u=?).
Putting everything together we get

(8213 —29)2N

2 92 _
Env(e) <C(1—c) 22 @ N Au2)eP V2N Te—i-1g 27E
N . (50)
_ o N—1/2a71/(14¢) 2 T } _=
O 81 =0 ANV A exp { = i} = Bl
This finishes the proof of Lemma 5.1. (|

We can now finish the proof of Proposition 5.1. First, note that for all K > 0
1
lim eKN/2/ (1 — h)~ V2NV A+ o= KN/A+h) qp = O > 0. (51)
N—o0 0

Lemmas 4.1 and 5.1 imply that the absolute value of (38) can be bounded from
above, YV-a.s. for N large enough, by

1 2
N
CN~Lr / 1= ) VRNV e - L L 52
v [a=n o - i (52)
which converges to 0 as N — oo using (51). This finishes the proof of Proposi-

tion 5.1(a).
In case (b) we can use Lemmas 4.5 and 5.1 to show that, out of a set with
probability smaller than C¢, (38) is bounded from above by

1 2
N
L= ) VRNV O e 53
cery [ 1-n) exp { = gty JOh (53)
which again converges to 0 after taking N — oo and then & — 0. (]

6. Proofs of the main results

Proof of Theorem 2.1. Propositions 3.1 and 5.1(a) yield
E[exp { — uSY(s)}|Yn] = E[Fn(X};s,u)|YN]

=E[Fx(X¥;s,u)] +0(1) = Ele™"Ya &3] 4 o(1). (54)

This implies the convergence of fixed time distributions of S}; to those of Vo (K-).
Analogous computation gives the convergence of more-dimensional marginals.

We still need to check tightness in the Ji-topology of the sequence S‘X,. For
increasing processes it amounts to check (see, e.g., [12, Theorem 7.2, page 128])
that Y-a.s.

¥n>0,T >0 3K such that P[Sy(T) > K|Y] <7 VN. (55)

and
Vn>0,T >0 36 such that Plw! (Sy) >n|Y] <n VN, (56)
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where the modulus of continuity wl (f) is defined by
w; (f) = glf} maxsup {|f(s) = f(t)| : st € [ti1, i)}, (57)

where {t;} ranges over all partitions of the form 0 =ty < t; < -+ <tp_1 <T <ty
with minlgign(ti —ti—1) >dand n > 1.

The condition (55) follows directly from the tightness of the fixed-time mar-
ginals, which is a consequence of the continuity of the limiting Laplace transform
e~ Thu™ at 4 = 0.

To prove (56) more work is necessary. First, we show that traps with energies
‘much smaller’ than yvN /B contribute hardly to the clock process. Recall the
Definition (20) of BS; and define

LsTn ]

57 (s,6) =t Z eiexp { BV NHN(Yn (i)} 1{Hn(Yn(i)) < B&}.  (58)

Lemma 6.1. For every T and n > 0 there exists € such that Y-a.s., for all but
finitely many N

B[S} (T,e) = 2] < 7. (59)

Proof. Using Definition (30) of I, it is possible to rewrite S (T, ¢) as

w

tNlZ > Ze VNI HN(0) < Bi} = Y D di(w,i),  (60)

w=logel, \1yy1 =1 w=11i=1

where e, ; are i.i.d. mean-one exponentials. By Lemma 4.4(b) we can restrict the
sum to w < N. For these w we have, using the notation of Lemma 3.2,

PR Gt R ey MO

g -
P[qN(w7Z) 2 wow ] — 1 —e-n/(2¥w) — 1 — e n/(2%w)

(61)

For w = 1 this is bounded by Cfy(e) which can be made smaller than 7/2 by
choosing € small enough. Moreover, using Lemma 4.4, V-a.s,

N w N
3 Zp[qfv(w,i) > i] <3 Cfn(ery (N gy Vw22, (62)
w=2i=1 w2l TS
which is smaller than 7/2 for N large enough. O

Lemma 6.2. For any fized ¢ > 0, V-a.s,
J\;im Plmax{Hn (o) : 0 € I,} > B&|Y] = 0. (63)

Proof. By Lemma 4.4, Y-a.s., |Io] < TN~ !ry. Since the energies are i.i.d., the
lemma follows by elementary arguments. O
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We can now check (56). Fix > 0 and T > 0. By Lemma 6.1 we can choose ¢
small such that P[SY (T, €) > n/2] < n/3. Lemma 6.2 implies that Plmax{Hy (o) :
o € Iy} > B5|Y] < n/3 for all N large enough. Thus out of a set of probability
smaller than 27/3, the contribution to the clock of the configurations with energies
smaller than B%, and of the configurations visited more than once is bounded by
n/2. Out of this set the modulus of continuity w! (S3,) can be larger than 7 only if

Ji,j:li—j] < orw, Yn(i), Yn(j) ¢ I and min S efVNENONGE) > T 5y
ke{ig} tN 2

However, the random variables {Hy(0),0 € I1 \ Io} are ii.d. An elementary

calculation then shows that the probability of event in (64) can be made smaller

than 7/3 by choosing ¢ small. This finishes the proof of the tightness and thus of
Theorem 2.1. (]

Proof of Theorem 2.2. The theorem follows from Propositions 3.1 and 5.1(b) by a
reasoning analogous to (54). O

Proof of Theorem 2.3. The proof of (a) is standard. It is sufficient to observe that
Plon(ty) = on(0tn)|V] is very well approximated by P[{S},(t) : t > 0} N [1,0] =
@|Y]. The last probability converges, V-a.s, as N — oo, to P[{Va(t) : t > 0} N
[1,60] = @] by the weak convergence of S}, in the Ji-topology.

To imply claim (b) Theorem 2.2 is not sufficient. We need in addition the
following estimate.

Lemma 6.3. Let v = (30, that is ry = 2V, and let va(t) = 5_1/“5”},(515). Then,
for any T >0 and n > 0 there exists § > 0 such that

lim sup lim supP[P[wg(va) >n|Y] <n| =0. (65)
£—0 N—o0

Proof. We first set (see (58)), S’f\,(t,s) = ¢85} (&, €1/ 2¢). We claim that, sim-
ilarly as in Lemma 6.1, if € is small enough, then
PISK(T.e) = nlY] < (66)

holds with probability converging to 1 as N — oo and ¢ — 0. The proof of
this claim is analogous to the proof of Lemma 6.1; Lemma 4.5 is used instead of
Lemmas 4.1 and 4.4. )
Moreover, similarly to Lemma 6.2, Pmax{Hn(c0) : 0 € L1} > va/af\y]
converges to 0 in probability as N — oo and £ — 0, by Lemma 4.5 again. The
proof then follows the same line as the proof of the tightness in Theorem 2.1. [

We now finish the proof of Theorem 2.3(b). As before,
Plon (§tn) = on(§0tn)|V]

is well approximated by

PH{Sn(t): t>0}N[1,0] = @]))]. (67)
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The last probability can be bounded from above by
K
P[ L {5 (i6) < 11 Sx((i + 1)8) > 0} U {Sn(K6) < 1}‘3}] (68)
i=0
The last quantity converges in probability, by Theorem 2.2, to

K
P[ | {Va(Kid) < 1N Va(K(i +1)8) > 0} U {Sn(KKS) < 1}], (69)
i=0
which can be made arbitrarily close to Asl,(0) by choosing § small and K large.
A lower bound on (67) can be obtained by considering the event
|75
U {Sn(i6) <1—nnSn((i+1)6) > 6 +n}n{w] (Sx) <n}. (70)
i=0
By Lemma 6.3, with probability converging to 1 as N — oo and £ — 0, the
conditional probability of the event on the right of the last expression is very close
to 1, and the conditional probability of the union over ¢ converges to a number
that can be made arbitrarily close to Asl,(0) again. O
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Spin Glass Identities and the Nishimori Line

Pierluigi Contucci, Cristian Giardina and Hidetoshi Nishimori

Abstract. For a general spin glass model with asymmetric couplings we prove
a family of identities involving expectations of generalized overlaps and mag-
netizations in the quenched state. Those identities hold pointwise in the Nishi-
mori line and are reached at the rate of the inverse volume while, in the general
case, they can be proved in integral average.
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1. Introduction and results

Overlap identities have played and continue to play a central role in spin glass
statistical mechanics since the appearance of the Parisi solution [16] of the Sher-
rington-Kirkpatrick model [24]. The replica symmetry breaking theory contains
indeed, as a built-in ansatz property, a family of identities for the overlap expecta-
tions that have been since then classified as replica equivalence and ultrametricity
factorization properties. While the first is now largely understood for both mean
field and short range finite-dimensional models [6, 7], the second is still an open
conjecture even within the mean field cases. The ideas to obtain a rigorous proof
of the identities trace back to the papers [2, 11] where the invariance property
of stochastic stability and the role of the energy fluctuations for the spin glass
quenched measure were introduced (see also [3] for a different and original deriva-
tion). The mentioned properties state a striking feature for the quenched measure
on overlap expectations: the overlap moments do obey sum rules that reduce the
distributional degrees of freedom and, at least in the mean field case, it is expected
that the entire distribution be identified by the simple overlap distribution. Those
relations are expected to hold everywhere but on isolated singularities and they
can be in fact rigorously proved in § Riemann integral average [7, 25, 4].

We present in this paper a new family of identities in terms of generalized
overlap and magnetization that hold when the interactions are not centered, which
are proved in integral average. Moreover we find the remarkable result that in
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the Nishimori line they hold everywhere with respect to the parameters and are
reached at the expected rate of the inverse volume.

We can illustrate the results proved in this paper considering the Edwards—
Anderson spin glass model with non symmetric Gaussian interactions of variance
42 and non zero average ji. Considering the quenched measure over multiple copies
of the system subject to the same disorder (for a precise definition see Section 2 the
link overlaps and the link magnetizations fulfill an infinite family of identities when
integrated in the inverse temperature [ over arbitrary intervals. Those identities
at the lowest moment read, for all p and in the thermodynamic limit:

B2
/ dB|6% (—24¢7 5 + 841.202,3 — 641,243,4)
1

+ B (4q1,2m3 — 4q1,2m1) + (mi — mama)| =0, (1)

B2
/ dB|6*((a},) — 6 (q1.2q2,3) + 6 (q1.243.4) — (q1.2)°)

1

+ B(2(q1,2m1) — 4 (q1,.2m3) + 2 (q1,2) (Mm1))
+ <m1m2> — <m1>2’ =0. (2)

Since we prove that the magnetization has vanishing fluctuation in p-average in
the infinite volume limit

[ autom®) = ) =0, (3)

then, when integrated over arbitrary boxes in the (3, 1) plane, the previous iden-
tities become

M2 B2
/ dﬂ/ dB|B5* (=247 5 + 841,2q2,3 — 6q1,2q3,4)| = 0, (4)
1231

1

2 B2
/ du / AB]82((q ) — 6 {q1.202) + 6 (q12034) — (@12)D)] =0,  (5)
M1

B1
thus reducing to the standard ones [20, 12, 2]. Notice the remarkable fact that the
identities of type (1) have recently appeared in the theory of mean field diluted
ferromagnets [1].
In the Nishimori line [18, 17],

B8* = p, (6)

the identities (1) and (2) hold pointwise in 3 and p and the identities (4) and (5)
hold when integrated over p on arbitrary intervals.

The plan of the paper is the following: in the next section we define the
general class of models for which our result apply and we set the notations. In
Section 3 we state the theorems, which are then proved in Section 4.
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2. Definitions

We consider a disordered model of Ising configurations o, = 1, n € A C Z¢ for
some d-parallelepiped A of volume |A|. We denote X, the set of all 0 = {0y, }nea,
and |24 | = 2/ In the sequel the following definitions will be used.

1. Hamiltonian.
For every A C Z% let {HA(0)}sexy be a family of 2/ translation invariant
(in distribution) Gaussian random variables defined, in analogy with [22],
according to the general representation

= _ZJXUX (7)

XCA

where

X:HO'i, (8)

i€X
(0 =0) and the J’s are independent Gaussian variables with mean
Av(Jx) = px 9)
and variance
AV((Jx — px)?) = 0% . (10)

2. Average and covariance matriz.
The Hamiltonian has average

Ba(o) := Av(Hp(o Z UXOX (11)
XCA

and covariance matrix

Ca(o,7) = Av([Ha(0) — Ba(0)|[HA(T) — Ba(7)])
= Z (53(0)(’7')(. (12)

XCA

By the triangular inequality

Ba(o)] < > |ux| (13)

XCA

for all o and by the Schwarz inequality

Calo,7)] < VCa(o,0)VCa(T,T) = ) 0% (14)

XCA

for all o and 7.
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Thermodynamic stability.
The Hamiltonian (7) is thermodynamically stable if there exist constants ¢
such that

1
sup —Z|MX|§E < o0
ACZ |A‘ XCA
1
sup—26§(§6<oo. (15)
ACZ4 |A‘ XCA

Thanks to the relations (13) and (14) a thermodynamically stable model
fulfills the bounds

Balo) < Al
CA(O', T) S E‘AL (16)
and has an order 1 normalized mean and covariance

1
ba(o) = mBA(a),

LCA(J, T). (17)

ea(o, 1) = A

Random partition function.
Z(B)= Y e Pl (18)
lA<DITN

Random free energy.
—BF(B) = A(B) = InZ(B). (19)
Random internal energy.

—BHp (o
u(p) = ez MO T 20
T e @

Quenched free energy.
—BF(B) = A(B) = Av(A(9)). (21)
R-product random Gibbs-Boltzmann state.

o~ BIHA (D) 44 Hp (o))
6=

o) o [Z(B))7
Quenched equilibrium state.
(-) = Av(Q(-). o)

Observables.

For any smooth bounded function G(bs,cp) (without loss of generality we
consider |G| < 1 and no assumption of permutation invariance on G is made)
of the mean and covariance matrix entries we introduce the random (with
respect to < — >) R-dimensional vector of elements {my,} (called generalized
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magnetization) and the R x R matrix of elements {qx;} (called generalized
overlap) by the formula

(G(m,q)) == Av(Q(G(ba, cn))), (24)
e.g.,
G(ba,cn) = ba(0 )ea (0, 0@ )ep (612, 0))
(m1q1,2q2,3) (25)

o B3, Ha(o™)] >

= Av( Z ba(at)ea (oW, 6@ )ea (e, 6®) EGE

e 52 o)

3. Theorems
To state our results we introduce the random variable J’ defined by
Jx = Jx + px
and deform uniformly the averages px with a parameter p defined by
pp'x = px
in such a way that
Ix = Jx + ppx -

Our results can be summarized in the following theorems.

3.1. Identities in J-average

For every observable G of the kind considered in the previous section, we define

R
Fi(Bow) = {(mi = mpia) G) (26)

=1

R R

- ﬂ<< Z Gqir—2RG ZQZ,RJrl + R(R+ 1)GqR+1,R+2>>
k=1 =1
[

and

fa(B, ) = (mr1G) = (m1) (G) (27)

R+1
- ﬁ(Z (Gar r1) — (R+1)(Gqre1, re2) — (G) ((q1,1) — <Q1,2>)>~

k=1
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We then have the following

Theorem 3.1. The quenched equilibrium state of a thermodynamically stable Hamil-
tonian fulfills, for every observable G and every temperature interval [51, Pa] the
following identities in the thermodynamic limit

B2

Jim, [ 48148 =0, (28)
B2

Jim, [ 816w =0, (29)

Remark 3.1. The two previous relations when applied to G(m,q) = 8q1.2 + m
and R = 2 yield the identities mentioned in the introduction, formulae (1) and (2)
— here it is assumed that g; 1 = 1, as it happens for the Edwards—Anderson model.

3.2. Identities in (3, u)-average
We also define

R R
91(B, 1) = —5<< > Gaqux—2RG Y qiry+R(R+ 1)G(IR+1,R+2>> (30)

k=1 =1
k£l
and
R+1
92(8, 1) = —5(2 (G qr, r11)
k=t (31)

(R4 1) (Caninnra) — (@) () - <q1,2>>).

Theorem 3.2. The quenched equilibrium state of a thermodynamically stable Hamil-
tonian fulfills, for every observable G and every set [31, B2] X [p1, p2], the following
identities in the thermodynamic limit:

1% B2
i, [ an [ a8 1a(5.0] =0, (32)
A2l H1 B

w2 B2
lim dp d3 |g2(8, )| = 0. (33)
AT H1 B1

Remark 3.2. Two similar families of identities have been proved in [7] for the
centered case Av(Jx) = 0 for all X. This theorem generalizes the old result and
reduces to it when the observable G doesn’t depend on m.

3.3. Identities pointwise

Theorem 3.3. In the space of parameters (px,0% ) xen there exists a region called
the ‘Nishimori manifold’
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where the identities of Theorem 3.1 hold pointwise, namely

lim f1(8, 1) =0, (35)
AT
Jm f2(8,10) = 0. (36)

4. Proofs

Theorem 3.1 is proved in the lemmas of Subsections 4.1 and 4.2. The proof uses
only elementary methods like concentration and classical inequalities. Along the
same line Theorem 3.2 is proved in Subsection 4.3. Theorem 3.3 is proved in
Subsection 4.4 making use of an exact computation on the Nishimori manifold.

Let h(c) = |A|7'Hx (o) denote the Hamiltonian per particle. We consider
the quantity

R
h(oW) @Y = (h(eW)) (G)) = 6,G + 6,G, (37)
324(0e)5) - o) 1)
where

R
5,G = Z{Av(ﬂ[h(a(l)) G) — Qh(eM))[G)) } (38)

=1

R
5,G = Z{Av(ﬂ[h(o—ﬂ))m[a]) — AV(Qh(eD)]) Av(Q[G})}. (39)

=1

We are going to show that both §; G and oG vanish (in 3 average) in the thermo-
dynamic limit. This implies, by a simple application of integration by parts, the
relations (28) and (29).

4.1. Stochastic stability bound
We follow the method of stochastic stability as developed in [6].

Lemma 4.1. For any inverse temperature interval [y, B2] one has

(2+ 51+ B2)

/62 Av(QUh?) — Q*(h))dp < ¢ \AI (40)

Proof. The variance of the Hamiltonian per particle h(o) with respect to the Boltz-
mann state is nothing but (minus) the derivative of the average of k(o) up to a
factor 1/|Al, i.e.,

Av(Q(R?) — Q*(h)) = ———=— Av(Q(R)). (41)
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Application of integration by parts (for its general form, see formula (50) below)
yields

Av(Q(h)) = \Tll A3 Tx0(ox))

XCA

- mAV(Z MXQ(UX)) ‘A| 3 5% [1 - Av(2(0x))]

XCA XCA
<(1+p)e, (42)

where thermodynamic stability condition, Eq. (16), has been used in the last in-
equality. The lemma statement follows from integration of Eq. (41) over an arbi-
trary inverse temperature interval [3;, 82] and the use of fundamental theorem of
calculus together with the bound (42). O

Lemma 4.2. For every bounded observable G, see Definition 10 of Section 2, we
have that for every interval [51, B2] in the thermodynamic limit one has

B2
/ 16,G1d3 = 0. (43)
Proof. From the definition of §; G, Eq. (38), we have
B2 B2 B
| welas< [ > Jav(@lno) 6] oG] 43 (4)
B1 1=

B2 B
/ Z\/Av {Q h(cW) G Q[h(a(l))]Q[G]}2>dﬂ (45)

<R ; %Av h2(o)] — Q2[h(0)))dp (46)

<R\VB: B 51\/ / (0)] — Q2[h(0)]) dB (47)

é2+ B+
< Ry B2 — b W (48)
where (44) follows from triangular inequality, (45) is obtained by applying Jensen
inequality on the measure Av(—), (46) comes from application of the Schwarz in-
equality to the measure Q(—) and boundedness of G, (47) is again Jensen inequality

on the measure 61 J5,(—)dB and finally (48) comes from Lemma 4.1. O

Remark 4.1. The previous lemma is related to a general property of disordered
systems which is known as ‘stochastic stability’ (see [2, 6]). It says that the equilib-
rium state in a spin glass model is invariant under a suitable class of perturbations
in all temperature intervals of continuity. The result presented in [6] for the case
of zero average couplings holds with the absolute value outside the integral in beta
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with a vanishing rate of the inverse volume. Here instead we got the stronger result
for the absolute value inside the integral but with a weaker vanishing rate of the
square root inverse volume.

Lemma 4.3. The following expression holds:

R

516 =3 (i~ mpe) )

=1

R R
—5<G{ > @k —2R> qir1 +R(R+1)QR+1,R+2:|>~ (49)
k=1 1=1
=

Proof. For each replica I (1 <1 < R), we evaluate separately the two terms in
the sum of the right side of Eq. (38) by using integration by parts (generalized

Wick formula) for correlated Gaussian random variables, z1, 2, . . ., 2, with means
Av(z;) and covariances Av((z; — Av(z;))(z; — Av(z;))), namely
AV(zi (@1, 2)) = Av(@g) Av((zr, ..., o)) (50)
- ov(x,...,xy)
+ Z Av((z; — Av(z;)(z; — Av(z;))) AV(T> .
=1 ’

It is convenient to denote by p (R) the Gibbs-Boltzmann weight of R copies of the
system
e BITiL Ha(e™)]

pr (ot ..., oft) = EHOG , (51)

so that we have

1dpR(01,...,UR) 1 R -
- =prlo,...,0 Optk) +
3 dH (7) r )kzzl *,
_RpR+1 (0-17"'70—R77)‘ (52)
We obtain
Av(Q(h(cV) G)) = ﬁ Av< > GHa(eW)pr(a',.. .,UR)>
o), .o™

G ba(a") pr (Ulwn,JR))

= Av( Z
o)

)
v en(o®) 1 dpr(ol,...,0")
o <Z 2. Genlo™n T ) o
R
= (mG)—p |:Z (Gaqi, k) —R<qu’R+1>], (54)

k=1
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where in (53) we made use of the integration by parts formula and (54) is obtained
by (52). Analogously, the other term reads

AV(Q(h(a<l>))Q(G)) =
AV(Z Z G Ha(o") pria (Ul7717~~~7TR)>
o) () (R
:AV(Z Z G by (o )pR+1(0'l77'17~-~77'R)>
o) 7)) r(R)
d ( oo s TR)
WE T ety Sl )
e () (R
R+1
= (mr1G) = f {Z (Gqk, rr1) — (R+1) <GqR+1’R+2>} . (56)
k=1

Inserting (54) and (56) in Eq. (38) and summing over [ we obtain the expression
(49). O
4.2. Selfaveraging bound

The selfaveraging of the free energy is a well-established property of spin glass
models. The vanishing of the fluctuations with respect to the disorder of the free
energy can be obtained either by martingales arguments [21, 7] or by concentration
of measure [25, 13]. Here we follow the second approach. Our formulation applies to
both mean field and finite-dimensional models and, for instance, includes the non
summable interactions in finite dimensions [14] and the p-spin mean field model
as well as the REM and GREM models.

Lemma 4.4. The disorder fluctuation of the free energy satisfies the following in-
equality: for all x > 0

P(JA—-Av(A)| > z) < 2exp (—;ZO (57)
The free energy is then a self averaging quantity, i.e.,
V(A) = Av(A?) — (Av(A))® < 4eB% (Al (58)
Proof. Consider an s > 0. By the Markov inequality, one has
P{A—Av(A) >z} = P{exp[s(A — Av(A))] > exp(sx)}

< Av(exp[s(A — Av(A))]) exp(—sz). (59)
To bound the generating function
Av (exp[s(A — Av(A))]) (60)

one introduces, for a parameter t € [0, 1], the following interpolating function:

o(t) = InAvi{exp(s Avo{ln Z(t)})} , (61)
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where Avi{—} and Ava{—} denote expectation with respect to two independent
copies X1 (o) and X5 (o) of the random variable X (¢), which is a centered Gaussian
process with the same covariance as the Hamiltonian Hy (o), and the partition
function Z(t) is

(t) = Z o~ BVIX1(0)=pVI=tX2(0)=BBA(0) (62)
[A=PIIN

Indeed, since Hp(o) = X (o) 4+ Ba(o), it is immediate to verify (see Definition
(19)) that

¢(0) = s Av(A) , (63)
and
$(1) = InAv(e® ). (64)
This implies that
Av(exp[s(A — Av(A))]) = e?D =0 — ¢l (D1, (65)

On the other hand, the derivative with respect to ¢ can be easily bounded. Defining

K(t) = exp(s Ava{ln Z(t)}) (66)
and
o BVEX1(0)—Bv1-tX2(0)—BBa(0)
r'(o) = o (67)
one has
Avi< K(t) s Avy to) | - X1 (0) — —— X5(o
o {K@ s A, v [sxi0) - 60 )

AV1{K(t>}

Applying the integration by parts formula (50), a simple computation gives

ZAvl{ ) Ava{p ()% Xl(o—)}}
- SZAVI{ 1 Calo.) Anlp' (1)} Av{p'(0)}}

+ Avy {K(t) sz{ch(U’U)pt(U)}}
— Avy {K(t) sz{ZCA(O’, T)pt(o')pt(T))}}
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and

Avq {K(t) AVQ{Zpt(U)\/lli_t Xz(a)}}
= Avy {K(t) AVQ{ZC(O', J)Apt(a)}}

— Avy {K(t) AVQ{ZC(O', T)Apt(O')pt(T))}} )

Taking the difference of the previous two expressions one finds
52 Y0 AVL{K(t) Cao,7) Ava{p'(T)} Ava{p'(0)}}

1) —
Using the thermodynamic stability condition (16), this yields
2
s
[¢'(6)] < S 1Ale (70)
from which it follows
2
Av(exp[s(A — Av(A))]) < exp <%A|C> . (71)

Inserting this bound into the inequality (59) and optimizing over s one finally

obtains )

P(A—Av(A) > 1) < exp (-ﬁ) (72)

The proof of inequality (57) is completed by observing that one can repeat a
similar computation for P (A — Av(A) < —z). The result for the variance (58) is
then immediately proved using the identity

Av((A—Av(A))?) = 2/000 z P(JA = Av(A)| > z)dz. (73)

O

Lemma 4.5. The internal energy is self averaging almost everywhere in 3, i.e.,
defining u = U/|A| and V (u) = Av(u?) — (Av(u))? it holds in the thermodynamic
limat
B2
V(uw)ds — 0. (74)
B1

Proof. The result is obtained in two steps which use general theorems of measure
theory. First from Lemma 4.4 we obtain the convergence to zero almost everywhere
(in B) of the variance of the internal energy, then thanks to a bound on the variance
of the internal energy we apply the Lebesgue dominated convergence theorem
which gives the lemma statement. The sequence of convex functions A(3)/|A]
converges a.e. (in J) to the limiting value a(5) of its average and the convergence
is self averaging in the sense of Lemma 4.4. By general convexity arguments [22]
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it follows that the sequence of the derivatives A’(3)/|A| converges to u(5) = a’(5)
almost everywhere in § and also that the convergence is self averaging. In fact
the vanishing of the variance of a sequence of convex functions is inherited, in
all points in which the derivative exists (which is almost everywhere for a convex
function), to the sequence of its derivatives (see [23, 19]). From Lemma 4.4 we
have then

V(u) — 0 p[-ae. (75)
In order to obtain the convergence in (-average we use the Lebesgue dominated
convergence theorem. In fact we prove that the sequence of variances of u is uni-
formly bounded (in every interval [3;, 82]) by an integrable function of 3. A lengthy
but simple computation which uses again integration by parts gives

Av(U?) :Av( Z JXJYQ(UX)Q(UY)>

X,YCA
Z Lx py Q(ox )2 Z 5% (0x)
X,YCA XcA
+28 > pxdy [Qoxoy)Qoy) + Qox) — 22(0x)2 (0y)]
X,YCA
+82 ) 0X0PAV[1 - Q%(0x) — Q(oy) + 60%(0x )% (o)
X,YCA
—69(0x)9(0y)9(0)(0'y) +Q2(O'Xdy)] (76)
from which
V(u) < |A|T2AVU?) < (2448 +1457). (77)
From this follows (74). O

Lemma 4.6. For every bounded observable G, see Definition 10 of Section 2, we
have that for every interval [51, B2] in the thermodynamic limit

B2
/ 16,G] 3 = 0. (78)
Proof. From the definition of §>G, Eq. (39), we have
B2 B2 R
161 < [ 7Y Av(@1k(e)IRIG) - Av(@inO)) Av@iGh |5 (19
B JCE E——
B2 R
< [T Vnv(@iiie ) - (av(@lne0)) s (50)
1 =1
<n(” Vs (81)

< R — B / w)dg, (82)
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where (79) follows from triangular inequality, (80) is obtained by applying the
Schwarz inequality to the measure Av( ) and boundedness of G, (82) is Jensen

inequality on the measure 5 ﬁ [3 —)dg. The statement (78) follows then using
the result of the previous lemma. O

Lemma 4.7. The following expression holds:

R
02G =Y ((mr1G) — (mu) (G)) (83)
=1
R+1
- ﬁR[Z (Gar, r1) — (R+1)(Gqre1, re2) — (G) ((q1,1) — <Q1,2>)] :
k=1

Proof. In order to obtain d2G we are left with the explicit evaluation of the other
term in (39) which simply gives

Av(Qh(e®))) AV(Q(G) Av< > Halo )) (@)
o)
— Av O v (o™ dpl (o)
A (; (o) pa >) )+ A (;Z o) §RT) ()
= (mu) (G) = B (G) [{g1,1) — {q1.2)]- (84)
Inserting (56) and (84) in Eq. (39) and summing over | we obtain (83). O

4.3. Vanishing fluctuations of the generalized magnetization

Lemma 4.8. For every interval [u1, u2], in the thermodynamic limit
H2 5 9
[ dutm?) = m*) = (85)
M1

Proof. The proof that the generalized magnetization has vanishing fluctuation
follows the strategy that has been pursued so far to control fluctuations of the
internal energy. We have

(m?) = (m)* = Av(Q(ba(0)?) — ((ba(0))?) (86)
+AV((Qba(0))?) = (Av(Q(ba(0))))” (87)

and we observe that generalized magnetization is related to the pressure by

7 (ff) AT (Z“X”XFH SONG)E (38)

XeA
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The fluctuations w.r.t. the Gibbs state (r.h.s. of Eq. (86)) are easily controlled by
a stochastic stability argument:

[ aume(@0a ) - @0 (0)?)

- ) w s A2 E00a(0) (59)

ma where the right-hand side can be bounded, integrating by parts in u, by
B713(n2 — ).

The fluctuations w.r.t. the disorder (Eq. (87)) are bounded by the same
argument of Lemma 4.5. Indeed from self-averaging of the pressure per particle

A> c
Vi ) £ ———0,
(lA ~ A

and convexity of finite volume pressure

82A

2]~ ARA©)) = (2(ba(0))*] 2 0

one deduces that also the sequence of derivatives (88) is self-averaging in u-average.
Hence

/f dpt [AV((©(0a(0))%) = (Av(Qba(0)))?]

[ ()

Combining together (89) and (90) completes the proof of the lemma. O

4.4. Nishimori manifold

Our strategy here is to prove the vanishing of fluctuations of the Hamiltonian per
particle h(o). This implies, following the same reasoning of the previous sections,
the vanishing of correlations with a generic bounded function G using the Schwarz
inequality:

[(AG) — (1) (G) | <\ (h2) — (1 /(62 — (@) (91)
Lemma 4.9. On the Nishimori manifold
jx = B6% (92)

the random internal energy per particle is selfaveraging. More precisely the follow-
ing result holds:

B

(W) = (n)* < (93)

=
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Proof. This is proved by an explicit computation of both terms in formula (93).
Let us first consider Av (Q(Jxox)). We first write the definition explicitly:

AV(Q(JXU)())
:/jo H<djy¢_ Sy eXp(_(JY;é;Y)?))'Zoﬁj]jzgzei%;faz. (94)

We apply the gauge transformation

Ix — Ix7x, 05— 04T,

for all € A and X C A, where 7; is a ‘gauge’ variable fixed to 1 or —1 at each
i € X and 7x = [[,cx 7i- This change of variables leaves the integral and sums in
the above equation invariant. Then, only the Jy in the exponent for the Gaussian
weight changes:

A"(Q(JX"X)) (95)
_ > (Jyty — py )? > JxoxePXzlzoz
- /_ H(djy \/_5 eXp(‘ 262, )) TS I, Tz

-/ (G e~ 1)

ex (Z JYMYTY) X, Ixoxe’rz 2o
P 62 S, efX s Jz0z

Y

Since this expression holds for any assignment of +1 to 7;, we may sum it up over
all possible {r;}; and divide the result by 2/AI,

AV(Q(JXJX)) (96)
S ()

Ea Jxo'XeﬁZZ Jz0z
’ Zoeﬂzz Jzoz

The sum over 7 and the sum over ¢ in the denominator cancel each other for NL
(B = py /6% ), and we have a simplified expression

AV(Q(JXUX)) (97)
= [T s e (T )) S e B

1 J? +M2 52

= — dJy exp(—iy Y))Jxaxe Yz Jz0212/07
9lA] Z/ ,/—5Y 252
o X vy Y
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For given {o;};, let us change the integral variable as Jy — Jyoy. Then o disap-
pears completely and the integral is just for the average of Jx

Av (Q(JXJX))

1 o J2 + 2
= 51 2 / (G = oz eXp<_ Yo ) Jxe Be Tl
p —00 Ty Y Y

1 o 1 (Jx — px)?
olAl / _Ux = px)”
= 9l W e T eXp( 262 )
= AV(J)() (98)

From the previous computation we obtain the final result for the quenched internal
energy on the NL:

Av (Q(HA(J))) = Av (Q (2}; JXUX>> = Av (; JX> = g”x' (99)

The other term in the variance (93) is evaluated similarly:

Av(Q(Ha(0)?)) = Av (Q (Z JXJYOXUY>>

XY

= AV(Z JXJy>

XY

= Z MXMY+Z (W% +0%)

XAY
= Z KXy + Z 5% (100)

Therefore, using (99) and (100) in the expression for the variance of h one finds

<h<a>2>—<h<a>>2—WAv(MHA(a)?)) W{AV( (HA(0))))?

E
E <
‘ |2 5X (101)

O
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Self-averaging Identities for
Random Spin Systems

Luca De Sanctis and Silvio Franz

Abstract. We provide a systematic treatment of self-averaging identities,
whose validity is proven in integral average, for dilute spin glasses. The method
is quite general, and as a special case recovers the Ghirlanda—Guerra iden-
tities, which are therefore proven, together with their extension, to be valid
in dilute spin glasses. We focus on dilute spin glasses, but the results hold in
all models enjoying stability with respect to the perturbations we introduce;
although such a stability is believed to hold for several models, we do not
classify them here.

Mathematics Subject Classification (2000). 82B44; 82B20.

Keywords. Diluted spin glasses, Ghirlanda—Guerra, self-averaging

1. Introduction

Despite many years of intense work, and the much awaited proof of the validity
of the Parisi ansatz for the free-energy of the Sherrington—Kirkpatrick (SK) and
related models, the mathematical comprehension of the thermodynamics of mean
field spin glasses remains largely incomplete. We know from theoretical physics
that in fully connected models all the properties of the low temperature spin glass
phase can be encoded in the probability distribution of the overlap between two
different copies of the system. The analysis of Parisi et al. predicts an ultrametric
organization of the phases (see [12] and references therein). So far a rigorous proof
(or disproof) of ultrametricity and, more in general, the analysis of the structure
of Gibbs measures at low temperature, turned out to be a very difficult task. A
step in this direction was performed by Ghirlanda and Guerra in [8]. They found
a simple and elegant way, based on the self-averaging of the internal energy, to
prove a remarkable property of the overlaps. Given s replicas, the Gibbs measure
must be such that when one adds a further replica this is either identical to one
of these, or statistically independent of them; each case occurring with the same
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probability. More generally, various constraints on the distribution of the different
overlaps have been found in the same spirit [2, 14]. Such features have found several
applications [16, 4] in the rigorous analysis of spin glass models. For example, the
property of non-negativity of the overlap, which in some models plays a role in
turning the cavity free-energy into a rigorous lower bound, turns out to be a
consequence of the Ghirlanda—Guerra self-averaging identities [16]. In the same
way these identities have a role in the rigorous analysis of spin glasses close to the
critical temperature [1].

In more general spin-glass systems, like finite-dimensional systems or spin
systems on random graphs, the statistics of the overlap is not enough to fully
characterize the low temperature spin glass phase. For instance, in diluted models
the statistics of the local cavity fields, or equivalently of all the multi-overlaps,
is necessary to describe the low temperature thermodynamic properties. In this
paper, we analyse two families of identities for the local fields and multi-overlap
distributions that are a consequence of self-averaging relations. We will see that
the first of the two families is a consequence of the self-averaging with respect to
the Gibbs measure or, equivalently, of stochastic stability, as the two phenomena
turn out to be equivalent. The other family of identities is instead a consequence
of self-averaging with respect to the global measure (quenched after Gibbs). The
second family contains the first. The form of the identities we obtain is due only
to the form of the perturbations we introduce and does not depend on the specific
form of the Hamiltonian. However, the self-averaging at the basis of the results
does not necessarily hold for all Hamiltonians. So we will stick with the case
of dilute spin glass (Viana—Bray model) for which the self-averaging is assured,
but our method shows that the same identities we find hold whenever the self-
averaging is true. We do not provide a classification of all the models exhibiting
self-averaging when perturbed. A second reason to use the example of spin models
on sparse random graphs (dilute spin glass models) is that we expect that our
results could provide hints for progresses in the mathematical analysis of the low
temperature phases. Diluted mean field spin glasses have, in recent time, attracted
a lot of attention in statistical physics due to the intrinsic interest of spin glasses
where each spin interacts with a finite number of variables, but more importantly
because fundamental problems in computer science, such as the random K-SAT
and graph coloring, the random X-OR-SAT, tree reconstruction [11] and others,
admit a formulation in terms of spin glass systems on random graphs. The cavity
approach to these problems has led in many cases to results believed to be exact,
albeit for the moment several rigorous proofs are still lacking.

One of the two families of the identities that we will find appeared already
in [7] to discuss free energy bounds in diluted models with non-Poissonian con-
nectivity. In [7] such a family of identities was shown to be a consequence of self-
averaging of certain random polynomial function of some spins variables, and the
self-averaging was deduced from the convexity of the perturbed free energy. Here
we re-derive this family of identities with a different strategy, employing stochastic
stability of the free energy with respect to suitable perturbations of the Hamilton-
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ian, and we show that the stability implies self-averaging. The use of stochastic
stability makes our results valid even when a measure different from the Gibbs one
is considered, provided certain conditions hold (we will briefly hint at this when in-
troducing Random Multi-Overlap Structures). Moreover, our method shows that
the constraints we find are valid whenever stochastic stability or self-averaging
hold, whichever turns out to be easier to study, and in the physics literature many
models have been investigated from at least one of the two points of view. We
also exhibit a second family of new identities, which contains the first family and
follows from the self-averaging with respect to the quenched expectation.

For both families we will start with the two-spin model, perturbed with a
two-spin random field. This provides identities involving squared overlaps. The
same identical method, reproduced for generic p-spin interactions, yields the same
identities involving the pth power of the overlaps. Therefore, considering Hamil-
tonians and perturbations with all p-spin interactions we will conclude that the
identities hold for all regular functions of the overlaps.

Let us stress here that the basic tool we employ is the introduction of suit-
able perturbations, such that the pressure (minus the free energy divided by the
temperature) is convex in all the perturbing parameters. This guarantees the ex-
istence of the derivatives with respect to the perturbing parameters only almost
everywhere. Therefore the relations we find are valid only when one integrates
(with Lebesgue measure) back against the perturbing parameters over any given
intervals. We summarize this by recalling that our relations hold in “integral av-
erage”.

2. The notations

We will deal with the stereotypical dilute spin glass model, the Viana—Bray (VB),
for which we are about to describe the notations we need to derive our results in the
next two sections. Let «, 8 be non-negative real numbers (degree of connectivity
and inverse temperature respectively); Pr be a Poisson random variable of mean (;
{iv},{Jjv}, etc. be independent identically distributed random variables, uniformly
distributed over the points {1,...,N}; {J,},J, etc. be independent identically
distributed random variables, with symmetric distribution; 7 be the set of all the
quenched random variables above. The map o: i — o, i € {1,...,N} is a spin
configuration from the configuration space ¥ = {—1,1}"; 7¢(+) is the Poisson
measure of mean (. The Hamiltonian of the Viana—Bray model is defined as

Pon

Hy(o,00) = — Z Jy0oi, 05, . (1)
v=1

We will limit to the case J = %1, without loss of generality [10]. We follow the
usual basic definitions and notations of thermodynamics for the partition function
Zn, the pressure py, the free energy per site fy and its thermodynamic limit f,
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so to have in general

Zn(B,0) = Z(Hy; B,05T) = Y exp(—BHy (0,05 7)), (2)
{o}
P (5,0) = ~Bfn(5,0) = LE Zn(8,0) "

f(3.0) = Jim fu(B.a).

The Boltzmann—Gibbs average of an observable O: ¥ — R is

Q0) = Zn(B, ;7)Y O(0) exp(—BHn (0,05 7)), (4)
{o}

and (O) = EQ(O) is the global average, where E denotes the average with respect
to the quenched variables. When dealing with more than one configuration, we
need the product measure of the needed copies of €2, which will be denoted again

by €.
The multi-overlaps g1 m: ™ — [—1,1], where we use the notation X" =
YW x ... x B among the “replicas” (1) 5 o) %) 5 50m) s defined by

1
iy = 3 Zaz(h) .. .az(m,,) 7 (5)
i=1
but sometimes we will just write ¢,; ¢1 can be identified with the magnetization m
1N
m = N Z g; .
i=1
Note that
E[Q(0:,)]*" = (q1,....2n)
(6)
EQ(03,) = EQ(m) = (m),
and that
EQ(os, -0, )17 = (a} . 2n),
[, DT = A1 on) )

for all integers n and p.

3. Stochastic stability and self-averaging of the Gibbs measure

In the study of finite connectivity models it emerged that in a suitable probability
space it is possible to formulate an exact variational principle for the computation
of the free energy. This was obtained with the introduction of Random Multi-
Overlap Structures (RaMOSt). We refer to [6] for details. The RaMOSt approach
is based on the use of generic random weights to average the “cavity” part and
the relative “internal correction” in the free energy (these are the numerator and
the denominator of the trial free energy G introduced in (10). See [6] for details).
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Here we are not interested in a detailed discussion of the RaMOSt approach, but
we study the effect of a perturbation to the measure of our model, which does
not need to be the Gibbs measure. That is why we introduce this more general
weighting scheme, although the reader may keep in mind the Gibbs measure as a
guiding example.

3.1. Random multi-overlap structures

The proper framework for the calculation of the free energy per spin is that of the
Random Multi-Overlap Structures (RaMOSt, see [6] for more details).

Definition 3.1. Given a probability space {Q, u(dw)}, a Random Multi-Overlap
Structure R is a triple (2, {Gan}, €) where
e ¥ is a discrete space;
¢ (Y — R is a system of random weights, such that Zvei &, < oo p-almost
surely;
e Gon: 22" R, n € N is a positive semi-definite Multi-Overlap Kernel (equal
to 1 on the diagonal of ¥2", so that by the Schwarz inequality |§| < 1).

A RaMOSt needs to be equipped with N independent copies of a random
field {h? (c; J) N, and with another random field H.(aN;J’) such that

LRI Y & exp(- 00 (0: 7)) =23 o tanh™ (B)(1 (@), ()

~eSs n>0
IS & exp(—HL (aN; ) = Y oo tanh® (@)1 - (@) ©)
~eSs n>0

The quenched variables in h and H are independent one another and independent
of those in the weights £. These two fields just introduced are employed in the
definition of the trial pressure

N ~ . ~
1 - &y exp(— g P (o T)oy
Ry = L Srr (AT (0. D))
N Zv &y exp(—=BH, (aN; J))
Notice that the expectation (- ) here is not necessarily the quenched Gibbs one: it
is the generic one of the RaMOSt.

The reason why this is the proper framework for the calculation of the free
energy is explained by the next [6]

(10)

Theorem 3.1 (Extended Variational Principle). Taking the infimum for each N
separately of the trial function Gn(R; [, «) over the space of all RaMOSt’s, the
resulting sequence tends to the limiting pressure —(Bf (8, «) of the VB model as N
tends to infinity:

~Bf(5.0) = Jim_inf G (R; 5,0). (11)
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A RaMOSt R is said to be optimal if G(R;8,a) = —8f(8,«a) for all 5, «
Recall that we denote by €2 the measure associated to the RaMOSt weights &.

The Boltzmann RaMOSt [6] is optimal, and constructed by thinking of a
reservoir of M spins 7

E:{—]_,l}MBT, gT:eXp(_/BHM(’T?avj))a

Z MOppCD

with
Poq Pon

hi(a,J) = ZJT,CL H,(aN,J') ZJTleV,

with J, J all independent copies of J, and with the random site variables k,, [,
all mutually independent and uniformly distributed over {1,...M}.

Let ¢; = 2cosh(Bhi (a, J)). It is possible to show [6] that optimal RaMOSt’s
enjoy the same factorization property enjoyed by the Boltzmann RaMOSt and
described in the next theorem.

Theorem 3.2 (Factorization of optimal RaMOSt’s, [6]). The following Cesaro limit
is linear in N and &

Climy; EIn Qas{es - - - en exp[—BH,(a, T')]} = N(=Sf + ad) + aA, (12)

where

A=Y Bl (B0 - (). (13)

n=1
and the equality holds in integral average, i.e., once both sides are integrated against
« over any given interval.

This factorization property is called invariance with respect to the cavity step,
or Quasi-Stationarity, and it is found in the hierarchical Parisi ansatz as well.
When & is zero, the theorem above states the factorization of the cavity fields,
and it is possible to show that from this property one can deduce the family of
identities we will discuss in the next Subsection [3]. When one removes instead the
cavity terms ¢y, ..., cy from the previous theorem, the statement becomes what is
usually referred to as Stochastic Stability. We will show that the latter too implies
the same family of identities. We will have in mind the case of a small perturbation
of our spin system, but what we find holds for more general RaMOSt’s, provided
the previous theorem holds, that is for Quasi-Stationary RaMOSt’s.

3.2. The first family of identities

We will now prove a lemma that expresses the stability of the Gibbs measure of our
model against a macroscopic but small stochastic perturbation. In different terms,
the lemma expresses the linear response of the free energy to the connectivity shift
the perturbation consists of. The lemma we are about to prove will be used to show
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that from stochastic stability one can deduce a certain self-averaging which in turn
imposes a family of constraints on the distribution of the overlaps.

Lemma 3.1. Let Q, (-) be the usual infinite volume Gibbs and quenched Gibbs ex-
pectations at inverse temperature [3, associated with the Hamiltonian Hy (o, a; J),

N — oo. Then the following equality (understood to be in the thermodynamic limit)
holds

Pa’

o0
1 2
ElnQexp <ﬁ’ > J;ai,yaj;> =a ) 5 tanh®" (#)(1 - @), (14)
v=1 n=1

in integral average with respect to the degree of connectivity. The random variables
P {J}, {il}, {Jj.} are independent copies of the analogous random variables in
the Hamiltonian contained in Q.

Notice that, in distribution

Pan Pyntar

ﬁz Jyoi, 05, + ZJ/O'y o~ 3 Z Joi, 05, (15)

where {J/'} are independent copies of J with probability aN/(aN + o) and in-
dependent copies of J3'/3 with probability o’/(aN + ). In the right-hand side
above, the quenched random variables will be collectively denoted by J”. Notice
also that the sum of Poisson random variables is a Poisson random variable with
mean equal to the sum of the means, and hence we can write

Py

Zn(a; T")
A, =ElnQe 'S Ty ‘/>:E1n7’, 16
t Xp (ﬂ 2 vOi, 0j, Zn(o; ) (16)
where we defined, for ¢ € [0, 1],
—a+d = (17)
@ =ata

so that oy — a Vit as N — oco.

Proof. Let us compute the ¢-derivative of Ay, as defined in (16)

—At Z az 7To¢’t )aneXp <ﬁ/i1 Jl/,O'i,//O'j/V> . (18)

Using the following elementary property of the Poisson measure

d

g e (m) = ((meg(m — 1) = me (m)) (19)
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we get

—At —QEZ 7Ta/t —]. —wa/t(m)] anexp<ﬁ/ZJ,'/ai/yaj/y>
o v=1
Py
= a/E anexp(ﬂ/J'U%ﬂUﬂn) exp (ﬂ/ Z Jl/,O'i,//O'j/V>
o v=1
Py
- a/Eanexp (ﬂ/ Z J;J%le/l>
o v=1
=d'ElnQyexp(3'J oy o1 ),

where the average ); is associated with the Hamiltonian plus the t-dependent
weights in the exponential in (16). Now use the following identity

exp(B'J'o;0;) = cosh(B'J') + 0,0 sinh(5'J")
to get
%At — &/Eln Qyfeosh(5'J)(1 + tanh(8'T Yoy a0 ). (20)

We now expand the logarithm in power series and see that, when N — oo, as
a; — « the result does not depend on ¢, wherever the expectation €2; is continuous
as a function of the parameter ¢. From the comments that preceded the current
proof, formalized in (15)—(16)—(17), this is the same as assuming that  is regular
as a function of «, because J” — J in the sense that in the large N limit J”
can only take the usual values +1 since the probability of being +(3'/3 becomes
zero. Therefore integrating against ¢ from 0 to 1 is the same as multiplying by 1.
Due to the symmetric distribution of .J, the expansion of the logarithm yields the
right-hand side of (14), where the odd powers are missing. O

Notice that the left-hand side of (14) can be written, according to our no-
tations, ElnQexp(—F H,(a/,J")). We want now to consider the statement of
Lemma 3.1 in the case of two independent perturbations, assuming we are always
in the thermodynamic limit. The consequent generalization obtained by using twice
the fundamental theorem of calculus simply gives (in integral average)

EIn Qlexp(— 51 Hy (a3 T{) — G5 Ho (s T3))] = (o} + ab) A, (21)

where A again does not depend, in the thermodynamic limit, on o}, a), and has
the same form as the right-hand side of (14) although the explicit form of A is not
important here. In the equation above, assumed to be taken in the thermodynamic
limit, 2 is the Gibbs measure associated with the unperturbed Hamiltonian of the
original model, and the same holds for the averages appearing in A, just like in
the previous lemma. Clearly at this point we have

2

/ /
Oa 0ary

E1n Qfexp(— 61 o (s T — ﬁéf{a(aé;jé))}:
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whenever the derivatives exist, i.e., with the possible exception of a zero measure
set, by convexity. A simple computation yields
82

G o, B P (=1 Ho (0 TY) — By Ho (03 J3))] = 0
=En¢ [exp(ﬂill J{Uh Ojq + ﬂé‘]éazz aj2]
—Eln Q' [exp(8) J104, 0, )]Q [exp(85 T30, 07, )]

Every time a derivative with respect to a perturbing parameter is taken, the rela-
tive perturbation is added to the weights of the measure €2, which hence is replaced
by a perturbed measure denoted by €. If the perturbation is small (like in our
case, as explained in the previous lemma) it disappears from the measure in the
thermodynamic limit. Recall that this holds with the usual limitation, i.e., only in
integral average, because each derivative exists only almost everywhere, and mean-
ingful equalities are hence proven only under integration over any given interval.
Hence both in the equation above and in the next calculation g7, 3} are not in the
measure (), and we get
02
——— REInWexp(B8,J|0s,04, + B5J50:,0;
a(ﬁijl)a(ﬁéJQ) [ p(ﬁl 1YY ﬁ? 2% 12 jz}
= EQH(UHUJ&) - EQI/(ail)Ql/(ajl) =0, (22)

again in integral average with respect to all the parameters o, ob, 51, 35. These
new derivatives with respect to (7, 55 again introduce further perturbations in the
weights, which is why we used the notation 2, but as usual in the thermodynamic
limit they vanish (in integral average). The first line of (22) gives us the generator
of a family of relations that we will obtain by means of an expansion in powers of
B4, 5. The second line of the equation formulates the self-averaging (with respect
to the Gibbs measure) implied by stochastic stability.

So we proceed starting from the next lemma and the next theorem, summa-
rizing what we just discussed. We want here to remind ourselves of the presence
of the perturbations, vanishing only in the thermodynamic limit and only with
probability one in the space of all parameters, by denoting any perturbed Gibbs
expectation with €, independently of the perturbations.

Lemma 3.2. Let Q' be the Gibbs measure including two independent perturbations
of the form
P,
Hy(o/;J') =Y J,oi,05,
v=1

with parameters o), oy, By, 8% like in (21). Then, recalling that m is the magneti-
zation, the following self-averaging (with respect to the Gibbs measure) identity

E{Q'(m?) — ['(m)*} =0 (23)

holds in the thermodynamic limit in integral average with respect to the perturbing
parameters oy, oy, 51, 3.
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We will see again that in the first line of equation (22) the expression remains
zero even without the derivative. In fact, the generator of the identities we want
to prove is expressed in the following

Theorem 3.3. In the thermodynamic limit the following identity holds
Eln Q' (exp(B1 104,05, + B5J50:,04,)) (24)
=EIn Q' (exp(B;J10i,0j,)) + EIn Q' (exp(85J50:,05,)) ,
in integral average with respect to ofy, oy, 57, B5.

The relations we will derive are a simple consequence of this theorem, and
fomalized in the next

Corollary 3.1. In the thermodynamic limit, in integral average with respect to the
perturbing parameters oy, oy, 81, By, we have

min{r,s}

ar1 2r4+2s—a—1)!
Z (_) i a'(27‘ — a) (23 ) <qgrq%s>:1 =0V s e N7
a=0 :

where the subscript a in the global average {(-)!, = EQ. means that precisely a
replicas are in common among those in qa, and those in qos.

Proof. The following shorthand will be employed
ti = tanh(8]J]), t2 = tanh(53J3),
N =D(04,05,), Q2=Q(0,,05), Q2=0(0i,05,0i,0),)
and
W= Q/(exp(ﬁiJ{UhO’jl + ﬁéJéaizajz)) .
Observe that, if we let § = 1,2,

0 0
=(1-8)—. 25
Now,
InW = hl(l + tlﬂl + tQQQ + tltgglg) + In COShﬁJ{ + In cosh ﬁjé
and

In ( + 1101 + t2Qs + t1t2912)

o n l n
-y EE ( ) (7;) (T Oy gy
=

n=1 0 m=0

n+1 (ﬂ - 1) tn—l—&-mtg—vaanlz—mQ;Lz—l )

(n =D —m)m! !

The derivatives in (22) kill the two terms with the hyperbolic cosines, and from
(25) we know that we can replace the derivatives with respect to 8.J5 with the
derivatives with respect to ts, 6 = 1,2. Notice that the logarithm just expanded

n,l,m
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is zero for t; = 0 and for t; = 0, therefore as its derivative like in (22) is zero, the
logarithm itself is zero. This is why Theorem 3.3 holds, being (24) just the integral
of the second line in (22).

Thanks to (6), if we put

n—Il+m=r,n—m=s,n—-101=a

we get
min{r,s}

SR S (et e am Dl ey

P al(r —a)l(s —a)!

where, recall, (-), means that a replicas are in common among those in ¢, and
those in ¢s. Hence the statement of the theorem to be proven
min{2r,2s}
Z (=)ot (2r+2s—a—1)!
al(2r —a)!(2s — a)

2 2
| <q2rq2s>:1 =0 )

a=0 :
where only the terms with an even number of replicas in each overlap survive
because of the symmetry of the variables J;, J} in tq, t5. O

3.3. Generalization to smooth functions of multi-overlaps

The fact that in our formulas we always got the square power of the overlaps is due
to the fact that the Hamiltonian has 2-spin interactions. Everything we did so far
could then be reproduced in the case of p-spin interactions, and we would obtain
the same relations just derived, except the overlaps would appear with the power
p instead of 2. Clearly the perturbation needed in this case is a p-spin perturbation
too. More in general, we could consider a Hamiltonian consisting of the sum (over
p) of p-spin Hamiltonians for any integer p. Then we could perturb each of the
p-spin Hamiltonians with its proper small p-spin perturbation, and add all these
perturbations to the system. Clearly we have to make sure that all the terms in
this whole Hamiltonian are weighted with sufficiently small weights so to have the
necessary convergence. More explicitly, the perturbed Hamiltonian is

/()
P((f;\), Py
!/
Hy(o,05T0) = — E [ap E Juois o+ by E Juaji-~-aj5] ,
P v=1 v=1

where > la,|? = > |bp|?> = 1, the notation for all the quenched variables is the
usual one, and {),} are the independent perturbing real parameters.
It is not surprising then that we can state

Corollary 3.2. The following constraints hold in integral average with respect to
the set of all the perturbing parameters
min{2r,2s}
Z (=)ot (2r+2s—a—1)!
al(2r —a)!(2s — a)

(a5 =0 Vr,s,mmneN
a=0 :

in the thermodynamic limit.
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Again, this corollary can be seen as a consequence of a self-averaging property,
namely

EQ/(Uz} S OO Oyn) — E[Q/(Uii o )Y (o

j ji~-~aj?)}:0. (26)

Therefore we can replace each overlap by any smooth function of the relative
replicas in the statement of the corollaries.

As a last remark, notice that in [7] the strategy consisted of using the fact
that the second derivative of the free energy with respect to the “perturbing inverse
temperatures” (01, 35 in our case) is bounded to deduce self-averaging, and from
the latter the identities. Here we used the connectivity as opposed to the inverse
temperature to analyze stochastic stability, we then showed that the latter implies
the self-averaging of [7]. So we obtained a comparison between self-averaging and
stochastic stability (of a quite general validity), both providing a precious factor-
ization of the Gibbs measure, and we also obtained that if any of the two is given,
we know how to derive the same constraints.

4. Self-averaging of the quenched-Gibbs measure

Roughly speaking, if a convex random function does not fluctuate much, then
its derivative does not fluctuate much either, with the exception of bad cases.
This is well explained in Proposition 4.3 of [15] and Lemma 8.10 of [5]. We are
not interested in general theorems here, in our case the convex function is the
free energy density, and we only need to know that it is self-averaging (in the
sense that the random free energy density does not fluctuate around its quenched
expectation, in the thermodynamic limit). In the case of finite connectivity random
spin systems like the VB model, a detailed proof of this can be found in [10]. The
derivative of the free energy density (times —f3) with respect to —3 is, in full
generality, the expectation of the internal energy density uy = Hy/N. Like in [9]
and in Section 2 of [8], we have therefore this further self-averaging (in integral
average with respect to 3)

lim [{u) = (u)?] =0

N —oo

which implies (due to Schwarz inequality)

. (1) -
Jim (u6,) = lim (un)(o.) (27)
for any bounded function ¢, of s replicas, and ug\}) is the internal energy density

in the configuration space of the replica 1. More precisely, the spin-configuration
space is {—1,1}V = 3, and we consider a bounded function ¢, of s replicas, i.e.,
¢s: X% — R. The product space ¥* (“the space of the replicas”) is equipped with
the product Gibbs measure (“replica measure”) €, but the quenched variables are
the same in each factor of the product space, and this means that the measure
(-) =EQ(-) on the product space ¥? is not a product measure. So f](\,l) is the free
energy in the space which is the first factor in the product space ¥°. Notice that
3 has the cardinality of the continuum in the thermodynamic limit N — oo.
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Now we want to perturb the Hamiltonian

—BHN(0) — —BHN(0)+ [ Z J,oi 0
v=1
and consider the derivative with respect to the perturbing parameter, as we did in
the previous section in order to obtain an expansion in powers of 3’ with coefficients
not depending on 3 in the thermodynamic limit. As before, recall that we always
need to take derivatives (with respect to the inverse temperature this time), which
by convexity exist only almost everywhere, and therefore we will obtain equality
only integrating back over a given interval [16].
We are going to prove, first of all, the following theorem:

Theorem 4.1. For a given bounded function ¢s of s replicas, the following relation,
holding in integral average with respect to the inverse temperature 3, constrains
the distribution of the 4-overlap

2,5
s(s+ (s +2) s(s+1) 2
T«]l s+1,54+2, s+3¢8> - T Z<q%,a,s+1,s+2¢s>
2,s
+ SZ ql ,a,b, 9+1¢S - Z <qia,b,c¢8> = <q%234><¢8> .
a<b a<b<c

The proof is straightforward but long, and it will be splitted into several
steps.

Let us consider the right-hand side of (27). Put ¢ = tanh(3’), go = 1, and let
us just indicate the number of replicas in the overlaps, rather than denumerating
them all. The presence of the perturbation implies that the pressure and the free
energy are functions, py (5, 3',a) and fn (0,3, ) respectively, of both 8 and 3,
and recall also that according to our notations py (8, 3, a) = —ﬂfN(ﬁ, B, a). Let
us prove the next

Lemma 4.1. The derivative of the (perturbed) pressure pn (8,3, a) with respect
to the perturbing parameter 3 has the following form as a series in powers of
t = tanh(5’)

aﬂ’ﬁN(ﬂa ﬂ/aa) = _azt2n+1(<qgn> - <q5n+2>) . (28)
n=0
Proof. We have
Oppn(B,8,0) == > Tal(m) Y (JL0i,05)m == Y mma(m){J},0i 051 )m
m=1 v=1 m=1
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where the subscript m indicates that the variable P/ has been fixed to m. It is
easy to see that

Q(J,’nai;naj;n eXp(ﬁJ;nO'i;nO'j;n))mfl

J oi 0ir Vyu =E 29
Vi) Qexp(BT},0i,0j;,))m—1 29
Hence
- t+w
dapn (3,0, a) = —OéEJ/l T VS Qoir 041 ), (30)

according to the usual notations. Now a simple expansion (that we will explicitly
write in the next lemma) of (1 + tw)~! in powers of ¢ yields

Oppn (B, 0, 0) = —a Y " ((43,) — (@3ay2)) (31)
So the lemma is proven and we have an expression for the right-hand side of (27),

if we just multiply the average of the multi-overlaps by the average of ¢. O

Let us now consider the left-hand side of (27), recalling that ¢, is a function
of s replicas, that indices in the spins indicate which factor of the product space
3¢ (which replica) the spin belongs to, and that the energy density is assumed to
be taken in the first replica.

Lemma 4.2. Recalling that w = Qo o1 ), we have

(i bs) = —atE{Q [¢S(1+J’t oM ol)

<1+J/Za(a) (a) t+Za(“) Q) (a) (iz)tz

a<b
g Z PP RO RO )}
a<b<c
X (1—J’stw+ (;1) J’—(s+13)'(8+2)t3 3
o ot 2><543>t4w4_...)}.

Proof. From the proof of the previous lemma, in particular equations (29)—(30),
and by definition of replica measure, we immediately get

Qo ol exp(BT (o)) of) + -+ 0()al))e,]

(1) — _aF J1 J1 32
u s (67 )
() O (exp(3T'04,3,)) 2
which we rewrite as
Q1+ St o Vol) 1+ J'to{a\")g,
WD) = —aEt [( O o= )bs] (33)

(1 + J'tw)*
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Let us write explicitly the power expansion of the denominator, which we omitted
in the previous lemma

1 _ / (+1)22

(o4 D+ 2) 5 S D+ D64 00

!
-7 3! 4!

It is also clear that

S

H(l—i—Jta(aa —1+J/ZU t+2021 z(f) J(f J(f)t2

a=2 a<b
+J Z a(a)a(b U(C)a(a)aj(f)a(r:)ts 4.
a<b<c
Gathering all the ingredients completes the proof of the lemma. O

We are now able to compare the two sides of (27), and see what the self-
averaging of the internal energy density in the thermodynamic limit brings.
Equating the expressions computed in the last two lemmas gives

th” (a3,) = (aBas2))(65) = E{ @01+ gt 10 Dol))

(1 +J/Za(a) () t+za( )a(b)aj(a)a(b)

a<b
" Z o_(a)o_(b O'(C)O'(a)U() (.f)t?’
a<b<ec
R ,]/Sfltsfla(z) o U“@) j(f) . Ug(‘f)>]
(1=t gt -y G R
3(5—!—1)(54—1— 2)(s+3)t4w4 _ )} (34)

The equality holds for any smooth function ¢, (typical interesting information is
obtained for ¢s = 1 or ¢s—2, = ¢3,), 50 that we get equalities between expressions
involving averages of (squared) overlaps.
Let us see in detail what information we can get from the lowest orders.
Denote by E(-|As) the conditional expectation with respect to the sigma-
algebra A, generated by the overlaps of s replicas. Let us show that the usual [8]
Ghirlanda—Guerra identities for the overlap hold in our quite general case too:
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Proposition 4.1. The Ghirlanda—Guerra relation holds

]E(qg,s+1|As) Q12 Z dab (35)
b#a

in integral average with respect to the inverse temperature 3.

Proof. In the expansion (34), where only the terms of even order survive due to
the symmetry of the variables J, at the lowest order in ¢ one gets

(bs) — (a3a)(Ds) = (6s) — SE[w(0) o' D ywep,] +ZE ottt Voleg,]

= <¢S> - s<qis+1¢8> + Z<q%a¢8> )

which is precisely what is stated in (35), (see [16]), immediately completing the
proof of the proposition. |

So the usual Ghirlanda—Guerra identities for 2-overlaps are recovered and
proven to hold in dilute spin glasses too.
At the next order we get instead

(d30) (6) — (aasn){e) = Daat) + O (a2, o)
a<b ’

1 2
- SZ Qa €+1¢S L.(SHQh s+1,542, s+3Ps)

2,8

+1 2
+ 8(82' ) Z<qia,s+1,s+2¢ Z ql ,a,b, 9+1¢ Z <qia7b’c¢s> - (36)

a a<b a<b<c

Now consider the four 2-overlaps terms. A simple generalization of the usual
Ghirlanda—Guerra relations [8] to the case when two replicas are added to a pre-
viously assigned set of other replicas, tells us that these terms cancel out. Let us
check that explicitly.

Corollary 4.1. Relation (35) implies

2 2
2 2 2
E(qs+1,s+2“’48) ~ 1<(J12> + s(s+1) a§<bqabv (37)

under the same conditions, i.e., in integral average with respect to 3.

Proof. Let us re-write (35) in the case of s + 1 given replicas

1
E(q§+1,s+2|~’45+1) = s+l (J12 s+1 Z% s+1-



Self-averaging Identities for Random Spin Systems 139

Now use
E(E(- [As+1)As) = E(- | A4s) (38)
to get
1 1 &
2 2 2
E(q541,5121As) = m@m) + st 1 zb:E(Qb,sH\As)
1 1 1,s 1,s
_ 2
= m@lz) + st (4i) ZZ%C
b c#b
That is
B(2 1 asabds) = — () + —— 32 (39)
s+1,542 S s +1 12 S(S ¥ 1) ~ ab
which is what we wanted to prove. O

Proof of Theorem 4.1 (end). Now with (35) and (37) in our hands, let us take the
three 2-overlap terms in the right-hand side of (36)

(s+1)

B <qs+1 s+2¢s> = 3<Q12 (bs) + Z Qab¢s )

a<b

2,s 1,s
-8 Z<qg,s+l¢s> ==s Z<qg,s+l¢s> + S<q%,s+1¢s>
a a

1,s 1,s 2,s
q12 Z Z qab¢8 q12><¢8> + Z<q%a¢s> ’
a b#a a
2,5 1,s 2,8
Z<q121b¢s> = Z<q121b¢s> - Z<q%a¢s> :
a<b a<b a

The sum of these three terms clearly reduces to (g35)(ds), which is precisely what
we find in the left-hand side of (36). The 2-overlap terms thus cancel out from
(36). We are hence left with a new relation for 4-overlaps:

s(s+1)(s+2)

2,5
s(s+1) ¢
<q1 ,s+1,54+2, s+3¢8> - 91 Z<q%,a,s+1,s+2¢s>

3!
' 2,5
+s Z (@ apst10s) = (Goza)(¢s) + Z (43 ap,cs)
a<b a<b<c
and the proof of Theorem 4.1 is now complete. O

We report for the sake of completeness the general expression of the generic
order in the power series expansion (34). From the explicit calculation in Lemma 4.2



140 L. De Sanctis and S. Franz

we get

<q§n> <¢S> - <q§n+2> <¢S>

DD ol SR e
m=2n—s+1 =0 a1 <---<ay m

X ]E[wmﬂ(gbsafll .- -Ufl’ 0?11 . 'U?ll )02, m+1

2n+1 —1 2,5
. 3 m(s+m-+1
LD DD DR B C Ll L
m=2n—s+2 [=0 a1 <---<ay
m ap al ap
[ Q(¢5021031011 04,04 04 )}52n,m+l71

which becomes, denoting by x A y the minimum between = and y,

2nAs—1 ) —l 1
() 00) = (a0 = 3 > l(”ZfL-ﬁ)

= a;<---<ap
n—1+s+2
n—101+1
In both the expressions above the term for [ = 0 is understood to be one.

The right-hand side of (40), due to the presence of 1 + Jt~lo in the right-
hand side of (34) — along with the symmetry of .J, makes the expansion somewhat
recursive. This means that at each order we find some terms already found in the
previous order. More precisely, we claim without proving that at each 2nth order
of the expansion, all the terms involving 2m-overlaps with 2m < 2n cancel out
thanks to a repeated use of (38) with the relations coming from the lower orders.
Hence from the 2nth order we get new relations involving 2n + 2-overlaps only.
This is what we explicitly verified only for 4-overlaps in the previous pages. More
explicitly, if we re-write the difference in the right-hand side of (40) as

<q%n><¢5> - <q§n+2><¢8> = Con — dong2,

X |:<¢qu211~'111q§+1<~s+2n—l> - <¢Sq%a1<~alq§+1'~s+2n—l+1>i| . (40)

we have

<q§n><¢5> = Can, <q§n+2><¢8> =dant2, Con =doy.
So that the final formula becomes

2nAs—1
noi(2n+s—1+1
q2n - Z Z 2 : ( om —1 ) <qgl<~alq§+1'~s+2n—l¢s> )

=0 a1<---<ay

and holds in integral average, as always.

4.1. Generalization to smooth functions of multi-overlaps

Just like for the family of identities discussed in the previous section, we started
our analysis with the most natural quantity: the energy of our model with 2-spin
interactions. And so we got again some relations for the squared multi-overlaps.
But we already know how to generalize these formulas to smooth functions of the
overlaps. We can consider p-spin interactions, and the procedure would provide
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us with the same relations for the pth power of the overlaps. Then, as already
explained, we can take a convergent sum over all integers p of p-spin Hamiltonians,
and consider the self-averaging of the desired one among them. The perturbed
Hamiltonian is again

P(’;\), P'(/p)

Hy(o,0;J) = _Z [apz Juoiy o 4 bpAp Z JLUJE "'Ujl’f] J
» v=1 v=1

where la,|? = > |bp|> = 1, the notation for all the quenched variables is the
usual one, and {\,} are the independent perturbing real parameters. As a side
remark, we just point out that (like in [8]) in the case of this second family of
identities it is not necessary to consider a Hamiltonian consisting of the sum of all
possible p-spin Hamiltonians: only the perturbation must be so.

Let us remind once again that all the identities we provided hold in integral
average with respect to all the variables used to compute derivatives. If more than
one variable is used in some derivatives, the relations hold under integral performed
simultaneously against all the variables, over the Cartesian product of the chosen
intervals of variation of each variable.

Concluding remarks

Notice that while we derived our identities having as reference diluted spin glasses,
all that matters in the derivation are the properties of the perturbing Hamiltonian,
and they are therefore generically valid (in integral average with respect to the
perturbing parameters).

The Ghirlanda—Guerra identities for the overlap have been useful to prove
non-trivial properties of mean-field spin glasses. For instance Talagrand could
prove [16] that for all models where the identities are valid, the overlap is pos-
itive with probability one. This positivity property is important as it enters in
the Guerra free-energy bounds in spin systems without spin reversal symmetry,
like in the case of odd-spin interactions. Unfortunately the derivation of Talagrand
for the overlap does not extend immediately to the multi-overlap case. We believe
however that the self-averaging identity will be useful in the mathematical analysis
of diluted spin models.
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Chaos in Mean-field Spin-glass Models

Tommaso Rizzo

Abstract. Physicists understand mean-field spin-glass models as possessing a
complex free-energy landscape with many equilibrium states. The problem of
chaos concerns the evolution of this landscape upon changing the external
parameters of the system and is considered relevant for the interpretation of
important features of real spin-glass and for understanding the performance of
numerical algorithms. The subject is strongly related to that of constrained
systems which is considered by mathematicians the natural framework for
proving rigorously some of the most peculiar properties of Parisi’s replica-
symmetry-breaking solution of mean-field spin-glass models, notably ultra-
metricity. Many aspects of the problems turned out to possess an unexpected
level of difficulty and are still open. We present the results of the physics lit-
erature on the subject and discuss the main unsolved problems from a wider
perspective.

Mathematics Subject Classification (2000). 82-06, 82D30.
Keywords. Spin-glass, chaos, constrained systems, replica method.

Introduction

The chaos problem is a very old one in spin-glass theory and is intimately related
to the disordered nature of these systems. Physicists understand these models as
possessing a complex free energy landscape with many states, and the problem
is essentially the evolution of this landscape upon changing the external fields,
say temperature or magnetic field, or upon switching on random perturbations.
It has received a lot of attention over the years in connection with many differ-
ent problems [1]. It is believed that this framework is suitable to understand the
surprising rejuvenation and memory effects observed in the dynamics of real spin-
glasses [1]. Furthermore, a detailed understanding of this problem would probably
shed light on the success of the Parallel Tempering procedure, which is nowadays
considered an essential ingredient to achieve thermalization in numerical spin-glass
simulations [3]. The problem, especially the so-called temperature chaos problem,
presents amazing technical and conceptual difficulties which have not yet been
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solved completely. On the other hand the chaos problem pertains to the general
problem of constrained systems. This seems the natural framework to rigorously
prove the predictions of Parisi’s Replica-Symmetry-Breaking, in particular those
concerning the distribution of the overlap and ultrametricity. In this context a
number of problems are still open; even statements that were originally expected
to be at hand have eluded a rigorous prove up to now and were dubbed obnoxious
by M. Talagrand [14].

The Sherrington—Kirkpatrick (SK) model is a system of N Ising spins {s;}
with the following Hamiltonian

H;({o}) = ZJZJJZUJ (1)

1<j

where the coupling J;; are random variables with zero mean and variance Jsz =
1/N. A measure of the correlation between the relevant configurations at different
temperatures is given by the function

2 (r{o} 0(a = 22 0imi) exp[=f1H;({o}) — B2 H;({7})]
2oy XA ({0}) = B2 H({7})]

where (; = Ti_l. This function gives the probability of observing an overlap ¢ if
we extract two configurations according to their Boltzmann weights from systems
with the same Hamiltonian but different temperatures.

A peculiar feature of the SK model according to Parisi theory [2] is that
if the two systems have the same temperature the function P*™"(q) in the low
temperature phase has a support between —qga and gga, where qga is the so-called
Edwards—Anderson parameter. In particular the disorder average P(q) = Pj(q) is
given by P(q) = da/dq where ¢(x) is a continuous function between zero and gga -

The problem of chaos in temperature concerns the function PflTQ (¢). In
particular, we say that there is chaos if

P12 (q) = d(q), (3)

P (q) = (2)

e., if PflTQ (¢) has a support concentrated on ¢ = 0 and that there is no chaos
otherwise. In other words, the problem deals with the correlations between the
relevant thermodynamic configurations of systems with different external param-
eters. As such it is related to the disordered nature of these systems being trivial
in non-disordered models like a ferromagnet.

The problem of chaos can be also addressed considering different spin-glass
models. In particular we can consider the case of “soft” spins, i.e., with a distribu-
tion of values p(o) not just concentrated on £1 as in the Ising case and continuous
spins with a spherical global constraint . o?=N.

Models with different Hamiltonians can be also considered, in particular p-
spin models whose Hamiltonian contains random terms involving the product of
more than two spins. In general spin-glass models are classified according to the
nature of the function P(g) in the low temperature phase; we talk of one-step
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Replica-Symmetry-Breaking (1RSB) models when this function has a support con-
centrated on just three values, {0, gra, —gra} while we talk of full-lRSB models
(like the SK model) when P(gq) has a non-zero support between —gga and gga.

Furthermore, different types of external field variations can be considered.
Notably we talk of chaos in a magnetic field in the case of two systems with different
magnetic fields and of bond chaos in the case of models with slightly different
random Hamiltonians. There is, however, an important difference between these
last two cases and the problem of chaos in temperature. Indeed the Boltzmann
weight of a given configuration is modified by a truly random amount when a
magnetic field is switched on or when the coupling between the spins is sligthly
modified, while when the temperature is changed the modification is determined
by the original weight.

The problem of chaos in temperature in the various mean-field models has
been investigated intensively by the author over the years. Today we know that
there are full-RSB models that do not display chaos in temperature [4] and full-
RSB models that do have chaos including notably the SK model [5]. Similarly there
are 1RSB models that do have chaos in temperature and models that do not [6].

On technical grounds the main result has been to obtain a consistent analyti-
cal picture for the absence of chaos [7]. As we will see absence of chaos in full-RSB
models has been connected to the possibility of solving the variational equations
that appear in the replica treatment of the problem with some special non-chaotic
solutions. Much as the Parisi solution, these solutions encode a lot of information
on the correlations between the configurations at different temperatures, namely
ultrametricity and the distribution of the weights of the physical states. There-
fore the problem is essentially to check whether the variational equations of the
given model admit this type of solutions. If these solutions do not exist it seems
naturally to conclude that PflT? = §(q), in this case a complete solution of the
chaos problem amounts to the computation of the large deviations of P;(g) and
this represents the main open problem.

The computation of the large deviations of PT*72 is essentially related to the
study of two coupled systems, indeed one expects that if chaos is present,

P72 (q) oc exp[—N (Fia(T1, To, q) — F(T1) — F(T3))], (4)

i.e., the large deviations are given by the difference between the free energy per
spin of the coupled systems, whose allowed configurations are those that satisfy
the constraint ¢ — >, 07,

1
Fio(T,T3,q) = N (ln Z (g — Zam) exp[-/iH  ({o}) — ﬂzHJ({T})D
{rH{o} i
and the free energy per spin of the two systems in the absence of the coupling

(1) = - (n Y expl-0H,({7})]). 5)
{r}
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The main object of study has been up to now the constrained free energy func-
tional F(Ty, T5, q). This functional must be larger than or equal to the free energies
of the two unconstrained systems. If it is larger one can safely conclude that the
function PT172(q) is a delta function in ¢ = 0 while if it is zero for some values
of ¢ # 0 one expects that PT172(¢) has support on these values although the
actual determination of PT172(gq) requires the computation of subleading contri-
butions. The latter case however is rather subtle, because the function P7172(q)
could still converge to a delta function in the large N limit with subexponential
large deviations. This unpleasant phenomenon happens indeed in the spherical SK
model [15]. In the following we will consider the constrained free energy functional
F(T1,T5,q) averaged over the disorder. It is usually assumed that this quantity
(and correspondingly the large deviations) does not fluctuate in the large N limit.

1. Chaos in temperature

We consider a system composed of two copies (replicas) of a SK spin glass model
constrained to have fixed values of their mutual overlaps. This model was first
studied in the case of replicas of the same temperature [10]; here we shall use the
generalization to replicas with two different temperatures below the critical one
[8]. Denoting by SI the ith spin of the rth replica, we fix a constraint

1 N
_75 1g2
qc = N — S;S; (6)

where N is the total number of spins. Including the temperature difference, the
Hamiltonian of the system reads

H ==Y J;(51S; S} + 25}53). (7)

i<j
So we take the same realization of the quenched {J;;} for the two systems. They
are chosen with Gaussian probability, zero mean and variance % The partition

function is restricted to those spin configurations that satisfy (6). The constraint
(6) is implemented introducing a Lagrange multiplier e

2/ _exp[ —e<§S}SE_NqC>} (8)

lsz

Instead of fixing the constraint g. we can consider the partition function corre-
sponding to the following Hamiltonian

N
=D Ji(BiSIS] + B25757) — € Y StS? (9)

i<j i=1
this corresponds to systems coupled by a forcing term which selects configurations
with higher overlap. In the thermodynamic limit the two descriptions are obtained
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one from the other by a Legendre transformation, in particular defining F = —In Z
the following relation holds:
OF(ge)
= . 10
4, (10)

Introducing replicas to average over the disorder we obtain via standard manipu-
lation the average partition function to the power n

— N N N
Zm =S.P.exp — {ﬁ% TrQ? + —ﬂg TrQ3 + 55152 Tr P2

~NInZ[0 quZGQ - Z ;ﬁQ 2Paaea)} (11)

Z[Q] = Z exp [Zﬁ%ZngSéS},»
%]

{54,921}
1
+ 35 5 QuaaSS3 + 01 ;Paﬁsisg} , (12)

where by S.P. we mean the value computed at the saddle point with respect to the
set {eo} and to the order parameter which is a 2n x 2n matrix

N (@1 P
= (3 &)
The saddle-point (SP) equations then read
Qla,@ = <Sés,(13> QZa,B = <S§S[23>
1
= S}XS2 + ——€40a € = Poo —qe), 13
where the square brackets mean average taken with respect to the Hamiltonian

1 1
H=p > QiapSASh+ oL > Q2apS2SE+ 512 PapSiS3. (14)
af af af

The SP equation in the unconstrained case can be obtained by setting € to zero
and neglecting the last equation in (13). We eliminate the Lagrange multipliers
{€a} in (11) replacing their saddle point values. This gives for the e-dependent
term in Zn

2
—Ngq. ZGQ - Z <ﬁiﬁ2 2Paa5a> = Nﬁ12ﬁ2 Z(Paa - qc)z' (15)

«

To solve the model we need a variational ansatz for the matrices 1, @2, and P.
We choose each of them to be a Parisi hierarchical matrix; in particular this fixes
P,o = pq and €, = € for any replica index «. In the n — 0 limit the matrices are
parameterized with three functions defined on the interval [0, 1]

Q1= (0,q1(z)), Q2=(0,q2(7)), P = (pa,p(z))
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and the constrained free energy reads:

2 2 2 1
Pl = -5 - 2+ 8 (- [ @@ae+200)

+ ﬁf? (pi - /Olpz(x)dx> + %% (— /01 q%(x)der?q?(l))

- ﬁlfz (pa — q0)> — £(0,0,0). (16)

The function f(x,y1,y2) obeys through the following differential equation:

of q [03f OfrN?\ | e [0%f af \*
‘axw(ay%”(ayl))*z(ay;”(ayz))

. 0% f af af)
+p (a2t L 17
P (33113@/2 xayl Y2 (17)

with initial condition:

F(1,y1,y2) = In[2€° cosh[B1y1 + Boya] + 2e~° cosh[Bry1 — Bayo]] (18)
§ = p1B2(pa — p(1)). (19)

Notice that the initial condition depends on the difference pg — p(1).

1.1. The (; = (3 case

When T} = Ts we distinguish two cases depending on the value of the constraint g..
For all values of ¢. inside the support of the overlap distribution function P(q) we
have solutions with 6 = 0 and therefore e = 0. As a consequence for 0 < g. < gga
we have AF = 0 as it is to be expected since the function P(g) is non-trivial. The
solutions of the SP equations satisfy pg = ¢. and are:

1
q1 (QIJ) = Q2(CU) = p(l’) = anrisi(2x)7 0<x< §xParisi(pd)v
1
q1 (QIJ) = QQ(.’E) = p(l’) = Pd §xParisi (pd) <z < xParisi(pd)7
q1(z) = @2(2) = gparisi(z), P(x) =pa,  Tparisi(pa) < < 1. (20)

These solutions were first proposed in [10] for the truncated model. In [4] it has
been proven that they exist in any models with Replica-symmetry breaking (RSB)
by noticing that they are a permutation of the standard Parisi solution. Quite in-
terestingly they are also a crucial ingredient in Talagrand’s proof of the correctness
of the Parisi free energy [13].

When ¢, lies outside the support of the function P(q) there are off-equilibrium
solutions of the SP equations with § # 0 and ¢1(z) = ¢2(z) = p(z) [10]. These
solutions can be obtained by solving the SP equations perturbatively in dq =
qec — qEA(T) and T =T — TC.
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4 (x)

/ q,(x)

p(x)

0 x 1

FIGURE 1. The non-chaotic ansatz. The real solutions are expected
to pick up small corrections induced by chaos. The actual difference
between the three functions in the small-x region is much smaller than
in the figure.

1.2. The 1 # (2 case

In [7] an analytical picture for the absence of chaos in spin-glasses was proposed
based on the possible existence of specific solutions of the SP equations. The
structure of these solutions is depicted in Figure 1: in the small-z region the
three functions ¢i1(z), ¢2(z) and p(x) are all different till they reach the point z,
where p(z) = pq = q.; then for x greater than z., p(z) remains constant while
¢1(x) and g2(x) after an intermediate plateau are connected continuously to the
corresponding free Parisi solutions. These solutions may exist for values of the
constraint from zero to a maximum value where the two plateaus of the function
at the higher temperature merge (77 > T5 in Figure 1). These solutions reduce to
eq. (20) in the limit 77 — 7% and are intrinsically non-chaotic due to the relation
6 = 0 [7]. However, their existence must be checked explicitly by attempting to
solve the SP equations with the ansatz 6 = 0.

It has been proven that these solutions exist in the spherical spin-glass models
with multi-p spin interaction [5]. The Hamiltonian of the model is defined [11] as

H:Z Z Jilig...ipsilsig Slp —l—hZSl
P=2i1 <iz<...<ip i

The J’s are independent Gaussian random variables with zero mean and variance
1

<']’21i2”.i,,> = (p—1)!JZN'"P. The spins are subjected to the spherical constraint

>, 52 = No. The variational free energy can be expressed introducing the function
— 1
HOED D
p=2 p
and it reads

28F, =32 [f(Qab) + H*Qap] = Tr nQ — n

ab
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where the variational parameter is an n X n matrix Q4;, with diagonal ¢4 = 0. In
this context it has been argued that the non-chaotic solutions imply ultrametricity
between the equilibrium states at different temperatures so that the Parisi tree
is essentially the same at all temperatures. Furthermore, arguments have been
advanced in order to show that the reference free energies of the clusters of states
do not change with temperature, much as in the generalized random-energy model.
Perfect ultrametricity is a special property of those models due to the fact that
the functions ¢1(x), g2(x) and p(x) are all equal in the small-z region. In general,
however, we believe that the physical interpretation of the solutions proposed in
[7] is similar. Indeed, we think that the non-chaotic solutions proposed in [7] are
the mathematical implementation of the old idea of a unique Parisi tree which
bifurcates when lowering the temperature plus the additional hypothesis that the
ordering of the reference free energies of the clusters of states does not change
when lowering the temperature.

The problem was studied in the SK using a perturbative expansion of the
constrained free energy near the critical temperature where the order parameter
is small. In [7] it was found that if one plugs the non-chaotic ansatz into the
expression of the free energy the following free energy cost is obtained:

3u v
AF(q) = == (1- =) AT, (21)
where w, u and v are respectively the coefficients of the terms of the permutational
invariants Tr Q2, >, Q%, and Tr Q* in the expansion of the free energy in powers
of @. Remarkably in the SK model we have w = u = v = 1 and the above
free energy cost is zero. The relationship 1 — v/w? = 0 holds also in the case of
continuous distribution of spin but could possibly fail for other models.

In order to assess if the free energy cost vanishes also at higher orders in the
SK model a high-order computer-assisted perturbative expansion was used [5]. The
procedure is conceptually straightforward: one tries to extremize the constrained
free energy with the non-chaotic ansatz of Figure 1 assuming that near the critical
temperature the functions ¢ (z), ¢2(z), p(z) are small and the z regions where
they vary are also small. It was found that up to that relatively high order the SP
equations admit a non-chaotic solution with § = 0 for values of ¢. between 0 and
some maximum value near the self-overlap of the states at the higher temperature.
However at ninth order in the free energy it is impossible to find a solution of the
variational equations with & = 0: the non-chaotic solutions don’t exist in the SK
model. Accordingly there must be a free-energy cost in imposing the constraint,
which one expects to be of ninth order.

Since off-equilibrium solutions must have § # 0, things become very com-
plicated; indeed, as explained in [7], when § # 0 the three functions ¢1(z), ¢2(x)
and p(z) are coupled in the whole small-z region, i.e., if one of them is varying
in some interval of x the others must vary too. It seems reasonable to expect that
off-equilibrium solutions have the same structure of the non chaotic solutions of
Figure 1 plus small corrections of order 4, which is expected to be of the seventh
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order. Therefore it was tried to solve the variational equations with a complicated
ansatz made up of five z regions on each of whom the functions ¢;(z), ¢2(x) and
p(x) have a different expansion. Unfortunately, in spite of the very high number of
parameters of this ansatz, the authors of [5] were not able to solve the variational
equations explicitly, and this is still a problem; a possible reason for this failure is
that the variation of the variational functions have a non-analytic contribution of
the form AT* with a non-integer exponent «. This is precisely what happens in the
case of bond chaos that has been recently studied by Aspelmeier [12]. Nevertheless
an estimate of the free-energy cost was obtained plugging the non-chaotic ansatz
directly into the expression of the free energy and extremizing with respect to
the variational parameters. The following estimate for the free-energy cost of con-
straining two copies of a SK spin-glass at temperatures 7y = 1—71; and T = 1 —7»
to have a fixed overlap g. was obtained:

12
AF = = |q.|"AT?. 22
35 loc (22)

As expected, this quantity turned out to be of the ninth order and it was argued
in [5] that this result is most likely exact at the leading order.

2. Chaos with respect to random perturbations

In this section we consider the general problem of two constrained systems when
the Hamiltonian of the second system is slightly changed by a perturbation un-
correlated with the original Hamiltonian. This includes two important cases:

(i) turning on of a small magnetic field which acts essentially as a random per-
turbation if there was no field in the original systems and

(ii) asmall random perturbation in the couplings J;; of the second system (bond
chaos).

In these cases chaos can be assessed on the basis of a general principle. The ar-
gument was first proposed by G. Parisi for case (i) in the context of the phase
state picture of the model (the so-called TAP approach [2]); here we will show
that this argument can be formulated in the context of constrained systems and
extended it to any random perturbation. We note that many properties of Parisi
theory that are usually interpreted in terms of physical states can be phrased in
terms of constrained systems and the latter framework is considered more suitable
for a rigorous proof of them. Therefore we think it is important that this classical
argument for chaos has a counterpart in the constrained systems context.

Parisi argued that the existence of two different magnetic susceptibilities in
the spin-glass phase implies chaos with respect to the magnetic field. Indeed the
equilibrium states in zero field have a susceptibility given by 3(1 —gga ); therefore,
when a small field is turned on they develop a magnetization equal to 3(1 —gga )h.
On the other hand the thermodynamic susceptibility of the spin-glass is 5(1 — g)

(where 7 = [q(z , therefore the equilibrium states in presence of a field h
have a magnetlzatlon proportlonal tyo B(1 — q)h and cannot be the analytical
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continuation of the old equilibrium states. The argument relies on the possibility
of expressing the susceptibility in terms of the overlaps; this is possible because the
perturbation is uncorrelated with the original Hamiltonian and it can be extended
to any random perturbation but not to the chaos in temperature problem.

In general it can be argued that if we add to a spin-glass Hamiltonian a

random p-spin term of the form —h, Y Jiy..ipSiy - - - 8i, where J;,  ;, are

1< <dp
i.i.d. random variables of zero mean and variance p!/(NP~!) uncorrelated with
the original couplings .J;; the susceptibility of a state is 3(1 — ¢,) while the
thermodynamic susceptibility is G(1 — ¢P) and again Parisi’s argument can be
applied.

Now consider the free energy of two SK systems constrained at overlap q., i.e.,
expression (16) with 8; = 2 = 8. It is easy to see that the addition of a random
p-spin interaction on the second system will modify the variational expression by
a term —h2(*(1 — [ ¢5(2)dx)/2 + o(h2), therefore for small h, the leading-order
correction to the constrained free energy will be:

232
155 (1 -/ qg(x)dx) Fo(h?)  (23)

where the correction term has to be evaluated using the go(x) corresponding to
hp = 0 which is given by expression (20) for ¢. < gga. Looking back at expression
(20) one realizes that the smaller increase of F(3, 3, ¢c, hp) with hy, is for ¢. = 0
while a finite value of g. yields a larger increase, therefore at small h, we obtain
the following expression of the free energy cost describing the large deviations of
the P(q):

F(ﬁyﬁy‘](:’hp) = F(ﬂaﬁaqcao) -

Nh232 TParisi(qc)
P(ge) o< exp [— f 0 ( /0 (¢F — q’ﬁarisi(w))dx> +0(h§)N] . (24

At small finite values of ¢, this leads to:

P(qe) o exp l—W

Nh2g?
pIP )qf"’l + o(hg)N + o(qﬁ“)N] . (25)

As noted in [12] the above expression however is valid for h, < ¢. < 1, while
the limit ¢ < 1 at finite h, can be studied at the level of Gaussian fluctuations
around the g. = 0 solution. This problem has been recently addressed by As-
pelmeier [12] in the context of the so-called truncated SK model. In the following
we present a general treatment valid for the full model. This is possible because
one can compute exactly the gaussian fluctuations of P,;, around P, = 0 as was
shown originally by Kondor in [9]. The bond chaos action for small n is [12]:

1 1 2B R
nBF(q.) =N §B2 TrQ* + 5ﬂ2BTrP2 —BeTtP+ S —nZ[Q] -l—qce} ,

232
(26)
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Z[Ql= Y exp [ 32> QubSiSy + ﬁ2 > QuS2SE + 3 ZPabS Sb]
{s1,52} a#b a#b
(27)
where again by S.P. we mean the value computed at the saddle point with respect
to € (as before actually we have a set of n terms {e,} but we assume that they are
all equal to €) and to the order parameter which is a 2n x 2n matrix

~ Q P

The constant B > 1 is a measure of the bond perturbation and is equal to 1 if the
second Hamiltonian is identical to the first. For g. = 0 we have ¢ = 0 and P = 0,
now € is coupled to the matrix Q only through the term —Be Tr P, therefore we
have to expand the free energy around the P = 0 solution for small P. The first

non-trivial contributions are at second order, we have:
1 0*nBF
D ap ap B(Sam(g n — 2 515251 52 — SISQ Sl Sz
32 OP, 0P, b p (< 05 SmSn) — (SaSy) (S n>)

= B(Sab,mn - ﬁQQamen (28)

where the matrix Q has the same off diagonal elements as @ but all its diagonal
coeflicients are equal to 1, i.e., Q = I + Q. The above contribution is the only
relevant one, since it is easily seen that the coefficient of the mixed terms P§Q
vanishes. Therefore the P dependent part of the action (26) reads :
2B 4 ~
ﬂT % Tr PQ*P — BeTr P. (29)
Going to the base where the general Parisi matrix is diagonal and taking the limit
n — 0 (see, e.g., [4]), the previous expression becomes:

= Z FB—p3') BeZpa, (30)

where a labels the n elgenvalues of the general Pal‘lbl hierarchical matrix and p,
represents the component of P in this base. The above expression can be easily
extremized yielding:

Tr P? —

B
Pa = Gm’ (31)
thus the free energy cost at second order in ¢, is:
-1
2
9.5 1
AF(g.) = 552 (Z m) +o(g?). (32)

The constant has to be evaluated taking the limit n — 0 (see, e.g., the appendix
of [4]), and can be simplified using the fact that 32 = 1 [7]. The result is:

1 1 1 1 1 1
523—5253_3—1_/0 F(B—ﬁ%g(x)_B—de' (33)
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The function p(x) can be obtained as:

_ B [T 2N
PO = )y 1B Ry

where \; ( ) yields the eigenvalues of the Parisi matrix represented by ¢(z): Ag(z) =

5dy, (34)

1—zq(x f q(y)dy. For small B—1 = A only the small  region is relevant, in this
region the eigenvalue function behaves like A\j(z) = —22¢(0)/2 + o(2?) where ¢(0)

is the derivative of g(x) in zero. Introducing the rescaled variable z = 4/ %@) bx
the integrals in egs. (33) and (34) can be computed explicitly and we have:

2 \3/2
4d. 2 A3/2) (35)

pla) = 2V T80 (\/ e ﬁr) (36)

™

AF(q.) =

where the function f(x) is:

flz):= 1_3—332 + arctanz. (37)
As expected the results obtained for the truncated model [12] are recovered near
the critical temperature. It is interesting to see why the two arguments for chaos
derived above fail in the case of chaos in temperature. In the case of finite ¢, and
small temperature difference this happenb because the analog of expression (23)
depends on the quantity fo g3 (x)dr — p2 + fo z)dz. Plugging the solution (20)
into this expression leads to an expression that doeb not depend on ¢, therefore
chaos cannot be assessed at this level. In the case of small ¢, and finite temper-
ature difference the matrix of fluctuation (28) cannot be inverted because of the
relationship 3¢5 = 1 valid at all temperatures [9].

For recent mathematical work on chaos with respect to random perturbation
see [16].

3. Conclusions and open problems

In the following we summarize the results obtained in the physics literature on the
problem of chaos and discuss the main open problems.

For coupled systems with the same external parameters we know that there
is no free energy cost when the constraint is inside the support of the overlap dis-
tribution. Indeed in this case we have solutions (expression (20)) of the variational
equations that satisfy the constraint and have the same free energy of the uncon-
strained case. These solutions in general are constructed as permutations in the
replica indices of the original single-system solution both in 1RSB and full-RSB
models [4].

For coupled systems with the same external parameters, when the overlap
is outside the support of the overlap distribution of the single system, we know
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that both for the SK model and for the p-spin model solutions of the variational
equations have been found that display an increase in free energy [10]. Nevertheless
it is not clear if these predictions are correct or they just give a bound on the true
constrained free energy. We feel that the problem is particularly intriguing in the
1RSB case for values of the overlap between 0 and gga .

For coupled systems with different external parameters we can find models
where there is no free energy cost in imposing a constraint ¢. # 0 for some values
of g.. In particular we know that for the spherical p > 2 purely p-spin model there
is no free energy cost in imposing that two copies at different temperatures Ty < T,
and Ty < T, have an overlap ¢. = \/qra (T1)gra (T2). We also know that for the
spherical model with multi-p interactions that displays full RSB there is no free
energy cost in imposing that two copies at different temperatures Ty < T < T,
have an overlap ¢ that can take any value between 0 and gga (72). In these cases
however a detailed understanding of the solutions when the constraint is outside
these non-chaotic values is still lacking. In the 1RSB case much as in the equal
temperature case, the solutions can be computed quite easily and yield a positive
free energy cost but it is not clear if this estimate is the correct one. In the full RSB
case instead the study of the solutions for g. > gra(7%) has not been done at all.

The above results rely on the possibility of extremizing the free energy using
the non-chaotic solutions described in the previous sections. In the SK model we
know that this is impossible and that for any non-zero value of the constraint
between two systems at different temperatures the free energy cost has to be
positive. An estimate of the free energy cost was obtained using the non-chaotic
equations as a variational ansatz but we still do not know the precise chaotic
solutions possibly because of the presence of a non analytic term of the form AT
with non integer « in the correct solutions. Despite these technical difficulties
it is not even clear that in this case the ansatz will yield the correct value of
the free energy. Furthermore, the non-chaotic solutions have the property that
the overlaps of the two systems are essentially independent for values larger than
the constraint because py = p(1), while this is not the case in presence of chaos
because pg # p(1) (see also the discussion in [7]), and we feel that this poses also
conceptual problems to the interpretation of the solutions. The same conceptual
problems are also present for different types of perturbations (e.g., magnetic field
and bond chaos) where, as we saw in the last section, chaos can be assessed easily
on the basis of the random nature of the perturbation.

On the other hand another set of problems connected with the study of cou-
pled systems with different external parameters has been pointed out by M. Tala-
grand [14]. Using Guerra’s techniques one can show that the variational expression
of the constraint free energy expressed in terms of Parisi matrices is a lower bound
to the actual value. On the other hand the actual value of the constraint free
energy must be larger than the sum of the free energy of the two systems sep-
arately, and if bound is sharp, as in the case of a single system, one should be
able to show a priori that the maximum of the variational constrained free energy
is larger or equal to the sum of the maxima of the variational expression of the
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two systems. The proof of this statement has eluded all efforts up to now. The
importance of such a proof relies in the fact that it could possibly pave the way to
prove that the resulting bound is sharp. Instead, if one finds that the maximum
of the variational free energy is smaller than the sum of the free energies of the
free systems, it should be concluded that the bound is not sharp and we should
look for a better one. However, in all cases studied up to now the free energy cost
was never negative and the question is whether the true value is larger than the
one obtained; we feel that especially in the case of chaotic full-RSB systems the
standard ansatz has some conceptual drawbacks but it is not at all clear how to
amend them. The same kind of problems appears if one tries to prove ultrametric-
ity considering three copies of the same systems with the same external fields and
constraints that violate ultrametricity.

Finally let us mention that recent research on these problem has obtained a
surprising result [15]. It is often assumed in the physics literature that the possible
values of the overlap between two replicas are those for which the constrained free
energy cost is zero. The spherical model with p = 2 provides an important coun-
terexample which possibly makes things even more complicate. Indeed, while the
support of the overlap of two copies of the same systems at the same temperature
T is concentrated on gga = 1 — T, it was shown in [15] that the free energy cost
when constraining two copies at overlap q. is zero for all g. < gga. Therefore it
is not true in general that the support of the overlap distribution is given by all
the values for which there is no extensive free energy cost. Actually the problem
is present also considering the ultrametricity problem. Indeed it was shown in [15]
that considering n constrained replicas at the same temperature there is no free
energy cost provided the constraint matrix ¢%/ with ¢% = 1 is such that Q. — TI
is nonnegative definite. We note that the problem is even more obnoxious. Indeed,
even if the replicas have different temperatures T; one can exhibit a RS bound that
yields no free energy cost provided the matrix ¢/ — §;;7; is nonnegative definite.
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1. Introduction

Talagrand, in his book [5, Chapter 2], after Sherrington and Kirkpatrick’s work
[4], studied the following model:

Let N be a positive integer, 3 and h € RT, (g j)1<i<; a set of i.i.d. Gaussian
standard random variables, defining the disorder of the model. Let

o= (o), e {-1,+1}V 'y,
The quantity o; is called the spin at site i of the configuration o. We will also set
p= (Ul)f\;_ll €XN-1,E=0N, 0= (pv 5)'

Let us consider the Hamiltonian of the SK model with an external field A,
i.e., the quantity

_HN(O',ﬂ, h) = \/% Z gi,j0i0j+h(z 02‘). (1)
1<i<j<N i<N
The probability on ¥y, denoted by Gy (0,h) or Gy, associated to the weight
function exp(—Hn (o)), 0 € Xy, is the Gibbs’ measure of the model. If f is a
numerical function defined on ¥7%;, the integral of f with respect to the product
measure G is denoted by (f), the expectation (with respect to the disorder of
the model) of this integral is denoted by v(f).
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An element of ¥}, is a sequence of n configurations or replicas
1 2 n
(o5, o%,...,0™).

While G%; and v are invariant by permutations of replicas, v is also invariant by
permutations of sites (this last property is called symmetry between sites).

This model has been extensively studied, specially with a high temperature
condition such as 8 being sufficiently small (8 < fp). In particular, it is proved in
[5, Theorem 2.4.10] that the square of the total variation distance between the law
(for Gibbs’ measure) of the sequence of spins at the first k sites and the product
of their marginal laws has an expectation that decreases like 1/N and then the
spins at a fixed set of sites are asymptotically independent in that sense.

It is then natural to study the covariance, for Gibbs’ measure, denoted by ; ;,
of spins at two fixed sites ¢ and j, which must be small when taking expectation
with respect to the disorder, and to look for a limit theorem when N — 4o0.

Talagrand found ([5, Corollary 2.6.2], for 3 sufficiently small, the limit of the
second-order moment of v Nv; ; if N — +oc.

In [2] the author computed, for each integer p, the limit of the p-order moment
of this random variable, and discovered the unexpected fact that this random
variable has a (generally) non Gaussian limit law.

Let

Y = Bz/q+h, (2)
where ¢ satisfies the relation

E(th*(Y)) = g,
and where z is a standard Gaussian random variable. It is known ([5] Proposition
2.4.8) that ¢ exists and is unique if h > 0. We will set

U=1-th*Y).

Let z; and 25 be two independent standard Gaussian random variables, also inde-
pendent of z, generating in the same way variables denoted by U; et Us, which are
then independent with the same law, that of U. In [2], we proved the following:

Theorem 1.1. For 3 sufficiently small, the p-order moments of \/N’yi,j converge,
if N — 400, towards those of the random variable:

g

— U, Us.
1- B2 E(U?)

Remark 1.1. When p = 2, this theorem gives the limit found by Talagrand

2 def 5
1—pB2EU?)

On the other hand, the limit law found is centered but non Gaussian, its moments

of order 2l not being equal to o? E(2%). However, if h = 0 and 3 < 1, we have
q =20, U = 1. In this case the limit law is Gaussian.

o E*(U?).
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The goal of the present paper is to give an overview of the main steps of
the proof of Theorem 1.1, omitting many technicalities and secondary details.
After a first study of the moments of p-order of the covariance, we will describe in
Sections 3 and 4 some of the main tools used in [2]. We will then introduce a kind
of heuristics and we will describe how it leads in a natural way to the computation
of the limit in Theorem 1.1 for the second-order moment. The last part, more
involved, will study in a similar spirit the general case of p-order moments.

We hope that this work would stimulate the reader to study this kind of
problematic and would help the most courageous one to go inside the complete
and sometimes delicate proofs contained in article [2] and omitted here.

2. Moments of p-order of the covariance: a first study
We know that the covariance of spins at sites ¢ and j is given by

Yij = <0i0j> - <Ui><0j>~

1 1

Let 6 = 0! — 02 be the difference of two replicas o' and 02 (6 =t — &2 = &).

Definition 2.1. Let us call symmetrized covariance of spins at sites ¢ and j the
quantity

Yiij = (0i05)-
It is easily seen that
Vij = %%,j - (3)
Then it will be sufficient to study the p-order moments of 7; j, which are indepen-

dent of the choice of 7 and j.
Let us consider a sequence of 2p replicas

(o,..., 0%t %, ..., o)
and let us set
T =0t —0o? forallrell, 2, ..., p] (4)
r=p
e | 8 ()
r=1
GNP = &%p. (6)

Using replicas and taking i = 1, j = N, we get, using also symmetry between sites:
Theorem 2.1. If f~ = 5%, then
E(7;;) = E((515N)7) = v(f~E®P). (7)

So we have to study an integral, with respect to v, of a product of two
functions depending respectively only of the spins at the first and at the last
sites. To study that kind of integral, it is natural to use the “smart path” method
introduced by Talagrand ([5, Chapter 2]).
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3. The smart path method

Talagrand introduced a continuous family of Hamiltonians

_HN,ta te [Oa l]a
with _HN,l = —HN.

In the same way as in the case ¢t = 1, this family induces Gibbs’ measures G+
and integrals (f), having expectations v;(f). The disorder of —Hy ; depends on
the disorder of —H  and on an independent Gaussian standard random variable z.

3.1. The case t =0
Let us consider the variable Y associated to z defined in (2). The spin oy def o
verifies (g)p = th(Y) and is independent of the spins at the N — 1 first sites, which
have the law Gy _1 (ﬁ\ / %, h) This law induces integrals denoted by (- ) _ having
expectation v_(-).

Then if a numerical function f of n replicas verifies f = f~hg, where f~ only
depends on the spins of these replicas at the first N — 1 sites and hy only depends
on their spins at site N, we have the relations:

(flo=(folho)o = (f7)-(ho)o, (8)
vo(f) = vo(f )vo(ho) = v—(f)vo(ho) - 9)

3.2. Derivatives of v;(f)
Definition 3.1. Let us call, for v and v € R,

def UNUN
’L i . 1
= > w R (w0) + U (10)

e When u and v are in Xy, R (resp. R7) is called the “overlap” (resp. the
“M-overlap”) of these configurations.

e When u and v are differences of elements of Xy, R (resp. R™) is called a
“symmetrized overlap” (resp. a “M-symmetrized overlap”).

Let us introduce some objects associated to overlaps. They will be used to
compute the derivatives of v, (f). If J = {r,s},r < s is a pair of integers indexing
replicas ¢” and ¢°, we set

RJ = R(O-Tvo-s) = R’l‘,sv

def 6 €% det e’

R; =R, q—R N—R N

The quantity R (respectively R;) is called a “recentered overlap” (respectively
a “recentered M-overlap”).
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Let [ > 1 be an integer and let us introduce also:

J; = {ri,s;} a pair of integers € [1, 2, ..., n+2l], (11)
defined for each integer i < [,
J=(J1,Jaye oy Jiy. o J)), (12)
c;j(n) some constant (= 1 if for all ¢, J; C [1, 2,..., n]), (13)
i=l
T; ,(f) = ut(stJiR;). (14)
i=1

Theorem 3.1. Let f be a numerical function depending on n replicas. Then v(f)
has derivatives of every order I, given by

=l
() =83 cslmm (f 11 (diR;)) : (15)
J =1
=B ;)T ,(f). (16)
J

This theorem has been proved in [5, Proposition 2.4.5] for [ = 1 and in
(2, Theorem 2.3] for the general case.

Remark 3.1. When f = f~hg, such as in equations (8) (or (7)), and ¢t = 0, we
have

i=l i=l
T;,(f)=m (ho H (5‘]")> v (f H Ri) & T, j(ho)Ty ;(f 7). (17)
i=1 i=1

To pursue the evaluation of the p-order moment of the symmetrized covari-
ance, it is natural, considering equation (7) and Theorem 3.1, to try a Taylor
expansion of v;(f~E%P), with f~ = %%, for t = 1, at t = 0, up to some order do.

It is then necessary to specify what is meant here by asymptotical evaluation
and to recall some known results.

4. Asymptotic evaluations

It has been proved ([5, Proposition 2.4.6] that there exists a number, depending
only on § and n, denoted by Ki(n,(3), such that, f being a positive numerical
function of n replicas, we have:

vi(f) < Kai(n, B)v(f). (18)

We may omit the dependence on 3 if § < fy.

It also has been proved in [5, Section 2.5] that there exists a number [y
such that the recentered overlaps RLQ = R(c',0%) — q and also the recentered
M -overlaps R1_2 = R~ (0!, 0?) — ¢ have absolute moments of order j bounded by
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(L(j + 1)/N)#/2, for some number L, when § < (. These inequalities are also
called “exponential inequalities”.

Definition 4.1. A numerical expression F(N, 3,0), defined for g < [y, is said to
verify the relation

F(N,8,0) = O(k),
if there exists a constant K, not depending on 8 and on N, but possibly depending
on the parameter 6, such that

K
POV..0) <

Using this notation we get the following weaker form of exponential inequal-
ities:
V([Ri2 —ql) = O()). (19)
We have the same relation if we replace R by R~. We deduce from these relations
the following

Theorem 4.1. Let f be a numerical function of n replicas. Then we have

v (1) = 0w (). (20)

The proof uses the exponential inequalities as given in equation (19), Holder’s

inequality and Schwarz inequality applied to each term Tj,t( f) in equation (15),
and relation (18).

Remark 4.1. Let us suppose that f = f~E%P, where f~ is bounded (e.g., if f~ =

G2P). If B < fo, the Taylor expansion of v (f) for t = 1 at t = 0 up to the order p

has a remainder term which is an O(p+1). If we want to find the limit of vN" vy (f)
when N — 400, it will then be sufficient to find the limit of

VN'UP(f), for all 1 € [0, p].

5. The analogy rule

5.1. Some heuristics

Let us give now some definition:

Definition 5.1. Let g and g~ be two numerical functions of n replicas, such that
g~ depends only on their spins at the N — 1 first sites, while ¢ may depend on the
spins at all N sites.

If there exists a function C(3,h) (possibly = 0), not depending on N, such
that for some integer k we have:

v(g) (and also v_(g7)) = c Z) +O(k+1),

VN
we will say that v(g) (and also v_(g~)) have the same asymptotic behavior at
order k, or equivalently that the analogy rule is valid for the pair (g,¢~) at this
same order.
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Remark 5.1. In this case, we have:
v(g) (and also v_(g~)) = O(k) = O(r) it r <k,
=0(k+1) if C(8,h) = 0.

Then the analogy rule is also valid for the pair (g, ¢~ ) at any order r < k.
If the last condition C(8,h) = 0 was not allowed in the definition of the
analogy rule given above, k would be unique.

We will use this rule for particular pairs (g, g~ ) such that g is some “algebraic
analog” of g~ for IV sites, often built by replacing each M-recentered overlap R}
appearing in ¢~ by Ry (or each symmetrized M-overlap appearing in g~ by the
corresponding one for N sites).

If we want to study v_ (g~ ), it will often be simpler to study instead v(g). The
asymptotic study of v(g) will generally give, often with difficulty, its asymptotic
behavior at a convenient order k. As it seems in many cases difficult to prove
that v_(g~) has the same asymptotic behavior at order k (or equivalently that
v(g) —v—(97) = O(k + 1)), we will assume here without proofs that the analogy
rule is valid for each of these particular pairs (g,¢~) at an order k (depending on
g) given by the asymptotic study of v(g): it’s our heuristics.

These assumptions will allow us to focus on the logic of some important
computations made in [2], where complete and rigorous proofs are given, including
direct or indirect proofs of the assumptions mentioned above.

However, let us give some examples where the study of the difference

v(g) —v-(g7)
is easy.
Let us suppose that v'/2(g?) = O(k) and that v(g) has a known asymptotic
behavior at order k. We may write the following relation:

v(g) =v-(97) = v(9) = wvolg™) = v(9) = vol9) + no(9 — 97 (21)
We know, using Taylor’s formula at order [ = 0, that the difference
v(g) —w(g) = O(r'?(¢*) = Ok +1).
If the second term of the last equality in (21) is also evaluated as O(k + 1), then
v(g) and v_(g~) have the same asymptotic behavior at order k.
Using exponential inequalities (19) and [5, Lemma 2.5.4] this method works
for the pair _ _
g =R;, g=Ry;, withk=1, C(8,h)=0.
It also works for the pair
g = (R})z, g=R% with k=2.
In this case, C(8, h) is a known function given in [5, Corollary 2.6.10].

This direct method described above fails, e.g., if v(g) has an asymptotic
behavior at some order k such that we are only able to prove that

v/2(g%) = O(r), with r < k.
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As a first example, let us consider, using relation (5), the case, found in
relations (32) and (33) given in the next subsection, of the pair

g~ =06161R(3",57),
It is easy to see that:

We have vo(£16%) = 0 so that, using relation (9), we have v5(g — g~) = 0. In the

next subsection we will find the asymptotic behavior at order k = 2 of v(g). We
then have to prove that
v(g) —o(g) = O(3). (22)
However, we are only able, using the majoration of the terms 157 and exponential
inequalities (19) to prove that v'/2(g?) = O(1), so the direct method fails. Proving
relation (22) would need a Taylor expansion at order [ = 1 of v(g), i.e., a precise
computation of 1{)(g) and a proof that 1{(g) = O(3).
In this case (as in other more complicated cases where symmetrized M-
overlaps appear), it is more convenient, using the known asymptotic behavior of

v(g) for N —1 (instead of N) sites and for 8,/ ¥ instead of 3, to directly study

v-(97)-
Let us give another example and let us set, using relation (5):

2 2

hy = [[(R5), ha=]](R2),
i=1 i=1

g =6%%hy,  g=57h,.

We will prove below (see the proof of Theorem 7.1 when p = 3), that v(g) = O(4),
so it has an asymptotic behavior at order £ = 3 in our sense. Using that the
quantities 57°° are bounded, we may only prove that v*/2(g%) = O(2)(# O(3)),
and we are unable without further investigation to prove or disprove the relation
vo(g — g~ ) = O(4), so we can’t prove by this method that v_(¢g7) = O(4).

We then would also have to directly study v_ (¢~ ) and to adapt to this case
the proof that v(g) = O(4).

We will study in the next subsection how the analogy rule may work in the
case p = 2 and gives Theorem 1.1 in this case.

5.2. The case p = 2

Let us study the case of the second-order moment of the symmetrized covariance,
given by the relation (7). By taking four replicas we get:

E(3;;) =v(f ho) (where f~ =632, ho =&%?), (23)
= u(f), (24)

=v((o] = 07)(0f —o1)(e" = €%)(e* — ). (25)
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Using now Remark 4.1, we only have to study

vo(F): (f). (-
We will find that vo(f) = 0 and that, when N — +o0,

) BPE?(U?)
Nvo(f) = 1 FE0Y) (26)
Ny (f) ——0. (27)

So NE('?ﬁj) and Nv\(f) have the same limit when N — +oo. Applying this
result to L
NEGZ,) = {VE(,),
we get Theorem 1.1 for p = 2.
Let us begin to prove the results previously announced. It is clear that, using
independence of replicas under G’y o and the fact that, for all j,

()0 = th(Y),
we have
(ho)o = (" = €*))o((e® —€"))o = 0.
Then, using relations (9), we have
vo(f) = vo(ho)v—(f7) =0.

Let us now study v/ (f). Using equations (15) and (17) with [ =1 and n = 4,
we get:

vo(f) =1 Yo c@wlE ) — e o (f Ry (28)

J=(r,s)C[1,..., 6]
It is easy to prove that we have
(e =) (e® — eh)e"e®) g = 0, except if r € {1,2}, s € {3,4}.
In this last case, we will find:
("~ ) — e = (-1 U,

We also have in this case ¢;(4) = 1, and

vo(f)=BPE(U?) Y vo(f (=) RL). (29)
re{l1,2}
se{3,4}
If we set 6! =o' — 02, 62 =02 — o, we get:
v (f) = BPE(U*)v_ (5167 R (5,57)). (30)

Let us try to apply the analogy rule described in Definition 5.1 to the pair
g~ =616iR™(6',6%), g=5151R(5",57). (31)
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We then have to study the asymptotic behavior of v(g). Using first symmetry

between sites, then taking an arithmetical mean, we have, for all i € [1,..., N,
v(g) = v(6{67R(6",6%)) = v(R*(6',5%)). (32)
It has been proved in [5, Proposition 2.6.1] that if 8 < 3y, we have:
E(U?
R 5%) =4 ) 03, (33)

N(1-pB2E(U?))
We then have, using the analogy rule, assumed to be valid at the order k = 2
found above and equation (30):

BE*(U?)
N(1-p32E(U?))
We easily deduce from (34) the result announced in (26).

Let us now study v (f). Using equations (15) and (17) with [ = 2,n = 4,
and setting, as usual J = (Jy,J2), where J; is a pair of integers of the interval
[1,..., 8], it is easily found that each term

T, j(ho) = Tlﬁj(éléQ) v (818271 e72)

vo(f) =4 + O(3). (34)

is bounded by 4.
Then let us study the terms

Ty ;(f7) = v- (5162 K5, Ry) v (g7).

Let us take g = 6167 le RJ2 as an analog of g~ for IV sites and let us try to apply
the analogy rule to the pair (g,¢g~). We have

V(g) = V(&%&%RJ1RJ2)7
(6162R;,Ry,), foralliell,..., NJ,
= V(El 2RJ1 RJ2)
J1 . ez
v (i, + ) (fo + )
v(E'e*(R; e’ + Ry ') N v(Ete%eN1el2)
N N2 '
Let us evaluate each of the three terms obtained.
e The last term is bounded by +z and then is O(4).

e The second term is bounded by +(v(|Rys,|) + v(|Ry,|). Using exponential
inequalities (19) with j = 1, we get that this second term is O(3).
o The first term is such that

w(E'&R; R;) = vo(e'@)v_(R; R;) = 0.

= Vvio

=v(E'&@R; R;) +

This term is then, using [5, equation 2.248], an O(1)v*/?(R; R )?. Using
Schwarz and exponential inequalities, we find that the first term is also O(3).
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We then have

v(g) = O@3).
We may now apply the analogy rule, supposed to be valid (in our sense) at
the order 2 found above, to the pair (g,97). We get that T, ;(f~) = O(3)
and we then have

vy (f) = 0(3). (35)
Relation (27) is then proved.

6. Back to the general case

Going back to the general case for the p-order, let us study, according to Remark
4.1, the derivatives l/(()l)( f) when f = f=£®P_for any given [. This study will allow
us to prove Theorem 1.1.

Equations (16) and (17) lead us to study the quantities T} 5(€®P) and

Tz’j(&?p) for any given sequence J = (Jiyeoosdiyeny i)

6.1. An overview
Let us briefly describe the contents of the next subsection and also of the following
sections:

Subsection 6.2 is devoted to the study of TLJA(E@I’), for which, using combi-
natorial arguments, we give it’s exact value.

Section 7 studies the derivatives l/(gl)( f) when 20 # p. We mainly get the
following:
0 if 2l <p,

36
O(p+1) if 2l >p. (36)

vy (€7 f7) = {
To get the last result above, we will have to study the quantities T, j(ﬁ?p ).

So, as in the case p = 2, if we want to study the limit, when N — ~+o00, of
each quantity (v N )py(()l)( f), this limit is 0 in each case, except when p is even
(p = 2lp) and [ = .

Section 8 finds the limit in this case and proves Theorem 1.1.

6.2. A combinatorial result

As previously announced, let us study the quantities T j(§®p ), for any p-order.
We know that we have:

i=l

fen=sffenlen) |
The symmetric difference A A B of two sets A and B is associative and we have
the relation:
i=l
HEJi VA YNNI e - 1

i=1
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Definition 6.1. Let us set

e B=B'nN,...,2p],
e C=B'N[l,...,2pl"
° 7(B) =) seplz+1).

Let us introduce now a class of subsets of the interval [1,..., 2p].
Definition 6.2. We denote by C the class of subsets B C [1,..., 2p] such that
|Bl|=pand |BN{2r—1,2r}=1forallr€[l,..., p]. (37)
In this case, we have
B = (ay,a2,...,0r,...,ap),
where a, € {2r —1,2r} for all r € [1, 2,..., p].
We then have
(g2 (ﬁ £1)), = (£ o = (£976P)o(e %) = (€97<P)oth(Y)/°!.
i=1
Using only combinatorial arguments, we may prove ([2, Proposition 3.6]) the fol-
lowing proposition, generalizing some results obtained when p = 2:

Proposition 6.1. We have

on E 0 if B¢cC
el = ; T 38
(£%PB)y, {(_1),(3)0_1) if Bec. (38)
Taking expectations, we get the following:
Corollary 6.1. We have

) 0 if B¢C
T (597 — N . ’ 39
10E) {(—1)T<B>E(Upth(y)0) if BecC. (39)

7. Study of the derivatives yél) (%P f~) when 2] # p

This section is divided in two subsections: in the first one, we study the cases
2l < p, in the second one the cases 2] > p.

7.1. The cases 2l < p

Using our previous results, we are now able to prove the following:

Theorem 7.1. When 2l < p, we have V(()l)(&?@pf’) =0.
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Proof. In this case, for any sequence J of length [, we have
| B|<| B |< 2l < p, thus B ¢C.
Using the first half of equation (39) and equation (17), we get:
TLj(é@p) =0and T ,(f) = 0 for all J.
Using now equation (16) for t = 0, we get our theorem. O

Corollary 7.1. When p = 2ly or 2ly — 1, we have the relation:
V(E®f7) = 0o ((F7)%).

Proof. When taking a Taylor expansion up to the order [y — 1, the terms of this
expansion vanish, and the remainder term, using relation (20), is O(lo)v= ((f~)3).
|

7.2. The cases 2l > p
Let us study now the derivatives vél)(é(@p f7) when 20 > p and f~ =557,
We will study for these cases the term T, j(&?p ) appearing in the equation

(17). Let us set:

1=l i=l

i=1 i=1
Let us consider the following pair:
g =6%h, g=5%h
We know that we have
Tz,j(ﬁi@p) =v_(g97).
Let us try to apply the analogy rule to the pair (g, ¢~ ) defined above, i.e., let us
study the asymptotic behavior of v(g). Using symmetry between sites, we have:

v(g) = v(6¥Phy), for alli € [1,..., NJ,
= v(E®Phy),
i=l Ji

(eI + )

i—
By expanding the product, we get a sum of terms of the kind

i=k _J\ ~@ph—
der V((ITiZ4 e)EPh )
< 7 ,

Sk kelo,..., 1]

Let us set, as in Subsection 6.2:
i=k
H(s‘]") = ePr ) where |By| < 2k.
i=1
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e If 2k < p, we could prove in [2, Section 3] analogues of Theorem 7.1 and
Corollary 7.1, with f~ = h,_,, replacing the condition 2/ < p by 2 < p — 2k
and [y by lgp — k. So we get, for 2k < p:

Sk =02k)O(lp — k)O(L — k) = O(lp + 1).

o If 2k > p, we also can get the same result. If Iy > § and [ > £, we have
lo+1>p+1. Then, for all k € [0,..., ] we have

Sk=0(o+1)=0(p+1).
We then have
v(g) =0(p +1).
We may then apply the analogy rule, supposed to be valid at order p, to the
pair (g,97).
Using also the fact that \TLj(é@p)\ < 2P and equations (16) and (17), we fi-

nally get the following result ([2, Theorem 4.4]), generalizing relation (35) obtained
when p=2=1:

Proposition 7.1. If 2] > p, we have:
vy (E%7577) = O(p +1). (40)
We may deduce from this proposition the following
Theorem 7.2. When p is odd,

VN'E(®?;) —— 0. (41)

N—o0

Proof. We know that:
1
VN'E(D,) = \/Np2—pu(é®foa?f’).

Using Taylor’s formula up to the order p to calculate V(E‘X’p&?p ), we know, using
Theorem 7.1 and equation (40), that the l-order derivatives at t = 0 of v, (E¥P5 )
for t = 1 satisfy the following relation:

1) ~@p ~ 0 it 2l<p,
w7 = {O(p 1) if 2A>p (42)

We can’t have 2] = p if p is odd.
As the remainder term is also an O(p + 1), knowing that

VN O(p+1)) —— 0,

N—o0

we get the result. O
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8. The case p = 2|

Using the previous results, we see that the derivatives

0 ifl<lo,

(1) @2l ~®2lo —
v (€00 {0(2z0+1) it 1> lo.

Using Remark 4.1, we then see that the two expressions

2t 1 21
VN Ol/(6~®2l°5i®210) and m\/ﬁ Oyélo)(i_?@?lo&??lo)

have the same limit, if any.

In the first part of this section we give an explicit computation, in equation
(45), of the derivative V(()ZO)(&?@?[O&?%). In the second part of this section we find
its asymptotic behavior at the order 2ly, given in relation (52), and prove Theorem
1.1 in the general case.

According to equation (16) used for ¢t = 0, we have to study the products
¢ (4lo)T, j(E¥2)T, ;(57%"),

when J is a sequence of [y pairs J;.

Using Definition 6.1 and relation (38), we may prove by combinatorial means
the following:

Proposition 8.1. If J = (Jy, Jo,..., Ji,) is such that T, ;(E®2l0) #£ 0, there exists
a subset

B:(alaGQa"'aaﬂo)ec

such that the J; are an ordered partition of B. In this case, there exists an ordered
partition, denoted by m,,, of the interval [1, 2,..., 2lg] in ly pairs {ri, s;} such
that, for all i € [1,2,..., ly],

Ji = {a?”z" a’si}

and we have

T1 j(g@Qlo) — (_1)2%%3 +as;) E(UQlo)' (43)

)

We also have the pairs J; C [1,..., 4lo], thus the constants cj(4lp) = 1. So for
such a j, we get:

i=lg

cj(Alo)Ty ;(E¥H)T, ;(67%0) = (—1)Z(artas) B(U0)y_ (&;@210 I & )

, Ar;sQs;
=1
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Summing now the terms used above first over the J; associated to a same
partition 7, and using (16) for ¢ = 0, we get the following result:

Proposition 8.2. We have

i:lo
v (e = g BUH) Y v (6770 [ B (6rsd)
Tl =1
def 521 21 ~®2l0 p—
= FEUT) Y v (67 Ry, ).

Remark 8.1. We get the same result replacing 6?210 by any function f~.
However, when f~ = &?mo, we get the following more precise result:

Proposition 8.3. Let m;, o be the “canonical” partition such that

Vi<ly, ri=2i—1, s =2i (44)
We have:
2lp)!
W) (@) = o g B0V _Gemp ) (45)
Remark 8.2. We see that (45) generalizes (30) obtained when p = 2. We also have:
(2p)!
2lo = lO!E(Zzlo)

where z is a standard Gaussian random variable.

Let us quickly describe now the main steps of [2, Section 5]. Equation (45)
leads us, trying to use the analogy rule for the pair

(9= =67""Ry, ,» 9=57"Rn, ), (46)
to evaluate the asymptotic behavior of v(g).
Using symmetry between replicas and obvious notations, we get:
Y(GFH Ry o) = w572 B ),
=v(E®* R, ),

where
T:lo

ol ~or §2r71§2r
Rﬂ10,0:H<R (O' , 0 )+T>

r=1
By expanding this product and using an extension of Proposition 8.2, we finally
may get the following

Proposition 8.4 ([2, Proposition 5.4)). If 7, denotes the partition m of the interval
1,2, ..., 1] with no order between its atoms and if

Sok= Y v-(Ry , Ra ), (47)

Tig—k
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we have:
k=lo
V(67 Ry, ) = E(U™) [Z OIO( ) (B%)°*5 k] +0Q2l+1).  (48)
Let us try now to apply the analogy rule to each term in the sum defining
So,i- We get first the following result:

Proposition 8.5. Let us set ' =1y — k.

o2 +1) if fu# o,

V(R*z'R”t’,o) = ( 4E(U?)
N

L ) o (49)
—,82IE(U2))> + 0@ +1) if fy =m0

This proposition is proved in [2, end of Section 5] and needs a central limit
theorem proved by Talagrand for the overlaps ([5, Section 2.7]).

Using now the analogy rule, assumed to be valid at order k = 2I’, for each
pair (Rz, Rr, R;z/R';l/.o)’ we get:
( 4E(U?) ) lo—

N(1—pEU?))
Reporting this evaluation in equation (48), we get:
4

N(1—-pEU?))
We may now use the analogy rule, assumed to be valid at the order k = 2I,

for the pair (g,¢~) defined in equation (46). Using equation (45), we get the
following generalization of (34):

Sok = * + O(2(l0 — ]4)) + 1). (50)

)

V(67 Ry, ) = E(U%)( )lo +0(2lp +1). (51)

A (9% 520) = o C0) g gt (¥= 7 B(U2) )"+ 0w+, @
We then have, using Remark 8.2, relations (7), (42), (52):
aloy _ (487Nt lo lo 1 o
E(320) = (W) E2(U0) (2 )(m) FO@2l+1), (53

B(y2) = (6—2>ZOE2(U2l°)E(z210)<;)IO +0Ql+1).  (54)
Wl AN (1-FE(U?) T
This is the result previously announced in Theorem 1.1 when the order p of the
moments is even.

9. Conclusion and perspectives

This result has been proved with some hypothesis (5 sufficiently small) implying
exponential inequalities and central limit theorems for overlaps; it could be natural
to study our problem under more general hypothesis having the same implications.
It is also possible to look, if 3 is sufficiently small, for other limit theorems, e.g., for
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the arithmetic mean of spins over all sites ([3]), or for an extension of our results
in the case of p-spins as studied in [1].
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1. Introduction

Talagrand, in Chapter 2 of his book on spinglasses [5], studied the following model,
introduced by Sherrington and Kirkpatrick [4].

Let § and h € RY, (g;)1<i<j a set of i.i.d. Gaussian standard random
variables, defining the disorder of the model, N be a positive integer. Let

o= ()N, e {-1,+1}V L' xy.

The quantity o; is called the spin at site i of the configuration o.

Let us consider the Hamiltonian of the SK model with a constant external
field h, i.e., the quantity

_HN(O',ﬁ,h) = \/ﬁj_\/' Z gi,jo'io'j+h<z O'i) . (1)
1<i<j<N i<N

The Gibbs’ measure of the model is the probability on Xy, denoted by
GnN(B,h) or Gy, associated to the weight function exp(—Hy(0)), o € Xy. If
f is a numerical function defined on X%, the integral of f with respect to the
product measure G is denoted by (f), the expectation (with respect to the dis-
order of the model) of this integral is denoted by v(f). One may view v, for each

fixed n, as the expectation of the product measure G%.
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Let o', 0% be two configurations or replicas. Talagrand extensively studied
their overlap defined by

N
1 2 def 1 1.2
R(o",07) = N§Uz‘ai =Riz.
Let
Y = B2/ + h, where g satisfies the relation E(th*(Y)) = ¢, (2)
where z is a standard Gaussian random variable. It is known ([5, Proposition
2.4.8]) that ¢ exists and is unique if A > 0. We will set also

E(th*(Y)) = g .

Let us then denote by Rl’g the “recentered” overlap Ry 2 — g2. The k-order mo-
ments, with respect to v, of these recentered overlaps have been studied at suffi-
ciently high temperature (i.e., for [ sufficiently small) and these studies lead to
prove Central Limit Theorems for overlaps ([5, Section 2.7]).

A non Gaussian limit theorem for the covariance (with respect to Gibbs’
measure) of the spins at two sites is given in [2] and in [3] (where a detailed proof
and a more complete bibliography are given).

We will be interested here in proving a Gaussian limit theorem for the mean
spin:

=

i=
o= ;. (3)
i=1
Such a result will be a partial answer to some questions of Talagrand in his book
[5, end of Section 2.7].
We will proceed in a manner similar to the study of overlaps. We will study

the “recentered magnetization” denoted by f , where

floy=o—ar. (4)

We will prove mainly the following two theorems:

2=

Theorem 1.1. For (§ sufficiently small, there exists a constant V' such that

Nv(f?) Fr— V. (5)

Remark 1.1. The “constant” V above is in fact a complicated but explicit function,
not depending on N, of the parameters § and h of the model, which is given below
in (55), or equivalently in (100).

Definition 1.1. Let us set

Theorem 1.2. The k-order moment relative to the probability v of the random
variable X converges, when N — 400, towards the k-order moment of a standard
Gaussian variable z.
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The main method used to obtain these results, as in the case of overlaps,
is the “Smart Path” method introduced by Talagrand. Some properties of this
method are recalled in Section 2 which ends with the notation O(k) used in [5].
Section 3 recalls the exponential inequalities for overlaps, i.e., some estimates of
the 2k-order moments of the recentered overlaps, and gives some useful properties
of products of recentered overlaps. Section 4 studies the asymptotic behavior of
v(f) when N — +o0. Section 5 first gives an asymptotic bound of the second-
order moment of f with respect to v, then proves Theorem 1.1 and computes
explicitly the constant V. The next section proves an exponential inequality for
the “recentered magnetization” and the last section sets an induction relationship
between the k-order and the k — 2-order moments of f , allowing us to give another
(equivalent) formula for V' and to prove Theorem 1.2.

2. The smart path method

To study the spinglass model defined by the Hamiltonian (1), Talagrand introduced
a continuous family of Hamiltonians

_HN,h te[O,l}, with —HN’1:—HN.

In the same way as in the case ¢t = 1, this family induces Gibbs’ measures Gy,
integrals (f); having expectations v4(f). The disorder of —Hy,; depends on the
disorder of —Hy and on an independent Gaussian standard random variable z.

In the rest of this section, we will first give some properties of the Gibbs’
measure Gy, o, and of the integral vo(f). Then we will give a formula allowing to
compute the derivatives v;(f) and we will also give some useful bounds for v(f).
In the last subsection we will recall the notation O(k).

2.1. The case t =0
Let us consider the variable Y associated to z defined in the equation (2). The spin

on e satisfies (e)o = th(Y') and is independent of the spins at the N — 1 first
sites, which have law Gy _1(8+/(N — 1)/N, h). This law induces integrals denoted
by (.)_ having expectation v_(-). Then if a numerical function f of n replicas
satisfies f = f~hg, where f~ only depends on the spins of these replicas at the
first N —1 sites and hg only depends on their spins at site IV, we have the relations:

(fYo = (f)olho)o = (f7)—(ho)o, (6)
vo(f) = vo(f )vo(ho) = v—(f " )ro(ho) . (7)

2.2. Derivatives of v;(f)

Let us give some properties of v4(f), f being here a numerical function of n replicas.
Let us introduce first some objects associated to overlaps, setting
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If J = (r,s), r < s is an ordered pair of integers indexing replicas ¢” and o*, we
can also set:
el =oyn,ef =0},
def gre’ def J

RJ:R(UT,US):RT,&M RJ:R qz_RJ_FT_RJ_FN

Ry is called the recentered overlap associated to J, (8)
R is similarly called the recentered M-overlap associated to J. (9)

Let us set

D, r ST — r n+1l 1 Tl(?’l+1) n+l _n+2
R, = E e e’ Rys—n E e € Ry g1 + ———€" " Ry pi 12 -

2
1<r<s<n r=1

Let us also denote by R, the quantity obtained by replacing the terms Ry by
R; in the definition of R,,. Then we have, for all functions f defined on X%, the
relation:
vi(f) = B2 fRa) = Bl fRy). (10)

This relation is an other form of [5, Proposition 2.4.5].

These properties may allow us to evaluate v(f) through a Taylor expansion
of vi(f) at t =0, vo(f) (or ¥4(f)) being generally easier to compute. As it often
works, the construction of v4(f) is called the method of “Smart Path”.

Remark 2.1. We see that in equation (10) the derivative v;(f) appears to be a
known linear combination of expressions such as v;(fRy) or v,(fR7); these ex-
pressions introducing the overlaps and their connections with f will play an im-
portant role in the sequel, by trying either to compute them or to bound them
using an Holder’s type inequality. For example, the computation of v(fR;) when
f is the recentered magnetization defined above in (4), will allow us to get expres-
sions depending only on overlaps for which we may use their known asymptotic
evaluations. This idea will be an important key to prove Theorem 1.1.

2.3. Some estimates of v;(f)
Let us give some other useful properties.

e It is proved in [5, Proposition 2.4.6] that there exists a number Ky, depending
only on n and f3, such that, if f is a non negative function on X%, we have:

vi(f) < Ko(n, B)v(f)- (11)
If 8 < By, we may omit dependence on 3 and replace Ko(n,3) by Ko(n).
e It is also proved in [5, Proposition 2.4.7] that there exists a number K,
depending only on n and 3, such that, if f is a numerical function on X7},
and if the numbers 7y, 7o satisfy 1/7 + 1/72 = 1, we have:

v(f) = vo(H) < Ki(n, B (|70 7 (| R 2| ) - (12)
As above, we may omit dependence on [ if 8 < [y and replace Ki(n,3) by
Kl(n)
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2.4. The notation O(k)
We will give this useful notation, as used by Talagrand in his book [5].

Definition 2.1. A numerical expression F(N,3,0), defined for 8 < [y, is said to
verify the relation

F(N,3,0) = O(k),
if there exists a constant K, not depending on § nor on N, but possibly depending
on the parameter 6, such that
K
N

We will often use the following notation:

|F(N, 8,0)| <

Wl

Definition 2.2. If ¢ and b are two numerical quantities such that
a—b=0(k+1),
we will denote this relation as

k+1
a ~ b.

Remark 2.2. We may also say in this case that a and b are asymptotically equiv-
alent at order k + 1.

3. Exponential inequalities and applications

In this section, we recall first “exponential” inequalities for overlaps, valid for 3
sufficiently small, that we use to evaluate remainder terms in some Taylor expan-
sion of v,(f). The last part of this section studies products, denoted by h}, of I
recentered overlaps and products, denoted by (h~)!, of their associated recentered
M-overlaps and mainly proves the following:

v(hh) T v ((h))). (13)

3.1. Exponential inequalities for overlaps

For (3 sufficiently small (6 < f3p), Talagrand ([5, Section 2.5]) proved some expo-
nential inequalities for recentered overlaps, such as:

. Lk
I/(R%’kg) < (W) , L being some constant. (14)

These inequalities imply:
v(|Ri2 — @2l) = O(j) - (15)

We have the same last inequalities if we replace R by R™.



182 A. Hanen

3.2. First- and second-order Taylor formulas for v;(f)

*

Let us denote by [¢;]* some finite linear combination of quantities g; having the
same structure. Using (11) and (10), we can see that

(£ < (IR, )", and also (16)
Vi < (R DI (17)
We then have ([5, Proposition 2.5.3]), for 8 < (:
v(f) = wo(f) + 02 (f?), (18)
v(f) = vo(f) + v(f) + O2)v2 (f2). (19)

Remark 3.1. In all the sequel of this paper, we will suppose 3 < 3y, where [y
is chosen sufficiently small to have the exponential inequalities (14), (15) and the
C.L.T. for the overlaps.

3.3. Products of | recentered overlaps

We will prove now a technical lemma which will be needed in the sequel. Let
Ji:{m,si}, (ZE[I,,[D

be a sequence of [ ordered pairs of positive integers, each pair indexing replicas
(o, 0%). Let

l l
my=11k.: (n=]]ks.
i=1 i=1
Lemma 3.1. We have the following relations:
v(lhi]) = O(1) = v(I(h7)il), (20)
v(hy) = wo((h7)) + O +1). (21)
Remark 3.2. Using Definition 2.2, we may write also (21) as (13).
Proof. We know (using (15)) that
v(|(Rs)*)) = O(k) = v(|(R})")). (22)

These inequalities and Holder’s inequalities imply the first part of Lemma 3.1.
To prove the second part, we shall prove first that, for all ¢,

(b)) " v ((h)Y). (23)

‘We have:
-1

By = (7)1 =Y ((h)ihpyy — (W) R )

glr+1 o
= Z N (h )1hlr+2-
r=0
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Thus we have:
-1

S 1)kl

r=0

Exponential and Hélder’s inequalities prove that v(|(h™)7h!,,|) = O(l—1). Thus,
n being the total number of replicas involved, using also (11), we have:

Ay — (h7)i] <

2=

-1

I (BY) ~ (O] < = S vl
r=0
-1
< o S )it
r=0
—0(+1).

Thus (23) is proved.
We also have, using Taylor’s formula and the equation (16) with f = h}:
v(hy) = vo(hy) + vy(hi),
where we have
i (BY)] < w(Ihi R )"
As each term v(|h} Ry,|) is of the type
v([hT) = O(1 + 1), using (20),
we then have
vi(hh) = O + 1) and v(R}) & vo(hL) .
Thus, using (23) for t = 0, we obtain (21):

() T u((h)L). O

4. The mean spin: first-order properties

In this section we begin our study of the recentered magnetization. We will prove
mainly that, as in the cases of overlaps, Z/(f) = 0(2). We will get this result as a
corollary of Proposition 4.1 below, used several times in the sequel.

Let f be the recentered magnetization. We have, by symmetry between sites,
the relation:

v(f) = v = q)).
Let us give some definitions and let us set:
Definition 4.1. We define o1 and as by
or =1(((e' —qu)e'e)(r > 1) = (1 — q2)
as =vo(((e' —q)ee’)(1 <r <s)=q3 — qugo.
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Definition 4.2. We define R, by

R = (Z Ry, - nR;nH)

r=2
. (n+1)._
+ a2 ( Z Rr -n Z Rr 1T TRTL-H n+2) (24)
2<r<s<n
We have the following

Proposition 4.1. Let g~ be a function with real values, such that

~ def _
i< (' —aq)g

depends on n replicas denoted by o', 02,...,0™ and g~ does not depend on the
spins of these replicas at the last site N. We have, using Taylor’s formula:

w((e' —q)g™) =vo(g) =0, (25)

v((Ee' —q)g7) = v(§) = FPwlg Ry) +0Q2w2((g7)?). (26)

Remark 4.1. The derivative 1{j(g), which is the first term of the right-hand side in
equation (26) above, is a linear combination of expressions 1y(g~ R ) that we will
study in the sequel for certain g—.

Before proving Proposition 4.1, let us first prove the following

Corollary 4.1. We have the property:
v(f)=0(2). (27)

Proof. As v(f) = v(e! — 1), we can apply Proposition 4.1 with g~ =1, n = 1.
We then have:

v(f) = Bu(Ry) +0(2),
= B2 (—onro(Ry,) + aarvo(Ry5)) + O(2) .
We know, using (21) with [ = 1, that
vo(Rip) 2 v(Ri2) and vo(Ryg) ~ v(Ray3).

As we know, using [5, equation (2.215)], that v(R;) = O(2) for all .J, the corollary
is proved. O

Proof of Proposition 4.1. We know ([5, Lemma 2.4.4]) that:
(Mo = th(Y),
so that
vo(et —q1) =0,
and
w((e' —q)g) = vo(e' —aq)rolg™) = 0.
The last equality above is (25).
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Using also the fact that
|‘€1 - Q1‘ S 2 )
we then have, by Taylor’s formula and (19):
V(' —a)g™) = w((e' —a)g ™) + 0@ ((g7)).
Using (10) allows us to calculate v}((e! — ¢1)g~). We have:
vp((e' —a)g™) = BPro((e" —a)g™ Ry,),

=Bl —aq)g lZElETR1 .

+B2vo((e' —aq1)g7) Z e R,

2<r<s<n

- nBwy ((51 —q) g [Z e e R

r=2

_nﬁzl/o((gl Q)9 e 5n+1R1 n+1)

n(n —|—1 ntl m
n( )521/0(( —q)g " e +2Rn+1 nt2) -

+

We know that we have

<Hﬂ>=wwww
0

reK
and then

Vo (H €T> =E((th(Y)™) = gk,

reK
where K is a finite set of integers indexing |K| distinct configurations o” whose
spins at site N are denoted by £".
We then have, using (7), Definitions 4.1 and 4.2, the relation

(e —a)g™) = Brolg™ Ry). (28)
Proposition 4.1 is proved. |

5. Study of the second-order moment v/(f?)
In this section, we will first prove the following.
Theorem 5.1. We have the relation:
v(f?)=0(2). (29)

Then we will make this relation more precise by proving Theorem 1.1. In the
last subsection, the constant V' appearing in Theorem 1.1 will be computed as an
explicit function of the parameters of the model.
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5.1. Estimation of v(f2)

To prove our first result, we will try to follow the main steps of the corresponding
result for the overlaps ([5, Theorem 2.4.2]), but instead of finding at the end a
direct inequality, we will get an inequality for the value at z = v/ X f2) of a
second-degree polynomial and we will have to study its roots to get our result. As
an important consequence we will also find, in Corollary 5.1 below, that

v(fRy) 2 wo(fRy). (30)
Proof of Theorem 5.1. We have, by symmetry among sites:
v(f?) = v((e' —a)f) € v(g). (31)

We also have |g| < 2|f|. The function g depends only on one replica, so we can
use (12) with n =1 and 71 = 7o = 1/2. We obtain:

v(9) = volg)| < 2K ()2 (f2 )2 (RS ). (32)
As we assume that the exponential inequalities (14) are true, we have:

V2R ,) < (%)1/2.

Thus we have:
[\1/ o de )
W(g) ~wolo)l < 2Ea() () W) E ). (33)

Using (7) and (¢! — q1) = 0, we have

w(9) = (e —a)(f = F7) = % |

Thus 5
()l < & -
‘We then have: ) )
;2 0 1/2( 42 &

v(f) < v Tt (34)
Let us set ) 5

_ 2 0 1/27 2\ _

hg(x)—x—Nl/zx—N, VW2 =a.

We have a > 0, ha(a) <0, so that a < xp, where zg is the positive root of ha(z).
As it is easy to see that zo = 5, where ¢ is a constant, we necessarily have

v(f?) < L., if the constant L > c3. Thus we have v(f?) = O(2). 0
Corollary 5.1. We also have:

v(|fl) = 0(1). (35)

v((f7)%) =0(2). (36)

v(fRy) 2 vo(fRY). (37)
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Proof. The first relation is a consequence of Theorem 5.1 and of Hélder’s inequal-
ities.

It is also easy to see that f2 = (f7)2 4+ O(2). Applying v to both sides and
then using (29), we get (36).

Let us prove the last relation (37). We have:

fly — fRG = f(Ry — B3) +(f — )Ry = 1 (fe) +2 ).
Thus we get:
FRs— fRG1 < U1+ IR ).
Applying v to both sides of this inequality and using (35) and (20) with [ = 1, we
get:

v(fRy) 2 v(fRY). (38)
Using now Taylor’s formula, we get:
v(f7Ry) = w(fRy) +vi(f~R)).
Using (17), we see that
vi(f~Ry)| < v(If~ Ry Ry, D"
Since . . . . . .
v([fTR Ry ) < vE (7)) (R7)*(Ry,)?)
we see, using Lemma 3.1 and (36), that
Vi(f Ry = 0@ (7)) = 03).
Thus we have: o o
v(fRy) 2 w(fRy).
Using now (38), we get (37). O

5.2. An asymptotic equivalence relation for v/( f2)

Let us describe now the main ways used to prove Theorem 1.1, or a more precise
form given by the following

Theorem 5.2. There exists a constant V' such that

NS (39)
We have, by symmetry among sites,
. . . 1
v(f) = v —af) =v(E -a)(F+5))- (40)

We will get a sum of two terms, the second one being easy to evaluate, and we
will apply Proposition 4.1 to the first one, with

g =f.
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We will then have, using Remark 4.1, to study expressions like
vo(f~RY)
or equivalently, using relation (30) above,
v (f RJ) :
But we may write this expression as
v((e' — )Ry +¢’/N)).

Applying to this quantity the same type of procedure as for equation (40), we
finally get expressions like

v(RyRi) X C/N,
for known functions C' of the parameters of the model, allowing us to prove The-

orem 5.2.
Let us go now into detailed computations.

Proof of Theorem 5.2. Let us continue the computation given in the equation (40).
We have

W) = V(= a)f) + el — e,

A
As, by (18), we have:
v(e!) = w(e') + 0(1) = a1 + O(1),
we find that
=179 o
2= Ty .

To calculate Ty, we can use Proposition 4.1, with ¢— = f’ and then n = 1. We
obtain the following equation:

Ty =v((e' —q)f7)
= B3 (—a1ro(f~ Ry,) + aaro(f~ Ryg)) + O(2)v
Using (36) and (37), we have:

Ty 2 B2 (—oqv(fR12) + aav(fRas)) . (42)

NI
—
—

.
|
—

[ V]
N
—~
=~
—
—

‘We have:
J

V() = (e —a) B +v(E —a) T ) -
Thus we have, by Proposition 4.1 with g~ = R, v'/2((R;)?) = O(1):
.. . ~ J
V(i) 2 Bro(B5 i) +wo((E - a) ) - (43)
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‘We have here the relations:

J

If J = {1,2}, then VO((el—ql)%) — oy and n=2.
If J = {2,3}, then VO((el—ql)%) — oy and n=3.

The quantity vo(R; R;,) is in each case an explicit linear combination of terms of
the type

vo(R Ry) 2 v(RyRy), (44)
using (21) for | = 2. Each term v(Rj Ry ) has one of the following types:
v((Rip)® i J=K, (45)
V(Rl,zR1,3) if JNK|=1, (46)
v(RiaR34) if JNK =0. (47)

Definition 5.1. Let us set, using the notations of [5, Sections 2.6, 2.7], and more
precisely [5, Eqs. (2.268), (2.279), (2.292)]:

U=1-th*Y),
2 _ _ EW?
AT = =m0
2 _ A}
Az = AL
B2 = 9244
1 (1;ﬂ2 E(U?))(1-5%(1-4g2+344)) ’
2 __ B
B2 =5
o2 — qa—a3+6%(qa—a3) AT +28% (2a2+q3 —3q4) BT
1= 1-32(1—4qg2+3q4) )
2=

-
We also know, using [5, equation (2.265)], that:
v(Ry2Rs.4) & C,
V(Rl,QRl,S) 2B+ C? ;
v((Ry2)% 2 A% + 2B 4 C2.

It then follows, thanks to the form of the quantities A%, B2, C? that we have, V;
and V5 being constants, the following equations:

. 3 Vi
vo(f RI,Q) ~ N
.. 3 Vi
VO(fRz,s) ~ WQ
Finally, we obtain:
oy 3 1—qf 2 N1 Vs
v(f*) N +ﬁ( a1N+a2N>- (48)

Thus we proved Theorem 5.2 and then Theorem 1.1. (]
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5.3. A computation of the constant 1/

Let us compute more precisely the constant V' above, and first the constants V3
and V5, as functions of the parameters of the model.

We have, using (24) and (43) when J = {1,2} and n = 2:
VO(R;,Q‘Z%Q_) = vo(Ry, 2[a1(R1 2 —2R13)" + 0‘2(_2R2_,3 + 339:4)}) .
Using now equations (45), (46) and (47), we have:
vo(RyoRy ) ~ 01(A? +2B2 + C? — 2(B* + C?))
+aa(—2(B* 4+ C?) +3C?), (49)
2 ay(A? = C%) + a(—2B% + C?). (50)
Using now the equation (43), we get:

Vi = a1 + %(a1(A} — CF) + aa(—2B7 + CF)) . (51)

Let us compute now the constant V5. In the same way, we have, using the
equation (43) when J = {2,3} and n = 3:

vo(RyyRy) = vo(Rys[an (Ry o + Ry — 3R1 )
+aa(Ry 5 — 3R, — 3R5 , + 61, 5]).
We then have:
(Rz sRy) 2 a1 (2(B? + C?) - 3C?)
+ (A% +2B* + C* — 6(B* + C?) + 6C?), (52)
2 a1(2B? — C2) 4 an(A% + C2? — 4B?). (53)
Using equation (43), we obtain:
Vo = ag + B2(a1(2B2 — C2) + aa(A? + C2 — 4B?)). (54)
Using now equation (48), we finally get:
V=1-¢+p(-af +03)
+ 30l (AT — CF) + a3 (AT + CF — 4B7)
+20m02(2B7 — C7))]. (55)

We will get later an alternative formula giving the value of the constant V.

6. Exponential inequalities for the mean spin

In this section we will prove exponential inequalities for the mean spin, in the
form given in the equation (14) in the case of overlaps, then we will prove some
consequences of this inequality, given in Corollary 6.1 below. Let us start by giving
our main theorem here:
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Theorem 6.1. There exists a constant L such that, for any integer k, we have
: Lk\*
2k (_) .

v = (§

Remark 6.1. As |f| < 2, we have v(f2F) < 4% and the equation (56) is true for
k > N if we take L > 4.

(56)

Let us describe now the main points of the proof of Theorem 6.1. We will
follow the same scheme of proof as for a similar result on overlaps ([5, Theorem
2.5.1]).

We will prove this theorem by induction on k, more precisely we will take
1 <k <N —1 and we will assume that there exists a constant Ly > 4 such that:

W<k w(f)< (%)l (57)

We know that this assumption is true when k& = 1, by Theorem 5.1. We will
give first in Lemma 6.1 below some consequences of this assumption, then we will
prove our theorem, i.e., that we have, for a convenient choice of the constant L,
the inequality
(2k+2 Lo(k + 1)K+t

v(f) < ()
Writing, as in the case of v(f2), v(f2**2) = v(gx) for a convenient function gy
(see equation (61) below), we will bound the difference |v(gx) — vo(gx)|, using an
Holder’s type inequality. This bound will lead to study, as in the case of v/( fz), a
polynomial inequality of degree 2(k + 1), allowing us, after some calculations, to
get our result. This last point is the main difference with the case of overlaps.

Let us give now detailed proofs.

(58)

Lemma 6.1. Under hypothesis (57), we have:

vi<ak (i) < (BUEDEYE o), (59)
v((f)* < 3(%)'6 = 0(2k). (60)

Proof. The proof of Lemma 6.1 is almost identical to that of the same results for
overlaps ([5, Lemma 2.5.2]), we only have to replace Ry 2 by f and to express f~
as f —e!/N. O

Proof of Theorem 6.1. Let us prove now that if the assumption (57) is true and if
Ly is chosen sufficiently large, we have
LO (k‘ + 1) ) k+1

[2k42Y (
w2 < (ol
We shall proceed in the same way as in the study of v(f2). We have

v(f252) = v((et — @) 2 E () - (61)
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2k+2
2k+17

w(gr) — volge)| < 2K, (1)v 22
We know, using (14), that

Using now (12) with 7, = 72 = 2k + 2 and knowing that [} — ¢1| < 2, we

have

(f2k+2) (R2k+2) )

Lk +1)\1/2
2k+2

= < (F—)
with the constant by defined in equation (33). Then we get:

ix(k + 1))1/2 2k+1 '2k:+2)

v 2k+2 (f

wlgr) = volgn)] < 2K1(1)(

k+1\1/2 2k 2kt2
< 2k+2 .
<bo(Fo) AR () (62)

We now evaluate |vo(gx)|. Using (7), we have

vo(ge) = v((e" — a) (M = (F7)*H).

Since we have:

|FH = (PP < @k + )If = FIG + (F)™),

2k + 1 -
<+ (),
using (11) and the inequality | — ql\ <2, we get:

o (g)| < 2(%)@0(]&2’“) +o(f7)%H),
< 2(—2k];_1)Ko(1)(u(f2k)+V(f'*)2k), (63)

Since we know, using (57) and (60), that
. Lok %
™ < ()
. Lo(k +1)\*
n((f)) < 3( P
using also the inequality 2k + 1 < 2(k + 1), we get:
kE+1\ (Lo(k+1)\*

) )

< 16K,(1)LE ((k;\;l))kﬂ.

IN

and that

voge) | < 42Ko(1)
(64)
Thus we have, using (62) and (64):

v(f?2) = v(gr) < volgr)l + [v(ge) — vo(gr)l

k+ 1\k+1 k+1\1/2 2k41
§16K0( )L0< N ) +b0( N ) 1/211212(f2k+2). (65)
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Let us set:
“ k+1 k+1
b=to( )V, e = 16K IS )M
a =y (f#+2), h(z) = 22*+2 — pa2k+l — ¢,

We have h(0) = —¢& < 0, and also, by (65), h(a) < 0. It is easy to see that the

. 7 def
function h decreases when x < mgy = —EZE

x > mg. Thus h has only one positive root called xy and we have 0 < a < xg.
In fact, we want to prove that we have:

a2k 2 < (Lo(ljv‘i‘ 1))’““ ’

b, then increases towards 4+o0o when

ie.,

a <

(folr D Dy ety (66)

The inequality (66) will be true if it is possible to choose Lo such that h(d) > 0.
We have:
il(d) _ d2k+2 o l;d2k+1 —¢ ,
(Lo(k + 1))’“‘1 b (k + 1)1/2(L0(k + 1))’€+(1/2)
= —bo

N N N
B & (k + 1) k41
16Ko(LE (=)
kA4 1y k+1 1/2
=L6(5—) (Lo —boLg/® — 16Ko(1)]. (67)
Let us set:
u(z) = 2% — box — 16 Ko(1) . (68)

We will have h(d) > 0 iff u(L(l)/z) > 0. This last relation will be true iff L(l)/2 > ug
(where ug is the positive root of u(x)). If we take such a constant Lo, then h(d) > 0,
thus Theorem 6.1 is proved. O

Corollary 6.1. We have the following relations:

v(|fF) = 0(). (69)
v(f*) " u((F)M). (70)
v(f*Ry) " u((F)F)R;) . (1)

Proof. By (60), the relation (69) is satisfied when j = 2k. When j = 2k — 1, we
have:
vI(fP) < PRI
By (60), we have:
v PR = 0.
Thus we get (69).
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To get (70), we first prove that

V(1) (R, (72)
and then that
v((F)%) o ((F)). (73)
This scheme of proof is also valid to prove (71). We have:

= GO = P10+ 1)),
< EOF UG, (74)
Then
(v(f*) = v((f)D) < %V(\fk_ll) +u( (/)
=02)0k-1)=0(k+1).
Thus we have the relation (72). Using now first (18), then (69), we get:
v((f7)F) = w((f)F) + 02 ((f7)*)
(). (75)
This is relation (73), thus (70) is proved. In the same way, we have:
PRy = (F) Ry = (fF = (F)) Ry + (J)M (R = RY)
. s . s EJ
= (= MR+ () -
Then we get, using relations (74), (59) , (60), (69) and Schwarz’s inequality:

(P Ry) = ()R < %( (5 Rl + v R ) + (1)),
=20(2)0(k —1)O(1) + O(2)O(k)
=0(k+2).
Thus we proved that
v(f*R) " () Ry (76)
We then have, using Taylor’s formula
v((f7)ERT) = wo((f )Ry + v () RY). (77)

We know, by (17) that:
wi((FROI< ((F) Ry Ry D))"

Each expression v(]( f‘)kRjRji\)) may be written, using the notations of Sec-
tion 3, as:

v(I(f) ()N -

Using now equations (20), (60) and Schwarz’s inequality, we get:
v(I(f7)F(h)I) = O(k)O(2) = O(k +2).
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Thus we have:
vi((f)"Ry) = Ok +2).
Thus, by (77), we get:

PR AP .
v((f)PRY) "= wo((f) RY). (78)
The equations (76) and (78) prove the last inequality (71) of Corollary 6.1. O

7. Study of the k-order moments of the recentered magnetization

Let us set
l/(fk) =my.

Let us define the following quantities:

Definition 7.1. Let us set, using (71):

X = w((f ) Ry,) (R ) € X

Yki = l/o((fzi)kilRiS) ki—/l l/(fkile’g) d:ef Yk .
Remark 7.1. We also have, for all J:

k-1 k1l k1 X, ifled,
w8 ) (A Ry) = {Yk ey

Let us give now an overview of the contents of this section.

In the first part, we prove, in Proposition 7.1 below, that my, is asymptotically
equivalent at order k+1 to an explicit linear combination of Xy, Y and k—;,lmk,g,
whose coeflicients are independent of k. The proof uses symmetry among sites for
the recentered magnetization f, writing my, as v((e' —q1)(f~ + %)’“71)7 then uses
mainly Proposition 4.1 for g— = ( f —)*~1 and the asymptotic evaluations such as
equation (71) found in the previous section in Corollary 6.1.

To get a “true” induction relationship between my and my_o at order k + 1,
we need to find how X, and Y}, are related to my_o. This is done in the second
part of the section. To study an expression such as v(f*~1R;), we use symmetry
among sites for the recentered overlap Ry, writing

v(f*Ry) = v(fHE - a2)

and we make the same kind of asymptotic evaluations as above, using analogs of
Proposition 4.1 and Corollary 6.1.

We get two linear asymptotic relations at order k + 1 between X}, Y3 and
mg—o, given, using a matrix formulation, in Proposition 7.2. Using these linear
relations, we get, in Corollary 7.1 below, our “true” induction relationship given by:

k-1
mg k’tl Ckka_Q . (79)
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Here, the constant C' is necessarily the constant V' found in Theorem 5.2. The next
subsection gives explicitely the value of V' found by this method, which possibly
may appear simpler than equation (55).

At the end of this section, using (79), we will prove Theorem 1.2.

7.1. A first evaluation of my

We prove the following
Proposition 7.1. We have:
k—1
my, " B2 (—an X, + aaVi) + —— (1= a2 (80)

Proof. We have:
e -5+ 5)7)

(e~ a) () + L - ) ()
k—1

+Z$C£71V((51 —q)(f)FEDT). (81)

3

As we know, by (69), that v(](f~)7]) = O(j), using also the inequality |e! —q1| < 2,
each term of the last sum in (81) is bounded by
1 T f—\k—1—r
G 2(F) ) = 0@AO(k 1),
=O(k+1) whenr > 2.
We then have
ok . k—1 .
V() o = )+ A - e ()Y (8)

Cr 4T, (83)

Let us first study the expression T5. We have:
v((e —q)(f7) %) = (1 — @) (f 1)),
= (1= @) (F)* %) + 0(ws ()¢,
=w((1 - @) (/) ) + 0k - 1),
by (69). Thus we have:
k1 k—1

1 2 (1 e (7)) (4)
k— .
=P @l
Using now (70), we have:
72 0 ymes (35)
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Let us study now the term Tj. Using first (19), Proposition 4.1 with g— =
(f7)F1, then (69), we have:

Ty =v((e' — ) ()Y = (e = @) (F)FY) + 0@)wa ((f7)2¢+D),
= Bvo((f ) TR + Ok + 1),
N B ((F)F (o iy + anRyg))
‘We then have:

T k,tl 52(—0(1Xk + ()(QYk)) . (86)
Using equations (85), (83) and (86), we get Proposition 7.1. O

7.2. Study of X and Y}

Definition 7.2. Let us set:
a=1-3(1-q),
b=—03(3q —2q2 — 43)
c=—b=[3*(3q —2¢2 — G3) ,
d=(1—F*(6gs+1—6gs — (q2)%)).

Let us define the matrix:
a b
e () -

We will prove the following:

Proposition 7.2. We have the equation

Xk k+1 k-1 (651
M(Yk) A (QQ |

Proof. Let us try to reexpress first Xj. We have:

. . 3 Iy k=1
V(" Ry ) def x, = y((f_ + %) (e'e? — q2)> (by symmetry among sites) ,

=v((f ) — )

(I — )

k—1

# 3 (@ TR ),

+

In the last sum, using the inequality |e'e? — go| < 2, the term

1 P NE—1_p

G Cro(EY ()7 (e'e? — qo)

isan O2r)O(k—1—7)=0(k—14r) =O(k+1) if r > 2. We then have

X TN+ 1Y (88)
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where
T =v((f ) e — q),

15 = S (e e )

Let us study first the expression 75 Using (18) and (69), we have:

() (- @)

Thus, using (69) and Definition 4.1, we have:

k—1
Ty, Kt ( o

Let us study now the expression Tffk. As (et

(69) and (10) with n = 2, the relations:
T, = vo(f7) 1 (e'e? = ¢2)) + O(2)O(k — 1)
ktl B2r((ete? — qz)(f_)k_l(elazRi2 — 28163Ri3
— 26263R£3 + 36364]%3;4)) .
Using now (7), we obtain:
ol e C
T7%, "~ (1 = a3)wo((f )" " Rip) — 2(a2 — a3)wo((f ) Ry )
—2(a2 — 3)vo((f )" Ry )
+3(qs —a3))vo((f )" ' R3]
Using Remark 7.1, we obtain:
k
T B0~ )Xk — 2002 — 63)Xi + (3(aa — 43) — (g2 — ) Vi)
L B2(1 = 42)2 Xk + (3qu — 202 — ¢3)Yi].
Using now equations (88) and (89), we see that we have:

k-1
X(1= 21— @3)) — %(Bqs — 2q2 — ) Y3 X! %mk” '

(89)

e2 — q2) = 0, we have, using (19),
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We can proceed in the same way to reexpress Y. We have:

. . H L\ k-1
V(f* 1 Ry.5) defy, — y((f* + %) (e2e3 — q2)> (by symmetry among sites),

— () HES — )+ ()2 (26 — )

N
k—1 1 )
+ 7 Cia(E) )T — ) -
r=2

We can easily find, as in the study of X}, that the last sum is an O(k + 1). We
then have
v Y+ T (91)
where
e =v((f) (P —a2),
k=1 .
Ty = — v ) 2el (€% — g2)).
Let us study first the expression 73 Using (19), (69) and (7), we have:
k-1
N
-1

v((f7)F 2 (e’ — goeh))

(o ((f )2 ('’ — g2e)) + O(1)O(k — 2))

Y _
Ty =

o((f) (e’ — gae'))

~— (((F) ) (a5 — ma2)).
Thus, using (69) and Definition 4.1, we have:

ka,g . (92)

Let us study now the expression Tfjk. We have, by (19), (69) and (10) (with n = 3),
the relations:

T = ()% = 2)) + O(2)0(k - 1)
B2up((e2e® — qz)(f_)k_1 [elezRig + €1€3R£3 + €2€3R£3
- 3(6164]%;4 + 8284R£4 + 8384R?:4) + 664651%;5] .

Yy k+1
T2,k ~

In the same way as above, using (7) and Remark 7.1, we find:
Tfk e 62(1/0[(5263 —qo)(ete? +eled - 36164)]Xk
+vo[(e2? — qo) (26 — 3(e2e? + £3¢) + 6%e”)[V3) .
Thus we get
T, "X B2((42)? + 242 — 3¢2) X5 + (61 + 1 — 62 — (q2)%) Vi) . (93)
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We can deduce, using (91) and (92), that:

k+1 (/4} — 1)042

Yi(1 = B%(6qa + 1 — 692 — (q2)%)) — X ?[((g2)* + 2q2 — 3q)] "~ N -2
(94)
The two equations (90) and (94) give Proposition 7.2. O

Remark 7.2. Tf < [y, it is easy to see that the quantities a and d are positive,
then the matrix M is invertible in that case. Thus we have:

Xi\ k1 k—1 1 (a1
(m) ~ oy e M, ) (95)
Corollary 7.1. We have:
k=1
In this formula, C is the constant

C=(-a)+ (o an) 3 (1)) (o7)
and Ry, = O(k +1).

Proof. Equation (80) can be written now as:

k k—1
my B~ Xp + aoYi) + ——— (1 — ¢})mp_o,

N
k+1 ([« k-1 k—1
~ ﬁQ ((—al Ozg) Mt <a;>)Nmk_2 + T(l — q%)mk_g .
Corollary 7.1 is then proved. O

7.3. Another expression for the value of V/

If we set k = 2, we find that C must be equal to the constant V' which appears in
Theorem 1.1. Let us compute C' using (97). We have:

1 d —b
71 o
M= (b a>' (98)
Then
2( 1 [ _ 2—da%+aa%+2ba1a2
B <( o1 az) M <a2>> =8 ad + b? ’ (99)

5 —da% + aa% + 2bay oo

C=V=»0-¢)+01-q)B P

(100)
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7.4. Proof of Theorem 1.2
When k = 2p, by induction over p, we find that:

V\p
Map = (N) 1.35...(2p— 1) + Sop , (101)
where S, = O(2p + 1). In the same way, we can prove that:
VP
Mapi1 = (N) (2.4.6...2p)m1 + Sopi1 (102)

where Sop11 = O(2p + 2). As my = O(2), by (27), we then have:
maopt1 = O(2p+2).
If z is a standard Gaussian random variable we know the identity
1.3.5...(2p — 1) = E(2?P).
Let [z] be the integer part of x. We have, for all k:

Vv [k/2] &
my = (N) E(z%) + O(k +1). (103)
Thus the Central Limit Theorem 1.2 is proved. O
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A Percolation-theoretic Approach
to Spin Glass Phase Transitions

J. Machta, C.M. Newman and D.L. Stein

Abstract. The magnetically ordered, low temperature phase of Ising ferro-
magnets is manifested within the associated Fortuin—Kasteleyn (FK) random
cluster representation by the occurrence of a single positive density percolat-
ing cluster. In this paper, we review our recent work on the percolation signa-
ture for Ising spin glass ordering — both in the short-range Edwards—Anderson
(EA) and infinite-range Sherrington—Kirkpatrick (SK) models — within a two-
replica FK representation and also in the different Chayes—Machta—Redner
two-replica graphical representation. Numerical studies of the +J EA model
in dimension three and rigorous results for the SK model are consistent in
supporting the conclusion that the signature of spin-glass order in these mod-
els is the existence of a single percolating cluster of maximal density normally
coexisting with a second percolating cluster of lower density.

Mathematics Subject Classification (2000). 82B44, 82D30, 82B80, 60K35,
82B43, 05C80.

Keywords. Ising spin glass, percolation, graphical representations, cluster al-
gorithms, Fortuin—Kasteleyn

1. Introduction

The question of whether laboratory spin glasses — or the theoretical models used
to represent them — have a thermodynamic phase transition remains unresolved
despite decades of work [4, 25, 29]. Although the infinite-range Sherrington—Kirk-
patrick (SK) Ising spin glass is easily shown to possess a phase transition [34, 2], the
existence of one in the corresponding short-range Edwards—Anderson (EA) [9] Ising
model (on the cubic lattice Zd) has not been established in any finite dimension.
While some evidence for a transition has been uncovered through high-temperature
expansions [11, 37], analytical studies of variable long-range 1d models [22], and
extensive numerical simulations [31, 32, 4, 21], the issue remains unresolved [26].
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Random graph methods, and in particular the Fortuin-Kasteleyn (FK) ran-
dom cluster (RC) representation [19, 12], provide a set of useful tools for studying
phase transitions (more specifically, the presence of multiple Gibbs states arising
from broken spin rotational symmetry) in discrete spin models. In these repre-
sentations spin correlation functions can be expressed through the geometrical
properties of associated random graphs. FK and related models are probably best
known in the physics literature for providing the basis for powerful Monte Carlo
methods for studying phase transitions [35, 36, 40], but they have also proved
important in obtaining rigorous results on phase transitions in discrete-spin ferro-
magnetic (including inhomogeneous and randomly diluted) models (e.g., [1, 15]).
Because of complications due to frustration, however, graphical representations
have so far played a less important role in the study of spin glasses.

The goal of the studies presented here is to construct a viable approach
which uses random graph methods to address the problem of phase transitions
and broken symmetry in spin glass models. In earlier papers [23, 24], we studied
the “percolation signature” of spin glass ordering within two different graphical
representations — the two-replica model of Chayes, Machta and Redner (CMR) [7,
33] and a two-replica version of the FK representation (TRFK), as proposed in
Sec. 4.1 of [30]. The purpose of that analysis was to show that FK methods could
be utilized to study spin glass phase transitions. The result of this work was
the uncovering of strong evidence that the existence of a spin glass transition
coincides with the emergence of doubly percolating clusters of unequal densities.
This scenario is more complex than what occurs in ferromagnetic models, where
the phase transition coincides with percolation of a single FK cluster.

In what follows, we first review the FK random cluster representation for
ferromagnetic models, and then describe our analytical and numerical results for
spin glasses.

2. The Fortuin—Kasteleyn random cluster representation

In this section we briefly review the Fortuin—Kasteleyn random cluster represen-
tation [19, 12] which relates the statistical mechanics of Ising (or Potts) models to
a dependent percolation problem. Our focus will be on Ising models throughout,
but the analysis is easily extended to more general Potts models.

2.1. Ferromagnetic models

We start by considering a nearest-neighbor Ising ferromagnet, whose couplings
Jzy > 0 are not necessarily identical:

H=— Z Jry020y (1)
(zy)
where, as already noted, J;, > 0 and the sum is over nearest-neighbor pairs of
sites in Z¢. Each such coupling is associated with an edge, or bond, (z,y), with
the set of all such bonds denoted E?.
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The RC approach introduces parameters Py, € [0,1) through the formula:
Pa:y =1- eXp[_2/6‘Ja:yH ’ (2)

where [ is the inverse temperature. One can then define a probability measure
pre on {0, 1}Ed, that is, on 0- or 1-valued bond occupation variables wy,. It is one
of two marginal distributions (the other being the ordinary Gibbs distribution) of
a joint distribution on Q = {—1, —i—l}zd x {0, 1}Ed of the spins and bonds together
(such a joint distribution will be introduced in Sec. 2.3). The marginal distribution
Ure is given formally by

pre({wey}) = Ze 280D pina({way}) 1u({way}) | (3)

where Zrc is a normalization constant, #({wgy}) is the number of clusters de-
termined by the realization {wy}, find({wzy}) is the Bernoulli product measure
corresponding to independent occupation variables with ping({wzy = 1}) = Pay,
and 1y is the indicator function on the event U in {0, I}Ed that there exists a
choice of the spins {0} so that Jy,weyo.0, > 0 for all (x,y) [18, 38, 28].

There are several things to be noted about (3). The factor 2 in the term
2#({w=v}) arises because we have confined ourselves to Ising models, so that every
connected cluster of spins (each such connected cluster consists of all satisfied
bonds) can be in one of two states (in the ferromagnetic case, all up or all down);
in a g¢-state Potts model, this term would then be replaced by ¢#({«=v}) More
importantly, the indicator function on U, which is the event that there is no
frustration in the occupied bond configuration, is always one for the ferromagnet;
consequently, this term is superfluous for ferromagnetic models. We include it,
however, because it will be needed when we generalize to models with frustration.
Finally, we note that finite-volume versions of the above formulas, with specified
boundary conditions, can be similarly constructed.

In the case of a ferromagnet, there are general theorems [6] which ensure that
when percolation occurs, there is a unique percolating cluster. It then easily follows
that RC percolation within the FK representation (or “FK percolation” for short)
corresponds to the presence of multiple Gibbs states (in the ferromagnet, magne-
tization up and magnetization down), and moreover that the onset of percolation
occurs at the ferromagnetic critical temperature. To prove this, it is sufficient to
show that FK percolation is both necessary and sufficient for the breaking of global
spin flip symmetry in the ferromagnet. To see that FK percolation is a necessary
condition, note that the contribution to the expectation of oy from any finite RC
cluster is zero: if a spin configuration ¢ is consistent with a given RC bond re-
alization within such a cluster, so is —o, and both will be equally likely. As a
consequence, (o) = 0 in infinite volume in the absence of RC percolation.

To see that RC percolation is a sufficient condition for the magnetization
order parameter to be nonzero, consider a finite volume Ay with fixed boundary
conditions, i.e., a specification @, = +1 for each 7, € dAy. For the ferromagnet,
by first choosing all @, = +1 and then all 7, = —1, one can change the sign of
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the spin o¢ at the origin even as L — oco. That is, boundary conditions infinitely
far away affect g, which is a signature of the existence of multiple Gibbs states.
When attention is confined to ferromagnetic models, the mapping of the FK

formalism to interesting statistical mechanical quantities is straightforward (and
intuitive); for example

<Ux0y> = HURC (.’E - y) ) (4)
where (0,0,) is the usual Gibbs two-point correlation function and prc(z < y) is
the RC probability that x and y are in the same cluster. Similarly, with “wired”
boundary conditions (i.e., each boundary spin is connected to its neighbors), one
has

(02)+ = pro(@ — 00). (5)
So for ferromagnets, a phase transition from a unique (paramagnetic) phase at low
[ to multiple infinite-volume Gibbs states at large 3 is equivalent to a percolation
phase transition for the corresponding RC measure.

2.2. Spin glass models; the TRFK representation

For spin glasses (or other nonferromagnets with frustration) the situation is more
complicated. Now for two sites z and y, (4) becomes

(020y) = (Locyn(@,y))re; n(x,y) =[] sen(Jen), (6)
(z'y")eC
where C is any path of occupied bonds from x to y. By the definition of U, any
two such paths C and C’ in the same cluster will satisfy [[ .., ccsen(Jory) =
H(m/y/)GC/ Sgn(Ja:/y/)~

Just as in the ferromagnet, if percolation of a random cluster occurs in the FK
representation, the percolating cluster is unique (in each realization of FK spins
and bonds) [13, 30]. In spite of this, RC percolation alone is no longer sufficient
to prove broken spin-flip symmetry in the EA spin glass. This is because even
in the presence of RC percolation, it is unclear whether there exist any two sets
of boundary conditions that can alter the state of the spin at the origin from
arbitrarily far away. Although the infinite cluster in any one RC realization is
unique, different RC realizations can have different paths from 0 < JAp, and
because of frustration this can lead to different signs for o(y. So percolation might
still allow for (op) — 0 as L — oo, independently of boundary condition.

Indeed, it is known that FK bonds percolate well above the spin glass tran-
sition temperature. For the three-dimensional Ising spin glass on the cubic lattice,
Fortuin-Kasteleyn bonds percolate at Brk, =~ 0.26 [3] while the inverse critical
temperature is believed to be S, = 0.89 + 0.03 [20]. Near the spin glass critical
temperature, the giant FK cluster includes most of the sites of the system. For this
reason, the Swendsen—Wang algorithm, though valid, is inefficient for simulating
spin glasses.

However, it is an open question as to whether the presence of “single ” (see
below) FK percolation would lead to a slower, e.g., power-law, decay of correlation
functions even though the Gibbs state is unique. If this were to happen, then the
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onset of single FK percolation would imply a phase transition in the spin glass,
though not multiple Gibbs states and hence no broken spin-flip symmetry. This
possibility was suggested in [30]; but to date, no evidence exists to support it.

Nonetheless, single FK percolation remains a necessary condition for multiple
(symmetry-broken) Gibbs phases in the spin glass, for the same reason as for the
ferromagnet. A slightly stronger version of that argument [28] proves that the
transition temperature for an EA spin glass, if it exists, is bounded from above by
the transition temperature in the corresponding (disordered) ferromagnet.

The essential difference (from the point of view of FK percolation) between
the ferromagnet and the spin glass is the factor 1y in (3). It is somewhat easier
to discuss this factor in the context of finite volumes. Let A, denote the L% cube
centered at the origin, and let AL denote the set of bonds b = (x,y) with both z
and y in Az. For models containing frustration, U is typically not all of {0, 1},
unlike for the ferromagnet; it is the set of all unfrustrated bond configurations (so
that the product of couplings around any closed loop in such a configuration is
always positive).

So is there a way to extend the above considerations to arrive at a sufficient
condition for multiple Gibbs states in spin glass models? We begin by noting that
FK clusters identify magnetization correlations; but spin glass ordering is mani-
fested by the Edwards—Anderson (EA) order parameter, and not the magnetiza-
tion, becoming nonzero. The EA order parameter gga can be defined with respect
to two independent replicas of the system, each with the same couplings {J.,}.
Denoting the spins in the two replicas by {o,} and {7}, each taking values +1,
qea is defined in terms of the overlap,

Q - N_lzo'fo 5 (7)
=

in the limit as the number of sites N — co. In general, @ is a random variable whose
maximum possible value is gga, but in the case where (in the limit N — oo) {0}
and {7, } are drawn from a single pure state, @) takes on only the single value gga .

Using this as a guide, it appears that one possibility, proposed in [30, 23, 24],
for extending FK methods to spin glasses is to use what might be called double
FK percolation. Here one expands the sample space €2 to include two independent
copies of the bond occupation variables (for a given J configuration), and defines
the variable 7,y = Wy, , where wy, and W}, are taken from the two copies. One
then replaces percolation of {w,} in the single RC case with percolation of {r,}.
It is not hard to see that this would be a sufficient condition for the existence of
multiple Gibbs phases (and consequently, for a phase transition).

This is not the only way, however, to use “double” percolation of RC clusters
in some form to arrive at a condition for spin glass ordering; the above describes
what we denoted in the Introduction as the TRFK approach. In the next subsection
we present a closely related approach, the CRM two-replica graphical representa-
tion, which requires a more lengthy description. Once this is done, we will discuss
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how both representations can be used to illuminate the nature of phase transitions
in short-range spin glass models.

2.3. The CMR representation

In describing these “double FK” representations, we will find it useful to refor-
mulate our description of the relevant measures slightly using a joint spin-bond
distribution introduced by Edwards and Sokal [8]. The statistical weight W for
the Edwards—Sokal distribution on a finite lattice Ay, is

W({Uz}v {wa:y};p) = p‘w‘(l - p)Nb_‘w‘A({aa:}v {wzy}) . (8)
Here |w| =}/, ,y Way is the number of occupied bonds and N, is the total number

of bonds on the lattice. The factor A({oy}, {wsy}) is introduced to require that
every occupied bond is satisfied; it is defined by

AGQ&&WW}%={

With p defined as in (2) and with all J,,, = J > 0, it is easy to verify that the
spin and bond marginals of the Edwards—Sokal distribution are the ferromagnetic
Ising model with coupling strength J and the Fortuin-Kasteleyn random cluster
model (cf. (3)), respectively.

We can now adapt the above representation to the 4+J Ising spin glass. (With
minor modifications, it can also be adapted to Gaussian and other distributions
for the couplings.) The corresponding Edwards—Sokal weight is the same as that
given in Eq. (8). The A factor must still enforce the rule that all occupied bonds
are satisfied,

1 if for every xy: wypyor0oy > 0,

9)

0 otherwise.

1 if for every zy: Jypywayoz0y > 0, (10)
0 otherwise.

A({oa} {way}s {ay}) = {

so (cf. (3)) 1y = max(,,} A({0z}, {way}; {Jay}). The spin marginal of the corre-
sponding Edwards—Sokal distribution is now the Ising spin glass with couplings
{Jzy}. But the relationship between spin-spin correlations and bond connectivity
is complicated by the presence of antiferromagnetic bonds. Now one has

(020y) (11)
= Prob{z and y connected by even number of antiferromagnetic bonds}
— Prob{z and y connected by odd number of antiferromagnetic bonds}.

The two-replica CMR graphical representation, introduced in [7, 33], incor-
porates, in addition to the spin variables {0, } and {7, }, two sets of bond variables
{wgzy} and {7y}, each taking values in {0,1}. Now the Edwards—Sokal weight is

W({owt et Awey s ey} {2y })

= Bblue({wmy})Bred({nzy})A({ar}a {Tm}v {wmy}Q {ny})r({af}v {Tz}v {nry}am
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where the B’s are Bernoulli factors for the two types of bonds,

Btue({wey}) = Phine(1 = Poinie) V74, (13)
Brea({1ey}) = Pota(1 = Proa)™ 1", (14)
and the bond occupation probabilities are
Pblue =1- eXp(—4ﬂ‘J|), (15)
Preda = 1 — exp(—20|.J]). (16)

S0 Biiue({wzy}) = tind({wazy}). The A and T' factors constrain where the two
types of occupied bonds are allowed,

Aot {7t {way )i {Jay })

_J 1 iffor every wy: Jiywayoz0y 2> 0 and Jopywey Ty 2> 0, (17)
o otherwise,,

I({oe}, {7}, {2y })
_J 1 iffor every wy: ngyopoyTeTy <0, (18)
~ |0 otherwise.

We refer to the w-occupied bonds as “blue” and the n-occupied bonds as
“red”. The A constraint says that blue bonds are allowed only if the bond is
satisfied in both replicas. The I' constraint says that red bonds are allowed only if
the bond is satisfied in exactly one replica.

It is straightforward to verify that the spin marginal of the two-replica
Edwards—Sokal weight is that for two independent Ising spin glasses with the
same couplings,

D WHoa A7 b fwayds {ney i { ey })
{3

= const X exp [ﬁ Z Joy(020y + TuTy) |-

(zy)

(19)

Connectivity by occupied bonds in the two-replica representation is related
to correlations of the local spin glass order parameter,

Qr = 02Ta. (20)
It is straightforward to verify that
(Q2Qy) = Prob{z and y connected by even number of red bonds} (21)
— Prob{x and y connected by odd number of red bonds}.

As in the case of the FK representation, a minus sign complicates the relationship
between correlations and connectivity but in a conceptually different way. The
second term in Eq. (21) is independent of the underlying couplings in the model
and is present for both spin glasses and ferromagnetic models.
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As noted earlier, for ferromagnets (in the absence of non-translation-invariant
boundary conditions), the signature of ordering is a single percolating FK cluster.
For spin glasses, the situation is more complicated as there can be more than one
percolating cluster. However, if the CMR graphical representation displays a single
percolating blue cluster of largest density, one can similarly show broken symmetry,
for either EA or SK models. This is because one can impose “agree” or “disagree”
boundary conditions between those ¢, and 7, boundary spins belonging to the
maximum density blue network. In the infinite volume limit, these two boundary
conditions give different Gibbs states for the o-spin system (for fixed 7) related to
each other by a global spin flip (of o).

It is a separate matter, however, to relate in a simple way the EA order
parameter to the density difference in blue (or more generally, doubly percolating)
clusters. Intuitively, it seems that there should be a simple correspondence, and
in fact such a relation is easy to show for the SK model: here the overlap @ is
exactly the difference in density between two percolating blue clusters [24]. But it
is not immediately obvious that a similar density difference can be simply related
to the EA order parameter (although the arguments above imply that here also a
density difference implies a nonzero ).) This is because in a two-replica situation,
it is not immediately obvious that there is no contribution from finite clusters in
short-range models.

For the TRFK representation, similar reasoning shows that the occurrence
of exactly two doubly-occupied percolating FK clusters with different densities
implies broken symmetry for the spin system [30] and that @ should equal (and
once again, does equal in the SK model) the density difference. In [24] we presented
preliminary numerical evidence that there is such a nonzero density difference
below the spin glass transition temperature for the d = 3 EA +J spin glass (for
both the TRFK and CMR representations). We will discuss these results further
in Sec. 4. But now we turn to a review of some rigorous results, particularly for
the SK model, that appeared in [23] and [24].

3. Rigorous results

The SK model permits a fairly extensive rigorous analysis of both the CMR, and
TRFK representations which, when combined with other known results, permits
a sharp picture to emerge of the connection between double FK percolation (we
use this more general term to refer to any representation that relies on two FK
replicas, such as CMR or TRFK), and a phase transition to a low-temperature
spin glass phase with broken spin-flip symmetry. The surprising feature to emerge
from this analysis is that in the CMR representation, there already exist well
above the transition temperature two percolating networks of blue bonds, of equal
density and in all respects macroscopically indistinguishable. Below the critical
temperature T¢, the indistinguishability is lifted: the two infinite clusters assume
different densities.
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On the other hand, there is no double FK percolation at all above T in
the TRFK representation, but below T, there are again two percolating double
clusters of unequal density.

We do not yet know whether this difference in the two pictures above T
persists in the EA model, but numerical evidence (to be discussed in the next
section) so far appears to indicate that it does not: in the EA spin glass, both
representations seem to behave similarly to CMR in the SK model.

The SK Hamiltonian for an IN-spin system is

1
HN = = Z JijJin s (22)
VN 1<i<j<N
where 7, j = 1,..., N are vertices on a complete graph. The couplings J;; are i.i.d.

random variables chosen from a probability measure p satisfying the following
properties:
1) The distribution is symmetric: p(u) = p(—u).
2) p has no d-function at u = 0.
3) The moment generating function is finite: [*_dp(u) el < 0o for all real t.
)

4) The second moment of p is finite; we normalize it to one: ffooo dp(u) u? = 1.

So the results of this section hold for Gaussian and many other distributions
(although not diluted ones, because of requirement (2)), but the analysis is sim-
plest for the +.J model, to which we confine our attention for the remainder of
this section. We therefore assume that J;; = £1 with equal probability; for this
distribution (or any other satisfying property (3)) 6. =1 [34, 4].

It is relatively easy to see, using a heuristic argument presented in [24], at
what temperature a single FK cluster will form. The SK energy per spin, u, is
given above the critical temperature by u = —(3/2. Therefore, for large N the
fraction fs of satisfied edges is

1
fone g —uN V2. (23)

From (2) it follows that a fraction Prx = 1 — exp(—2BN~/2) ~ 28N /2 of
satisfied edges are occupied. According to the theory of random graphs (see [5]), a
giant cluster forms in a random graph of N vertices when a fraction z/N of edges
is occupied with = > 1, and there is then a single giant cluster [10]. So if edges are
satisfied independently (which of course they’re not — this is why this argument is
heuristic only), then single replica FK giant clusters should form when 5 = N —1/2
when = > 1. The single replica FK percolation threshold is therefore at

Bri, = N712, (24)

and above this threshold, there should be a single giant FK cluster.

This simple argument can be made rigorous [30], but the basic ideas are al-
ready displayed above. The rigorous argument obtains upper and lower bounds for
the conditional probability that an edge {xoyo} is satisfied, given the satisfaction
status of all the other edges. If these bounds are close to each other (for large V)
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then treating the satisfied edges as though chosen independently can be justified.
We now describe that argument.

To avoid the problem of non-independence of satisfied edges, we fix all cou-
plings J,, but one, which we denote J,,,,, and ask for the conditional probability
of its sign given the configuration of all other couplings and all spins o,.. The ra-
tio Z, /Z_ of the partition functions with J,,,, = +N"'2 and J,,,, = —N /2
satisfies

0Yo

exp(—28N"Y?) < |Z4/Z_| <exp(2BN'/?). (25)
The conditional probabilities Py that J,,,, = =N~/ therefore satisfy

oYo
e HBIVN < o 26/VN|7_ 7 | < Py /P < 2/VN|Z_ 7| < /YN (26)

Let P, (P,) be the conditional probability for any edge {zoyo} to be satisfied
(unsatisfied) given the satisfaction status of all other edges. These must then be

bounded as follows:
e WIVN < p /P, < MIVN (27)

and therefore
%—O(ﬁ/\/l_\f) _ (PN L 1)1 < p, < (e~ 4B/VN L)1 = %+O(ﬁ/\/ﬁ). (28)

One now obtains rigorously the same conclusions as before —i.e., (24) is valid with
a single giant FK cluster for § = Sy > 2N ~/2 with any = > 1.

Essentially the same argument is used for the more interesting case of double
percolation. Here there are two spin replicas denoted by ¢ and 7. We are now
interested in percolation of doubly satisfied edges; the spins at the vertices of
each such edge must satisfy 0,7, = 0,7, (and then will be satisfied for exactly
one of the two signs of J,,). We note an immediate difference between the CMR
and TRFK representations: for the former, doubly satisfied edges are occupied
with probability Poyr = 1 — exp(—48N~Y2) ~ 43N~1/2 while for the latter,
Prrrx = [1 — exp(=2BN~1/2)]2 ~ 48%/N. It seems likely that this difference
occurs only for the SK model; the various factors of N are absent in the EA model.

We can proceed much as in the single-replica case by dividing all (o, 7) con-
figurations into two sectors — the agree (where o, = 7,) and the disagree sectors
(where 0, = —7,). We also denote by N, and N, the numbers of sites in the
sectors and denote by D, = N,/N and Dy = N4/N the sector densities (so that
D, + Dy = 1). The spin overlap @ is then just

1 Na_Nd
Q:NZI:UITT:T:DQ—Dd. (29)

For < 8. =1,Q — 0 as N — oo (because the EA order parameter is zero in
the paramagnetic phase) while for § > 3. = 1, (Q2) > 0 as N — oo, where (-)
denotes an average over couplings. So it must be that D, = Dy for § < 1 while
D, # Dy for 5 > 1.

The arguments for the single replica case can be repeated separately within
the agree and disagree sectors. Letting Py denote the conditional probabilities
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that J,,,, = =N ~/2 given the other J,,’s and all o,’s and 7,’s, we have within
either of the two sectors that

e SIVN < e WIVN | 7y 7 [P < P P <YV Z )z 2 < SV (30)

so that the conditional probability within a single sector Ps for xzgyo to be dou-
bly satisfied is (1/2) + O(BN~'/2). For 8 < 8., we have D, = 1/2, Dy = 1/2
(in the limit N — oo) and so in either sector, double FK percolation is approx-
imately a random graph model with N/2 sites and bond occupation probability
(1/2)43>°N~1 = 2(N/2)~L; thus double FK giant clusters do not occur for 3% < 1
in the TRFK representation.

In the CMR representation, blue percolation corresponds to bond occupation
probability (1/2)48N Y2 = gN/2(N/2)~! and so the threshold for blue percola-
tion is given by Scmgr,p = N —1/2 But now there are two giant clusters, one in each
of the two sectors, and as noted above they satisfy D, = Dy when g < g, = 1.
For > f., Dy # Dg. Since BN'/? — o for # > f3. (indeed for any fixed § > 0),
it follows from random graph theory that each giant cluster occupies the entire
sector so that D, and D, are also the cluster percolation densities of the two giant
clusters.

In the case of two-replica FK percolation for g > ., let us denote by Dyax
and Dy, the larger and smaller of D, and Dy, so that Dyax + Dmin = 1 and
Diyax — Dimin = Q. Then for 5 > ., the bond occupation probability in the larger
sector is B2(N/2)7! = 262D pax(DmaxN) ™! with 232Dya > 1 and there is a
(single) giant cluster in that larger sector. There will be another giant cluster (of
lower density) in the smaller sector providing 232 Din = 8%(1 — Q) > 1. Since
Q@ < gga, for this to be the case it suffices if for 3 > G,

gra < 1— % . (31)
The estimated behavior of gga both as 3 — 1+ and as § — oo [4] suggests that
this is always valid. In any case, we have rigorously proved that there is a unique
maximal density double FK cluster for g > g..

An important feature of spin glass order is ultrametricity, which is believed
to be true at least for the SK model [27], although it has not yet been proved
rigorously. For the spin overlaps coming from three replicas put into rank order,
Qu) = Q) = Q(3), ultrametricity is the property that Q) = Q3). The issue
of percolation signatures for ultrametricity in the SK model is treated at length
n [23]. We only mention here one of those signatures, which concerns the four
percolating clusters that arise in a CMR representation of three replicas when
considering bonds that are simultaneously blue both for replicas one and two as
well as for replicas one and three. Denoting the four cluster densities in rank order
as (1) > T(2) = T(3) = T(4), the percolation version of the ultrametric property
is that (1) > x(2) and x(3y = w(4). The case zy) = x(3) (resp., x2) > x(3))
corresponds to Q1) > Q2 (resp, Q1) = Q(2)). See [23] for more details.
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4. Numerical methods and results

We have carried out numerical simulations to explore the properties of two-replica
FK representations described in the previous sections for the case of the three-
dimensional +J EA spin glass. The Monte Carlo algorithm that we use also makes
use of the CMR representation in addition to parallel tempering and Metropolis
sweeps. Similar methods have been previously applied by Swendsen and Wang [36,
38, 39] and others [14, 16, 17]. The algorithm is described in more detail in [24], here
we provide some additional details about the CMR component of the algorithm.
The CMR cluster algorithm alternates between “bond moves” and “spin moves.”
The bond move takes a pair of EA spin configurations {0, } and {7}, both in the
same realization of disorder, {J,,}, and populates the bonds of the lattice with
red and blue CMR bonds. Each bond that is satisfied in both replicas is occupied
with a blue bond with probability Ppue and each bond that is satisfied in only
one replica is occupied with a red bond with probability Preq, defined in (15)
and (16), respectively. The bond move is described by the conditional probability,
T ({wayt, {nwy {02}, {72} {Jay}) for bond configuration {wsy}, {n.,} given spin
configuration {c, }, {7, }. To simplify the notation, we omit the lattice indices and
the dependence on J,, in the following equations except where explicitly needed.
For the bond move we have,

T({w}, {nlio}. 7))
_ Buel{w)Breal) Ao} (7} D ({0. {7} () (32)
5 (o 0y Bome1 D Brea(i7 DA} {7} LoD ({o}. {7 ()’

The spin move takes a blue and red CMR bond configuration and produces a
pair of spin configurations {0, } and {7,}. All spin configurations obeying the con-
straints that blue bonds are doubly satisfied and red bonds are singly satisfied have
the same probability. The spin move is described by the conditional probability,

T ({0}, {7 {way}, {nzy}):
TUoh b ) — . AU ()
’ ’ Yoy A AT WP’} {7} {n})

A bond move followed by a spin move constitutes a single sweep of the CMR
cluster algorithm. We now demonstrate the validity of the CMR algorithm by
showing that detailed balance and ergodicity are satisfied. Ergodicity is clearly
satisfied since there is a non-vanishing probability that no red or blue bonds will
be created during a bond move so that the spin move can then produce any spin
configuration. Detailed balance with respect to the equilibrium spin distribution
can be stated as

Y THob Ar "y " DT {W"} A" Yo'} A7) (34)
{w} {0}

X oxp [g S (ool + el
{zy}
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= Y. THL MW" DT (") {n " o} {7}
{3 ")

X exp {ﬂ Z Joy(0eoy + T2Ty) |-
{zy}

This equation must hold for all choices of {o,}, {72}, {0} and {7.}. Note that
by (12) and (19) the denominator in (32) is simply the Boltzmann weight for two
independent EA spin glasses, cancelling the same factors in the numerator of the
detailed balance equation. Thus, the LHS of (34) can be written as

Al{o}, {rh A" DT o b (D)
5 ey AU H AT A DT ({0, {77, (7)) (35)

X Bowe({w}) Brea({n}) A({o"}, {7} {w" DT ({o’}, {7}, {n"}).

Note that this expression is symmetric under the exchange of {0, }, {7, } and {¢’ },
{7, } and thus equal to the RHS of (34), demonstrating that detailed balance holds.
The bond configurations observed after the bond move are, in the same fashion,
easily shown to be equilibrium CMR bond configurations as described by the bond
marginal of the Edwards—Sokal weight (12).

Although the CMR algorithm correctly samples equilibrium configurations of
EA spin glasses, in 3D it is not efficient. To obtain a more efficient algorithm, we
also make use of parallel tempering and Metropolis sweeps. The CMR algorithm
employs two replicas at a single temperature while parallel tempering exchanges
replicas at different temperatures. Here we use 20 inverse temperatures equally
spaced between 3 = 0.16 to § = 0.92. The phase transition temperature of the
system was recently measured as . = 0.89 £ 0.03 [20]. A single sweep of the full
algorithm consists of a CMR cluster sweep for each pair of replicas at each temper-
ature, a parallel tempering exchange between replicas at each pair of neighboring
temperatures and a Metropolis sweep for every replica.

We simulated the three-dimensional +J Edwards—Anderson model on skew
periodic cubic lattices for system sizes 62, 82, 103 and 123. For each size we simu-
lated 100 realizations of disorder for 50,000 Monte Carlo sweeps of which the first
1/4 of the sweeps were for equilibration and the remaining 3/4 for data collection.
The quantities that we measure are the fraction of sites in the largest blue cluster,
Cy; and second largest blue cluster, C; and the number of blue CMR wrapping
clusters, womg, and the number of TRFK “wrapping” clusters, wrrrk. A cluster
is said to wrap if it is connected around the system in any of the three directions.

Figure 1 shows the average number wcoyg of CMR blue wrapping clusters as
a function of inverse temperature 3. The curves are ordered by system size with
largest size on the bottom for the small 8 and on top for large G. The data suggests
that there is a percolation transition at some Scmr,p. For 8 > Bowmr,p there are
two wrapping clusters while for 3 < Scwmr,p there are none. Near and above the
spin glass transition at G, ~ 0.89 the expected number of wrapping clusters falls

{w 3 {n"}
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FIGURE 2. C; (middle set), C2 (bottom set) and C; 4+ Ca (top set) vs. 3
for the CMR graphical representation for the 3D EA model.

off but the fall-off diminishes as system size increases. This figure suggests that
in the large size limit there are exactly two spanning clusters near the spin glass
transition both above and below the transition temperature.

Figure 2 shows the fraction of sites in the largest CMR blue cluster, Cy, second
largest CMR blue cluster, Co and the sum of the two, C; + Co. The middle set of
four curves is C; for sizes 62, 83, 103 and 123, ordered from top to the bottom at
[ = 0.5. The bottom set of curves is Co with system sizes ordered from smallest on
bottom to largest on top at 5 = 0.5. The difference between the fraction of sites in
the two largest clusters, C; —Cs is approximately the spin glass order parameter. As
the system size increases, this difference decreases below the transition suggesting
that C; = Cy for 8 < 3. in the thermodynamic limit. On the other hand, the sum
of the two largest clusters is quite constant independent of system size. Near the
transition, approximately 96% of the sites are in the two largest clusters.



A Percolation Approach to Spin Glass Transitions 219

02 03 04 05 06 07 08 09
B

F1GURE 3. Average number of doubly occupied wrapping Fortuin—
Kasteleyn clusters, wrrrk vs. 0 for the 3D EA model.

The large fraction of sites in the two largest clusters makes the CMR cluster
moves inefficient. If all sites were in the two largest clusters then the cluster moves
would serve only to flip all spins in one or both clusters or exchange the identity
of the two replicas. Equilibration depends on the small fraction of spins that are
not part of the two largest clusters.

Figure 3 shows the average number of wrapping TRFK clusters WTrrk as
a function of inverse temperature. The largest system size is on the bottom for
the small § and on top for the large 8. As for the case of CMR clusters, the data
suggests a transition at some Brrrk,, from zero to two wrapping TRFK clusters.
Although the number of TRFK wrapping clusters is significantly less than two for
all 8 and all system sizes, the trend in system size suggests that it might approach
two for large systems and 5 > Brrrk,p-

The percolation signature for both CMR and TRFK clusters is qualitatively
similar in three dimensions. In both cases two giant clusters with opposite values of
the local order parameter appear at a temperature substantially above the phase
transition temperature. In the high temperature phase, the two giant clusters
have the same density and the phase transition is marked by the onset of different
densities of the two clusters. The numerical evidence, however, suggests that the
transition from equal to unequal giant cluster densities is quite broad for the small
system sizes explored here.

5. Discussion

We begin by noting that our results, even for the SK infinite-range spin glass, are
not used to prove a phase transition (which has already been proved using other
techniques [2]). Rather, we use as an input the fact that such a transition exists
and that the EA order parameter is zero above T, and nonzero below, and then
show that the transition coincides exactly with the onset of a density difference in
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doubly occupied FK clusters. Numerical evidence indicates that something similar
is occurring in the EA model. Together these complementary approaches shed light
on the nature of the spin glass transition, especially from a geometric viewpoint,
and suggest a possible framework through which a spin glass phase transition in
realistic spin glass models can be finally proved.

We now summarize our results. We have introduced a random cluster ap-
proach for studying phase transitions and broken symmetry in spin glasses, both
short- and infinite-range. We have shown that, unlike for ferromagnetic models,
single FK percolation is a necessary but not sufficient condition for broken spin
flip symmetry. However, double FK percolation (with a unique largest cluster) is
sufficient and probably necessary. (More precisely, it is necessary in the SK model,
because otherwise the EA order parameter is zero; and it is probably necessary in
the EA model.)

In the SK model, there is a difference above T, between the CMR and TRFK
approaches, but not below. In the former, there already is double percolation below
S, above an onset inverse temperature of Bcymr p = N~ /2, below which there are
no giant clusters. Between this inverse temperature and . (which equals one in
the class of models we study) there are exactly two giant clusters of equal density,
which become 1/2 in the N — oo limit.

More importantly, there is a second transition occurring at exactly the SK
spin glass critical value 8. = 1. Above this threshold, the two giant clusters take
on unequal densities, whose sum is one (i.e., every bond and spin belongs to one
of the two giant clusters). It could be the case that at some even higher 3 there is
only a single giant cluster, but our methods so far are unable to determine whether
this is the case.

For TRFK percolation there are no giant clusters above Grrrik,, = 1. For
[ > 1 there are exactly two giant clusters with unequal densities, and the picture
then becomes similar to that of the CMR representation.

The numerical simulations of the 3D EA model suggest a scenario similar
to what we find in the SK model. We observe a sharp percolation transition for
both the CMR and TRFK representations at a temperature well above the spin
glass transition temperature. At this percolation transition, two giant clusters form
with opposite values of the EA order parameter. These clusters are nearly equal in
density and together occupy most of the system. As the temperature is decreased
toward the presumed location of the spin glass transition, the densities of the two
clusters becomes increasingly unequal. Although this transition in the densities of
the two largest clusters appears quite rounded for the small systems investigated
numerically, we believe it is sharp in the thermodynamic limit. The results for both
the SK model and the connection between the EA order parameter and the density
difference between giant clusters strongly suggests that the spin glass transition
in finite dimensions is marked by the onset of this density difference in both the
CMR and TRFK representations. These results provide an interesting geometric
avenue for investigating the phase transition in the EA model and related models
with frustration such as the random bond Ising model or the Potts spin glass.
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Abstract. We present a very short summary of a theory of dynamic fluctu-
ations in glassy systems that is based on the assumption that a symmetry,
time-reparametrization invariance, develops asymptotically in these systems
and that it is responsible for spatio-temporal fluctuations. Here we focus pri-
marily on the application of these ideas to disordered spin models with an
energy function.
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1. Introduction

The out-of-equilibrium relaxation of glasses is well understood at the mean-field
level. Fully-connected disordered spin systems, finite-dimensional manifolds evolv-
ing in infinite-dimensional transverse spaces with quenched random potentials,
and mode-coupling-like approximations to models of interacting particles with
short-ranged potentials have been successfully analyzed. The results obtained are
consistent with the alternative analysis of metastable states that uses an effective
free-energy density (Thouless—Anderson—Palmer approach) and the replica trick
extended to access metastability and not only equilibrium properties. All these
formalisms allow one to analyse global or macroscopic observables and correlation
functions measured over the full system [1].

In super-cooled liquids and glasses glassy systems dynamic fluctuations are
expected to be very important [2]. It has been only recently that theoretical at-
tention has turned to their analytic description, notably in the super-cooled liquid
regime [3]. In this note we shall present a very short summary of a theory of
dynamic fluctuations in the glassy regime that is based on the assumption that
time-reparametrization invariance develops asymptotically in these systems and
that it is responsible for spatio-temporal fluctuations (for a recent review see [4]).
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We provide a rather complete list of references on this approach that should help
the reader find all the details that are omitted here. In this note we focus on
the application of these ideas to disordered spin models with an energy function.
The proposal has also been discussed in the context of kinetically facilitated spin
systems and models of particles in interaction.

2. Mean-field disordered models

The p-spin spherical disordered model mimics glassiness in the so-called fragile
glasses [1]. It is defined by its energy function:

EJ(§): Z Jil___ipsil...Sip-i-Z(ZS?—N)7

i iy

where z is a Lagrange multiplier enforcing the spherical constraint on the ‘vector’
spin § = (s1,...,8n). Each component can take any real value. The Jiy..i, are
quenched i.i.d. Gaussian random variables with [J;, ;, ] =0and [J7 ; ] oc N'7P
with the square brackets denoting an average of the disorder strength distribution
function. The integer p defines the model and it characterizes different ‘universality
classes’ depending on p =2 or p > 2.

The system is coupled to its environment that generates stochastic dynamics
for s;. Since the spin-components are continuous variables one proposes a Langevin
dynamics in the overdamped limit

0E;(5)
Sl(t)

75i(t) = — +&(t),

with ¢ a Gaussian white noise:

(&) =0,  (&O)&()) =2vkpTs;6(t —t').

v is the friction coefficient, 7" is the temperature of the bath and kp is the Boltz-
mann constant (kg = 1 henceforth). A rapid quench from high temperature is
mimicked by a random initial conditions, s;(0), taken, e.g., from a Gaussian pdf.
Such an initial condition is uncorrelated with the quenched randomness iy iy

In the N — oo limit the causal dynamics can be described with the global
correlation function

N
Ot tw) = N1 [sa(t)siltuw)) ]

i=1

the associated linear response function

N
R(t,t,) =N"1>" (0sit))
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or its integral over time x (¢, %) = ftt dt’ R(t,t’). In the N — oo limit exact causal
Schwinger-Dyson equations

(0r — 21)C(t,tyw) = 2T R(Y ) + /dt’ [(X(t, Ot ty) + D(t, t")R(tw,t')]

(0r — ze)R(t, ty) = 0(t — tw) + /dt’ S(t, )R tw),
where the self-energy and vertex are functions of C' and R:
-1
D(t,ty) = gC’p’l(t,tw), Y(t ty) = 2%C?*Q(t,tw) R(t,tw),

and the time-dependent Lagrange multiplier z; is fixed by imposing C(t,t) =
1 [5, 6]. These equations can be solved numerically but also analytically in the
long t,, limit [5, 7] if one uses a few assumptions.

Below a critical temperature Ty(p) the system cannot equilibrate with its
environment and relaxes out of equilibrium. The correlation and linear response
age (stationary is lost). A separation of time scales controlled by ¢,, develops and
is illustrated in Figure 1 (a). The relaxation below the plateau ¢ scales as

s - L(t)
C*(t.tu) = afe (o
with fo(1) = 1 and fe(co) — 0, and it is very slow. One can then approximate
the dynamic equations by dropping the time-derivatives and approximating the
integrals. The equations for the slow correlation and linear response then become
invariant under time-reparametrization. For example, taking t — t,, > t,,, using
2t — Zoo, dropping 0, R and separating the fast contributions to the integrals the
equation for the linear response becomes

) , 0:C%(t,tw) < C%(t, tw) , (1)

t
SR t) ~ / dt’ DO ()] R (1, ) R (¢, 1) - @)
tw
Zoo differs from z, in that it got contributions from the integrals. Equation (2) is
invariant under the transformation

t — ht = h(t)7 {C (t7tw) - C (ht7htw)7

dhy,
Rs(tv tw) - dt:,u S(htv htw) )

with h; any positive-definite and monotonic function of time.
The methods described in [1, 5] allow one to compute analytically f. and

x(C)

t _
X(t,tw) = / dt' R(t,¢') ~ 0 4 - 01, ) = X(C)
¢ T Teff

at times ¢ and ¢, such that 1 < L(t)/L(t,), but not the ‘clock’ L(t). Note that
the slow part of x, 1/TegC?®(t,t,) is finite since Teg < +00 [8].

In finite-dimensional models numerical simulations show that the global cor-
relation function also shows a separation of time-scales stationary-aging, although
the plateau is less clearly established [9]. A renormalization-group like argument

w
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FIGURE 1. (a) Sketch of the decay of the two-time correlation below
Ty(p) for three waiting-times ¢, < twa < tw3. (b) With a solid line the
parameteric construction x(C') for t,, fixed and ¢ running from ¢,, to co.
The three points are the values obtained at a pair (¢, t,,) using different
functions Li(t) < La(t) < L3(t).

based on the assumption that a separation of time-scales exists allows one to show
the approximate asymptotic invariance of the slow part of the action Sgw in the
Martin—Siggia—Rose generating functional of the Langevin equation under global
time-reparametrizations [10, 11, 12, 13]:

Cﬁ(tvtw) - Cﬁ(htv htw) )
R3(tt) — 2= Ra(he, h,)

tﬁhtEh(t), {

Symmetry breaking terms become less important as t,, — oo and t — t,, — 0.
The idea is to use this invariance to characterize the fluctuations measured
on different boxes with volume V,. centered at sites 7 in the sample:

Cr(t,tw) = Vi > sit)si(tw)
"iev,
1 t , (582’ t
Xt tw) = 57 /t dt 5hi((t/))

T .
i€V, w

3)

h=0

These are local coarse-grained two-time functions and the proposal is that they
scale as

cittt) = acke (105 o

with f. the same scaling function as the one in the global correlation. For instance,
different regions can have different L; = ln(%), Lo = %, Ls = ™ () with o > 1,
as sketched in Figure 2 (a). The reason for this is that the time-reparametrization
invariance makes it easy to modify the ‘clock’ from region-to-region (massless fluc-
tuations). Instead, the scaling function f is hard to change (massive fluctuations).
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FIGURE 2. (a) Decay of the local two-time correlation, at fixed ¢,, as
a function t — ¢, on different slower and faster regions. (b) Sketch of
the triangular relations between correlation functions measured at three
times on local regions in space.

A number of consequences of this proposal is relatively easy to put to the test
numerically or even experimentally and has been summarized in [4]. One of the
most striking one is the extension of the triangular relations [14] between global
correlation functions measured at times t; < to < t3, taken by pairs C(t;,t;) with
i, = 1,2,3, to the local ones [15]. Indeed, the scaling (3) implies that the local
correlations should be related by the same triangular relation as the global ones.
A sketch of the behaviour expected is shown in Figure 2 (b). Each curve is traced
for a region using the intermediate time as a parameter. Each region has its own
different value of CJ5. This fact was checked in [15] for the 3d Edwards—Anderson
model.

In order to go further one should obtain an effective action for the local ages
L,(t) — a sigma model. Of course this is a very difficult task. A possible family of
models in which this action could be computed are spin-glass models with Kac-
type interactions [17]. In practice, in the past we have just proposed an action
S[L,] requiring it to be

(i) global time-reversal invariant;

(ii) local in space;

(iii) positive definite [10, 11, 12, 16].
We have derived from it some predictions that we checked numerically in disor-
dered finite-dimensional spin models [10, 11, 12, 15] and kinetically constrained
models [16].

The analysis of simple coarsening models (the O(/N) model in the large N
limit) [18] suggests that dynamic fluctuations in simple coarsening systems might
be different from the ones in glassy problems. At least for this mean-field model
there is no invariance under generic time-reparametrization as the one discussed
above and this result seems to be strongly related to the fact that the effective
temperature [8], as defined from the deviations from the equilibrium fluctuation
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dissipation theorem in the out-of-equilibrium relaxation, is infinite in this case.
This suggestion should be confirmed by further calculations and numerical stud-
ies in other domain growth problems and critical dynamics. One should be very
careful, though, and analyse consequences of the time-reparametrization invari-
ance scenario that are not simply due to the existence of a growing length scale
(see the analysis and discussion of the dynamics of the 3d random field Ising
model in [19]). Two candidates are the local triangular relations and the local
fluctuation-dissipation relation. It would be interesting to extend the numerical
study of Lennard—Jones mixtures [20] to the analysis of these local properties.
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Abstract. We give an overview of the state of the art of the analysis of dis-
ordered models of pinning on a defect line. This class of models includes a
number of well-known and much studied systems (like polymer pinning on a
defect line, wetting of interfaces on a disordered substrate and the Poland-—
Scheraga model of DNA denaturation). A remarkable aspect is that, in ab-
sence of disorder, all the models in this class are exactly solvable and they
display a localization-delocalization transition that one understands in full
detail. Moreover the behavior of such systems near criticality is controlled by
a parameter and one observes, by tuning the parameter, the full spectrum of
critical behaviors, ranging from first-order to infinite-order transitions. This
is therefore an ideal set-up in which to address the question of the effect of
disorder on the phase transition, notably on critical properties. We will re-
view recent results that show that the physical prediction that goes under the
name of Harris criterion is indeed fully correct for pinning models. Beyond
summarizing the results, we will sketch most of the arguments of proof.

Mathematics Subject Classification (2000). 82B44, 60K37, 60K35.
Keywords. Directed polymers, renewal processes, pinning models, disorder,

Harris criterion, finite size estimates, rare-stretch strategies, fractional mo-
ment estimates.

1. Pinning and disorder: models and motivations

1.1. The basic example: pinning of simple random walks

It is somewhat customary to introduce pinning models by talking of pinning of sim-
ple random walks (SRW). This is due to a number of reasons, like the widespread
grasp on SRW, or the fact that modeling several pinning phenomena naturally
leads to random walk pinning, as we will see. However, we will see also that, in
a sense, the SRW case is the hardest to deal with: nonetheless, we are going to
follow the tradition and start from SRW pinning.
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Let S := {Sn}n=0,1,... be a sequence of random variables such that Sp = 0
and such that {S, — Sp—1}n=12,. are iid. (i.e., independent and identically
distributed) symmetric random variables taking only the values +1 and —1. The
disorder is given by a sequence w := {wy}n=12,. of real numbers and we will
play with two real parameters § and h. We actually assume that w is a realization
of an ii.d. sequence of standard Gaussian variables (see Remark 1.4 for some
comments on generalizations). We call P the law of w and we denote by 6 the left-
shift operator on RY: (fw),, = w41, where N = {1,2,...}. Our aim is to study
the probability measure Py, (N is a positive integer: we will be interested in the
limit N — o0) defined as

N
1
Py (50,51,...,5N) = 7P (Z(ﬂwn +h>1sn—0> P(s0,81,...,5N),

A (1)
where
1. P(s1,82,...,5n) = (1/2)V if and only if sp = 0 and |s,, — s,_1| = 1 for
n=12,...,N;

2. Zn . is the normalization constant (partition function), that is

N
INw = Z exp (Z (Bwn + h) 1sn—0> P(80,81,---,8N)- (2)

80,815004,8 n=1

We will actually prefer a slightly different definition of the model, namely
given the sequence s = {sg, s1,...} we set

APy, 1 al
dJIV; (s) = Zn o (Z (Bwn + h) 1SH_O> . (3)

n=1

Notice that this time Py, is a measure on (infinite) sequences, namely the trajec-
tory of the walk all the way to infinity, while in (1) we had defined a measure only
up to step (or time) N. As a matter of fact, if we consider cylindrical events of
the type E = {s = {sn}n=01,... : S0 =t0,51 =t1,...,8N = tn}, then the measure
of E under Py, defined in (3) coincides with Py . (to,t1,...,tN).

Remark 1.1. It is worth stressing that, unless 8 = 0, in this model there are two
sources of randomness: the polymer chain is modeled by a random walk with law
P and the disorder is a typical realization of the random sequence w with law P.
These two sources of randomness are treated in very different ways: w is quenched,
that is chosen once and for all, while the polymer location fluctuates and in fact
we study the distribution of .S under Py .

As is well known, the Markov process S is null-recurrent, namely every
site of the state space Z is visited (infinitely often) P-almost surely, but the
expectation of the time between successive visits to a given site is infinite. Let
us be more explicit about this last concept and let us introduce, for m € Z,
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TANK n

Bwa +h Pwyg+h Pws+h B

[ L

FIGURE 1. Two trajectories sampled from Py, for different values of § and h, with NV
very large, and represented as directed polymers, in the sense that we plot the function
n +— Sy or, equivalently, we look at the walk {(n,Sn)}n=0,1,... with one deterministic
component. The case A sketches a delocalized trajectory that is what one observes when
h is, for example, negative and large (one should first think of the homogeneous case
B = 0). Since the SRW is a periodic Markov chain, the origin is visited only at even
times, so only ws,wa,ws, ... play a role and they are the only charges (a charge at n is
the quantity Swn + h) marked in the drawing, with a filled circle if they are visited and
with an empty circle if they are not visited: not all the unvisited charges are marked). The
distinctive aspect of case A is that there are just a few contacts, i.e., visits to the origin,
and then the walk resembles a walk conditioned not to hit zero. The case B is instead
what one observes when h is positive and large: the number of contacts is large, as a
matter of fact the drawing wants to suggest that there is a positive density of contacts.
It is natural to call such a regime localized, in contrast to the previous one that we call
delocalized. Note that both cases A and B are atypical for the free walk (8 = h = 0) in
which there is a zero density of contacts but they are spread through the system and
the walk certainly does not stay on one side of the axis as in case A. It is important to
remark that we have a full up—down symmetry and this implies that in the delocalized
regime A the walk is either delocalized above or below the axis with probability 1/2. Of
course at this stage it is highly unclear that one observes either localized or delocalized
trajectories (for typical w) and to a certain extent this is not correct because one has to
exclude the so-called critical regime, which however appears only at exceptional values
of 8 and h (the phase transition point, or critical point). We have of course avoided
the delicate issue of the role of disorder, at the hearth of this presentation. Here we will
simply content ourselves with pointing out that, for example, even when h is very large
and negative (pushing thus toward delocalization) any amount of disorder, i.e., 3 > 0,
yields a positive density of sites in which fw, + h is positive and therefore attractive.
There could therefore be a smart targeting strategy of the polymer in placing the contacts
at these sites, leading thus to localization.
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the random variable 7(m) := inf{n > 0 : S, = m} and, for j > 1, also
7i(m) = inf{n > 7,_1(m) : S, = m}. It is then a direct consequence of the
(strong) Markov property that {7,4+1(m) — 7j(m)},=1,2... is a sequence of i.i.d.
random variables. It should be also clear that the law of {7, 1(m)—7;(m)}j=12,..
does not depend on the value of m: we are going to denote 7;(0) simply by 7; and,
since Sy = 0, we are setting 7p = 0. The recurrent character of S boils simply
down to the fact that ) P (71 = n) = 1 and the recurrence is of null type because
E[r1] = 4o0: the distribution of 71 is known in detail [23, Ch. III] and in particular

n—o0o c
P(r=2n) ~ 372’ (4)

where ¢ = 1/v/4m and we have introduced the notation

an "D, for lim dn _ 1. (5)
n—oo n

Since (clearly) E[r] = oo, the classical Renewal Theorem (see (12) below) tells us

that the expected number of visits to 0 of S up to time N is o(N) (a more precise

analysis shows that it is of the order of /N, see [23, Ch. ITI] or Theorem 1.1 below).

As we shall see, the trajectories of the process S are very strongly affected if

[ or h are non zero and, except for critical cases, what happens is roughly that,

in the limit as N — oo, under Py, the expected number of the visits paid by S

to 0 is of the order of N, or it is much smaller than VN (in some cases one can

show that they are O(1)). A first glimpse at these different scenarios can be found
in Figure 1.

1.2. The general model: renewal pinning

We have introduced the 7 sequence in the previous subsection in order to give
some intuition about the model, but its interest goes well beyond. A look at (3)
suffices to realize that Zy ,, can be expressed simply in terms of 7:

N
ZN,w = EeXp (Z(ﬁwn + h)1n67> ’ (6)
n=1
where we have introduced a notation that comes from looking at 7 = {7;},=0,1,...
as a random subset of N U {0}, so that n € 7 means that there exists j such that
7; = n. Therefore the model in (3) is just a particular case of when 7 is a general

discrete renewal:

de N
dlliﬁw (T) = Z]%[’w €Xp (Z (ﬁwn + h) ]—n€~r> , (7)

n=1

where the superscript £, that stands for free, has been introduced because a slightly
different version of the model is going to be relevant too:

dPs, ., 1 N
(1) = pe—exp | ) (Bwn +h) Lner | Iner, (8)
N,w

n=1



Renewal Sequences, Disordered Potentials, and Pinning Phenomena 239

and c stands for constrained. Let us stress that by (discrete) renewal process 7
we simply mean a sequence of random variables with (positive and integer-valued)
ii.d. increments: we call these increments inter-arrival variables.

We will not be interested in the most general discrete renewal, but we will
rather focus on the case in which

L(n)
K(n) ':P(ﬁ:n):nHa’ neN={1,2,...} (9)
where « is a positive number and
lim L(n) = cx > 0. (10)

n—oo

We call K(-) inter-arrival distribution. Note that we always assume K(0) = 0.
Moreover we will assume that that ) K (n) < 1: the case ) K(n) < 1
has to be interpreted as the case of a terminating renewal, in the sense that
K(o0):=1—3 .y K(n) is the probability that 7 = +oc0. Therefore, if K(c0) >
0, the cardinality |7| of the random set 7 is almost surely finite. The case of
K(o0) = 0 is instead the case of a persistent renewal, and |7| = oo almost surely.
But persistent renewals are of two different kinds: they are positive persistent if
> ,nK(n)(= Er) < oo, or null persistent if the same quantity diverges. This
terminology reflects the fact that for any aperiodic renewal (aperiodicity refers to
the fact that 77 does not concentrate on a sublattice of N) the law of large numbers
ensures that almost surely

" 1
nler;on|Tm[0,n}| = g5 € [0, 1], (11)
so that if ETy = oo we are facing a zero density renewal. We stress that the last
statement holds also for terminating renewals for which E[r] = Y _nK(n) +
00K (00) = 0o (note on the way that, for us, ) ... never includes n = c0).

Very relevant for the analysis of renewal processes is the renewal function
n — P(n € 7), that is the probability that the site n is visited by the renewal. We
call such a function K (- )-renewal function when we want to be more precise. The
asymptotic behavior of the renewal function is captured by the so-called Renewal
Theorem (for a proof see, e.g., [8]). This theorem says that if 7 is an aperiodic
renewal (the generalization to the periodic case is immediate) we have

. 1
nILH;CP(n €T) = En € [0,1]. (12)
Note the link with (11), but note also that this is little informative if ETy = co. The
leading asymptotic behavior in such a case is summed up in the following statement
that calls for the definition of the Gamma function: I'(z) = [;~e ‘"~ !dt, for
x > 0. Recall that in our set-up E[r1] = oo either because K (c0) > 0 (terminating
renewal), regardless of the value of «, or because « < 1.
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Proposition 1.1. Assuming (9) and (10) we have:
1. If K(o0) > 0 then

Pner)"<™® K[_ii:; (13)
2. If K(co) =0 and a € (0,1) then
P(ner) "™ (%ﬁ”) nol, (14)

Proposition 1.1(1) is a classical result detailed for example in [9] or [29, § A.6].
Proposition 1.1(2) is instead more delicate and while the case o € (1/2,1) is under
control since [27], the full case is instead a rather recent result [21]. Note however
that if full proofs are non-trivial, one can rather easily find intuitive arguments
suggesting the validity of Proposition 1.1 [29, § A.6].

The asymptotic behavior for the case a = 1 is known too, but this case is
a bit anomalous and, in this review, we will often skip the results for a = 1 that
would make the exposition heavier.

Remark 1.2. In full generality, given a renewal 7 one can find a Markov process S
on a state space containing a point 0 such that 7 = inf{n € N: S,, = 0}. Still in
full generality, the state space can be chosen equal to NU {0}, see [29, App. A.5]
for details. Therefore, with this remark in mind, one could go back to the original
Definition (3) without loss of generality.

Remark 1.3. Everything we are going to present works assuming simply that K (-)
is reqularly varying or, equivalently, that L( - ) is slowly varying. Examples of slowly
varying functions include log(n)¢, ¢ a real number, or any product of powers of
iterated logarithms (see [9] for full definitions and properties or [29, § A.4] for a
quick sum-up). Regularly varying functions are a natural set-up for pinning models
also because some natural cases do involve slowly varying functions: for example
the law of 7, for the two-dimensional simple random walk one has K(n) "~
¢/(n(logn)?), for an explicit value of ¢ > 0 [40].

In this subsection we have focused on the behavior of the free system: g =
h = 0. The observations made in the caption of Figure 1 do apply to the general
case too (that is to (3, h) # (0,0)), with, nevertheless, two distinctions:

1. If @ > 1 and if the renewal is persistent, the free renewal is already localized,
since by the Renewal Theorem the contact points have a positive density. We
will see that this affects the discussion in the caption of Figure 1 only for
what concerns the critical case, but the general picture still holds.

2. If 7 is terminating it is of course harder to localize the process, but in reality
it is rather easy to show that the model can be mapped to a persistent 7 case,

precisely if one sets K(n) = K(n)/(1 — K(o0)) and if 7 is the (persistent!)
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K (-)-renewal

Zyw =E

N

exp (Z(ﬁwn + h 4 log(1 — K(OO)))%@) s N € ?] : (15)
n=1

and the same is true also at the level of the measure Py, itself. The proof

of such a statement is absolutely elementary and it is detailed for example

in [29, Ch. 1]: note that, from a mathematical standpoint, this allows us to

restrict ourselves to persistent renewals 7.

1.3. A gallery of applications

The localization mechanism captured by class of models we have just introduced
comes up in modeling a variety of phenomena. Here we just extract some examples
and cite some references.

1.3.1. Polymers and defect lines. The interaction between polymers, chains of
elementary units called monomers, and the surrounding medium or other polymers
is omnipresent in physics, chemistry and biology. We cite for example [28], but it is
of course impossible to account for the literature in such a direction. The case we
are interested in is the one in which a polymer is fluctuating in a neutral medium
except for a line, or a tube, with which the polymer interacts. Actually, also cases
in which the line is for example a surface or even simply a point may be modeled
by the type of pinning models we are considering. The key point is that polymers
are often modeled by self-avoiding random walks and a simplified way to impose
the self-avoiding condition is considering directed walks (see Figure 1). So the
polymer pinning model becomes precisely the renewal pinning we are considering
(we refer to [17, 24, 26, 42, 57] for examples of the phenomena that are modeled via
directed walk pinning). Here we just stress that the dimensionality of the problem
enters the renewal pinning only via the exponent a: for example a polymer in
three dimensions pinned to a line can be modeled by {(n,Sy,)}n=0.1,..., where S is
a random walk in two dimensions, for which o = 0 (see Remark 1.3). The general
case of a physical space of d + 1 dimensions leads to o = (d/2) — 1, for d > 2, and
of course a = 1/2if d = 1.

1.3.2. Wetting phenomena. Modeling interfaces in two-dimensional media by ran-
dom walks has a long history [1] that is somewhat summed up also in [29, App. C]
in which one can find the explanation of why anisotropic Ising models do reduce in
a suitable limit to the renewal pinning model with v = 1/2. A particular choice of
the boundary conditions leads to the so-called wetting problem [13, 46], which is
just the case in which the random walk trajectories that one considers are only the
ones above (and touching) the axis: with reference to Figure 1, to obtain allowed
trajectories one has to flip over the negative excursions. As it is explained in detail
in [29, Ch. 1], this problem just corresponds to renewal pinning with & = 1/2 and
K(o00) = 1/2 and, at the level of contact points, the process can be mapped to the
case in Figure 1 with h replaced by h —log?2 (see (15)).
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1.3.3. DNA denaturation: the Poland—Scheraga model. Two-stranded DNA has
been often modeled by two directed walks with pinning potentials, see, e.g., [47]
and references therein. Since the difference of two independent random walks is
still a random walk, we are back to renewal pinning. However directed walk models
lead to values of « that are in contrast with observation, so that a considerable
amount of work has been put into understanding whether (in our language) renewal
pinning is a reasonable model and which « should be chosen (see in particular [41],
but once again we refer to [29] for a more complete bibliography). We note that in-
homogeneous or disordered modeling is really required in this context, because the
pinning strength does depend on the type of base pair, see Figure 2. The renewal
pinning model with inhomogeneous charges has been and is extensively used for
the study of DNA denaturation [11, 17]: appropriate values of « are close to 1.15.

Te — 75 T9 — T8 Ti4 — T13
FIGURE 2. The two thick lines are the DNA strands. They may be paired, gaining thus
energetic contributions that depend on whether the base pair is A-T or G-C (the model is
therefore inhomogeneous). There are then sections of unpaired bases (the loops) to which
an entropy is associated. The DNA portion in the drawing corresponds to the renewal
model trajectory with 7; — 7;_1 = 1 except three T-interarrivals (so the loops correspond
to inter-arrival of length 2 or more).

Remark 1.4. For DNA denaturation taking w; Gaussian is not appropriate. In
this case wy should rather be a binary variable. To be more precise one should also
take into account stacking energies, that is energies depending on blocks of two
pairs, and probably one should also study correlated sequences of bases. Sticking
to the issue of binary variables versus Gaussian ones, we take this occasion to
stress that much of the mathematical literature is written for rather general charge
distribution (say, with finite exponential moments of all orders).

2. The homogeneous case

The full solution of the non disordered (8 = 0), or homogeneous, case is crucial
and, at the same time, it is rather elementary once it is phrased in the renewal
theory language. Such a solution has been repeatedly presented in the physical
literature in several particular instances, by using what a probabilist would call
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generating function techniques: in particular one can find a very nice and complete
presentation in [24]. However the presentation we are going to outline in detail here
is different and much more direct.

In this section, but also later, with abuse of notation we will denote by Z%,
(a = c, £) the partition function Z3 , when 8 = 0. Let us start by observing that

we can write
N n
Zn =3 S [[ewomE ). (16)
n=1 /eN™: Jj=1
Yo =N

Note that if h = 0 then Z%, , = P(N € 7), i.e., the partition function is just the
K(-)-renewal function. The right-hand side of (16) is still a renewal function if
e"K(-) is an inter-arrival law. And indeed it is if Yy e"K(n) < 1 and in this
case Z3, is the e K (-)-renewal function: its asymptotic behavior is hence given
in Theorem 1.1, but we prefer to delay such a result since a unified approach holds
for every h. In fact if 3, .ye"K(n) > 1 we can renormalize the expression by
introducing an exponential correction, going back to a renewal function (times an
exponentially growing factor). Precisely we call b (> 0) the (unique) solution of

Zexp(—bn—l—h)K(n) =1, (17)
neN
and we set Kp(n) := exp(—bn + h)K(n). We have therefore defined a function
h — b(h) for h such that Y, .y e"K(n) > 1, that is for h > h(0), with

he(0) = —log Y K(n). (18)

For h < h.(0) we set instead b(h) = 0 and Ko(n) := exp(h)K(n) (of course the
latter notation is poor since h is not explicit). With these notations we can write

N n
Z5n = exp(ON) Y > Ky(l;) = exp(bN)PL(N € 71),  (19)
n=1 leN™: j=1

j=1 tj=N

where, under Py, 7 is a Ky, (- )-renewal. By the Renewal Theorem

. 1
J\;Enoo Py(NeT) Enfr] (20)
which is a positive constant if h > h.(0), but it is zero if h < h¢(0) because the
Ky(p (- )-renewal is terminating. For h = h.(0) this limit may or may not be zero,
but let us postpone this issue to Remark 2.1. Let us focus for now on the fact
that for h < hc(0) the Renewal Theorem does not yield the leading behavior, but
thanks to Proposition 1.1(1) we see that

K(N)
(1 — exp(h)(1 - K(o0)))®

P,(Ner) V=™ (21)
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With these results in our hands we see
1. that since N~'log P, (N € 7) vanishes as N — oo, we have therefore proven
that

1
F(0,h) := Nhinooﬁlongv’h = b(h), (22)

for every h. The quantity F(0, k) is usually called free energy (per unit volume)
and of course we use such a notation because later there will be F(3, h);

2. that (19) goes well beyond Laplace asymptotics: this is very relevant and
allows us for example to compute the limit of

P?\/,h(ﬁ:n1,72:n1+n2,...,7j:n1+...+nj)

J Zc_n_ o 93

:1—[((3hl((ni))w7 (23)
i=1 Zn

as N — oo. For example when h > h¢(0) the ratio of partition functions in
the right-hand side converges to exp(—(n1 + ...+ n;)F(0,h)) and therefore
all the expression converges to ngl Kr(o,n)(n:). It is rather easy to see that
the same holds also for h < h¢(0).

Remark 2.1. In the above list we have been a bit clumsy about the critical case
h = hc(0), but in reality what happens at h = h.(0) is clear too. First of all,
> n KF0,h.0))(n) = 1, so that the associated renewal is persistent. More pre-
cisely Kron.0)(-) = K(-) if >, K(n) = 1, and Z% , = P(N € 7), and
otherwise Kg (g n.(0))(+) is just a multiple of K(-) and Z%, , coincides with the
KF(0,h(0)) (- )-renewal function computed in N. Recall now that the K¢ . (0))(-)-
renewal function converges to a positive constant if & > 1 and to zero otherwise.
But when it converges to zero there is Proposition 1.1(2) that comes to our help
so that once again we know the sharp asymptotic behavior of Z§ . In particular
F(0, he(0)) = 0.

All these remarks are telling us in particular that (17) is a formula for the
free energy, in the sense that F(0,h) = b if there exists a positive solution b to
(17) and otherwise F(0,h) = 0. From such a formula one can extract a number
of consequences that are summed up in the caption of Figure 3. In particular
the behavior of the free energy near criticality is trivial for h < h.(0), but it is
not for A > hc(0): let us make explicit the behavior of F(0,h) as h \, hc(0). If
>, K (n) < oo and if hc(0) = 0 (which we may assume without loss of generality:
recall (15)!)

31— exp(—b()n)K (n) = 1 — exp(—h) "~ h. (24)
The asymptotic behavior of the left-hand side is easily obtained since for every fixed
n the limit of (1 —exp(—b(h)n)/bas b\, 0is n. On the other hand 1 —exp(—z) < x
for every x > 0, so that the Dominated Convergence Theorem yields that the left-
most side in (24) is asymptotically equivalent to b |, nK(n), and therefore b(h) ~
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y
y

1 1

0 he(0) h 0 h(0) h

FIGURE 3. The function h — F(0,h) is non decreasing, convex and non negative (con-
vexity follows either from (17) or (22)). It is therefore equal to 0 up to he(0) = sup{h :
F(0,h) = 0} and after this point it is positive and strictly increasing. Of course h = h(0)
is a point of non analyticity of the map h +— F(0, h): this map is of course analytic
on (—o0,he(0)). It is analytic also on (hc(0),00), by the Implicit Function Theorem for
analytic functions. The graph of Jj F(0,h) indicates that we are considering the case
a = 1/2: F(0,-) is C* but not C2. For a € (1/2, 1] the slope of h +— 9, F(0, k) at h(0)
is infinite and for > 1 a jump discontinuity appears. We stress that 9, F(0, h) is the
contact fraction of the system, see Remark 2.4, and therefore such an observable has a
jump at the transition for o > 1.

h/ %>, nK(n). If instead o € (0,1) formula (24) still holds, but the asymptotic
behavior of the left-hand side is gotten by Riemann sum approximation:

S (1= exp(~b(h)n)) K(n) bachZe};Z—HW

o “1—exp(—2),  , T(1-a)

so that it suffices to invert the asymptotic relation (b(h))*Ck (T(1 — «)/«) N

and this of course gives that b(h) is asymptotically proportional to h/e,

The arguments that we have developed directly lead to the following state-
ment (see [29, Ch. 2] for a more complete statement and for more details on the
proof):

Theorem 2.1. The critical behavior of the free energy is given by

N c16 if a > 1,
with )
_ 1= K() _ (ol=K(o0)\""
o= sk o (Gras) O

Moreover in full generality, as N — oo, Pg ), (that denotes the measure Py ., when
B =0) converges weakly in the product topology of RN to a limit measure Py,. The
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limit process is a Kr(o,p)(-)-renewal, namely:

k
Po(ri=li,mo=0li+Ly,..., =0+ ...+ ) = HKF(O,h)(éj)a (28)

where
® (n) = exp(h —nF(0,h))K(n), if F(0,h) >0,
FOMY ™ exp(h) K (n), if F(0,h) = 0.

Therefore F(0,h) > 0 implies that the limit process is positive persistent (in fact,
the inter-arrival distribution decays exponentially), while instead if F(O,h) = 0
the limit inter-arrival distribution has power law decay and, if h < h.(0), the
Kro,n)(-)-renewal is terminating.

(29)

Remark 2.2. Once sharp results for the constrained case are obtained, one can
deduce sharp results on the free case. This is just based on the elementary formula

N
szv,h = ZZ;7hF(N—n), (30)
n=0
that we have written in the case ) .\ K (n) =1 and we have introduced
K(N):= Y K(n). (31)
neN:n>N

For example if h > h.(0) from (19) we have

N
ZJfV,h = exp(F(0,h)N) Z Py(n € 7)exp(—F(0,h)(N —n))K(N —n). (32)

n=0
Since exp(— F(0,h)(N —n))K(N — n) is bounded from below by
j>N—m

and since EnNzo P(n € 7)K(N —n) = 1 for any persistent K ( - )-renewal we obtain
that for every N

Zig = exp(—h) exp(F(0, h)N). (34)
A (rough) bound in the other direction is obtained by neglecting Py, (n € 7)K (N —
n) in the right-hand side of (32), so that

1
4 VT — F(O,h)N

which holds once again for every N. The sharp asymptotic result is

£ N —oo exp K
Zyn ~ m Z exp(— ) K (n)
_ (I—exp(=h ))5h F(O, )ex (F(0, h)N). (36)

1 —exp(—F(0,h))
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This type of estimates directly leads to computing the limit behavior of va, h See
[29, Ch. 2] for details.

Remark 2.3. A key concept in statistical mechanics (and a key concept here) is
the notion of correlation length. For example a natural correlation length of the
system for h > h.(0) is given by the rate of exponential decay, as n — oo, of
Pp(n € 7) to its limit value 1/Ep[r1]. One can show [30] in particular that if & is
sufficiently close to hc(0) then Pp(n € 7) — 1/Ep[m1] > 0 and

lim 1 log (Ph(n €T)— ﬁ) = —F(0,h), (37)

n—oo N

which says that the correlation length coincides with 1/ F(0, k). Even if one takes
a finite volume viewpoint, 1/F(0,h) appears as a natural correlation length, for
example because in (19) one sees that is only when N is of the order of 1/ F(0, h)
that one starts observing the exponential growth of the partition function. One
could push these arguments a bit further and see that if N is much smaller than
1/F(0,h) (of course this has a precise sense only when h ~\, h¢(0)) then P§
resembles P, while for N much larger than 1/F(0,h) the measure PY , starts
exhibiting localization. The fact that the inverse of the free energy is the correlation
length still holds also in presence of disorder [35, 52, 53], even if a full understanding
of this important issue is still elusive.

Remark 2.4. The density of contacts, or contact fraction, that is the limit as N —
o of N71Ej, [ZnNzl 1,c-] coincides by Theorem 2.1 with lim, .. P§(n € 7) =
1/Ep71. Note moreover that N‘lEh[ZTIL1 lye,] = N710, log Z5 > s0 that the
contact fraction is equal to 9y, F(0,h) (except, possibly, at h = hc(0)). Moreover,
by simple conditioning arguments one easily sees for example that for h # h.(0)

1
Eym

lim lim max Py p(neT)— =0, (38)

M—o0o N—ocon:M<n<N—-M

and, by arguing like in Remark 2.2, one directly sees that the same statement
holds for the free case.

3. The disordered case

3.1. The quenched free energy

An elementary observation that turns out to be really crucial for us at several
instances is that for every M =0,1,..., N

log Zy ., > log Zjs, + 108 Z5 _prgniy- (39)
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It is simply proven by restricting the renewal trajectories, in the expression for
Z§ . to the ones that contain the contact site M and by using the renewal prop-
erty. By averaging over the disorder one sees that {Elog ZIC\/',w}N:O,l,~~~ is super-
additive and this entails [43] the existence of the limit
J\;iirlm %Elog Zy .. = F(B,h), (40)
and the limit of this sequence coincides with its supremum:
F(8,h) = sup lIElog Z5 - (41)
Nen N '
The super-additive property (39) can however be exploited further in order to
obtain results about the limit of the non averaged sequence {log Z% ,}n=01,. .,
by applying the tools available for super-additive ergodic sequences, and notably
the celebrated Kingman’s Theorem [43]. Alternatively one can stick to the super-
additive character of {E log Zf\,’w} N=0,1,... and establish a concentration property of
the non averaged sequence, either by using concentration inequalities, e.g., [45, 51],
or even by more elementary tools [29, Ch. 4]. In all cases the result that one obtains

is the existence and the self-averaging character of the free energy of pinning
systems:

Theorem 3.1. The sequence {N~"log Z5, converges to F(8,h) both P(dw)-
almost surely and in the L' sense.
Remark 3.1. Tt is not difficult [29, Ch. 4] to show that for every K(-), 5 and h
there exists ¢ > 0 such that

250w < Ziy <cNZ% (42)
uniformly in w. We can therefore restate Theorem 3.1 replacing the superscript c
with £.

,w}N21

Another elementary central fact is that
N

Zieo 2 Bexp( Y (B + WLue, Jim N [L V] = (V)

n=1
= exp(Bwn + h)K(N), (43)
and therefore
F(8,h) > 0. (44)
We now partition the parameter space of the system into:

L :={(B,h): F(B,h) >0} and D := {(8,h): F(B,h) =0}. (45)
L and D stand respectively for a “localized” and a “delocalized” regime, a nomen-
clature that calls for further explanations (see § 3.2 just below), but for the moment
we just point out that one of our main aim is to characterize these regions as pre-
cisely as possible. And a substantial help is given by the fact that the function
(B,h) — F(B,h) is convex, as limit of convex functions, and it is monotonic non
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decreasing in both variables (monotonicity in h is immediate, in 3 it is instead a
consequence of convexity and of the fact that d,Elog Z%, , = 0 for 8 = 0). Since by
(44) we see that D coincides with {(5,h) : F(8,h) = 0} so that D is a convex set.

FIGURE 4. The critical curve 3 +— hc(3) that separates D and L is concave decreasing.
This follows from the fact that D is a convex set and from the explicit bounds we
have on the critical curve. The upper bound E(ﬁ) is less explicit than the lower bound,
but we stress that h(8) < he(0) for every 8 > 0 and this shows that disorder may
induce localization and it never suppresses it. The lower bound comes from the standard
annealing procedure. Note that the annealed partition function EZY ,, a = ¢, f, is just
the homogeneous partition function with pinning potential h + 3° /2.

One can go beyond: Jensen inequality (annealing) yields

N
Elog Zy , < logEZY , = logE {exp((h + 5%/2) Z 1n67>; N e T:l . (46)

n=1
so that
F(8,h) < F(0,h+ 5%/2), (47)
and if we recall that F(3,h) > F(0, h) we directly get
2
B (B) = hel0) - 2 < he(8) < he(0). (48)

5 =
As a matter of fact the upper bound can be made strict, that is he(8) < he(0)
as soon as (3 > 0, in full generality (the generality here refers to the choice of
K(-), [6]) and in the framework that we consider here one can show also that,
given K (), for every By > 0 one can find an explicit constant ¢ € (0,1/2) such
that he(3) < he(0) —¢B3? for 8 € (0, Bo] [29, Ch. 5]. Instead, showing that h.(3) >
han(3) is a more delicate issue (and it is not true in general!). These bounds are
summed up in Figure 4 and they imply that, since D is a convex set, then he(-)
is concave and, since it is bounded, it is continuous.
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Let us sum up the outcome of the arguments we have just outlined:
Proposition 3.1. If we set h.(3) = inf{h: F(58,h) > 0} then
he(B) = sup{h : F(8,h) = 0}

and

L=A(B,h): h>h(B8)} and D = {(B,h): h<h(0)} (49)
Moreover the function 3+ h () is concave, decreasing and (48) holds for every [3.
Remark 3.2. From (41) we actually extract the important observation that local-
ization can be observed in finite volume, in the sense that (3, h) € £ if and only if
there exists NV such that Elog Z§ , > 0.
3.2. On path behavior

Characterizing localization and delocalization simply by looking at whether the
free energy is positive or zero may look, from a mathematical standpoint, rather
cheap. This is not the case as one can first see by observing that

N
§ 1n€‘r
n=1

which, by exploiting the convexity of the free energy and Theorem 3.1, tells us that
P(dw)-a.s.

1 c
ah N log ZN,w = N,w ) (50)

nF(3,n) = lim ES,

1 N
N Z 1n€T‘| ) (51)
n=1

when 9y, F(8, h) exists. By convexity, such a derivative exists except possibly at
a countable set of points and in any case (51) can be extended to a (standard)
suitable statement also if the derivative does not exist, in terms of right and left
derivatives [29] (as a matter of fact, in [35] it is shown that F(S3,-) is C'* except
possibly at h.(8)). In the end (51) is telling us that the contact fraction, i.e., the
right-hand side in (51), of our system is zero if h < he() (that is, in the interior
of D) and it is positive if h > he(5) (that is, in the whole of £). By itself this fully
justifies our definition of (de)localization.

However (51) is still a poor result and plenty of questions could be asked
about the limit of the sequence {P%,W}N:O,l,..., a = c or a = f, starting with
the existence of such a limit. And of course the question is: how close can one
get to the very sharp description of the limit measure available for homogeneous
systems?

Work has been done in this direction, but we will not concentrate on this
aspect. We just point out that

1. The localized phase is, to a certain extent, rather well understood. In the sense
that if (8, h) € £ then one can show that the weak limit as N tends to infinity
of the sequence of probability measures {Py .}y exists P(dw)-a.s. and the
limit process is a point process with a positive density of points [35]. One
can show also other estimates going toward the completely clear picture that



Renewal Sequences, Disordered Potentials, and Pinning Phenomena 251

emerges from the homogeneous case. Intriguing differences however do arise,
naturally connected to the existence of exceptional deviations in the sequence
of charges. Moreover a number of open questions still stand (see, e.g., [36]).

2. Progress has been made only recently on the delocalized phase, at least away
of criticality [32] (see [52] for some estimates at criticality). Essentially one
now knows that in the delocalized non critical regime the number of contacts
for a system of size N is O(log N) and such a result has been achieved by a
subtle argument combining concentration bounds and super-additivity prop-
erties of log Z5; . Such a result still leaves open intriguing questions in the
direction, for example, of the precise results proven in [16, 39] in the homoge-
neous or weakly inhomogeneous context, see for example in the bibliographic
complements at the end of [29, Ch. 8.

3.3. The role of disorder
The main questions we want to address are:

1. How does the disorder affect the phase diagram? Namely can we determine
he(B), for 8 > 0, beyond the bounds in Figure 47

2. What can one say about the critical behavior of the free energy? This amounts
to estimating how F((3, h) vanishes as h \ h¢(0).

It is particularly interesting to raise such questions because we know h.(0)
and we know the sharp asymptotic behavior of F(0,h) for h close to h.(3) (see
Theorem 2.1), so that in our framework inquiring about the role of the disorder
makes perfect sense. At this point it is important to underline that such ques-
tions do find partial (non rigorous) answers in the physical literature: the rest of
this subsection is devoted to explaining what one expects on the basis of formal
expansions, following some renormalization group ideas. We must say that the
arguments that follow are adaptation to the pinning model context of an argu-
ment developed by A.B. Harris [37] in the context of the Ising model with random
bond defects. Harris” argument is based on the idea that the behavior of a system
near criticality should become rather independent of fine details, so in particular
one can replace the system by a coarse grained one without changing substan-
tially the properties. What one actually tries to do is defining a renormalization
transformation, like decimation or block summation, that, once applied repeat-
edly at criticality, transforms the system into a limit model. Harris’ work aims
at determining whether introducing the disorder modifies the fixed point of the
renormalization transformation: if the renormalization transformation suppresses
the disorder and the limit point is like in the homogeneous case, then one says that
disorder is irrelevant. If instead disorder is enhanced one says that disorder is rel-
evant and most probably the renormalization transformation flow leads to a fixed
point which is different from the one obtained in the homogeneous case. It should
be noted on the one hand that at the border between relevance and irrelevance the
renormalization transformation, to first order, neither decreases nor increases the
disorder: this is the so-called marginal case. On the other hand, Harris argument is
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just a small disorder expansion and as such it does not apply to the whole range of
the parameters and, above all, it does not characterize the limit fixed point when
disorder is relevant.

Harris’ ideas have been first applied in the pinning model context by G.
Forgacs, J.M. Luck, Th.M. Nieuwenhuizen and H. Orland [25] and then by B.
Derrida, V. Hakim and J. Vannimenus [20] with predictions that differ somewhat
in a sense that we are going to explain just below.

Let us start with an expansion that is freely inspired by [25]. Without loss
of generality we assume h¢(0) = 0 (recall (15)). Moreover the argument does
not feel the boundary condition: we work it out in the free case. In what follows
d := h+ (3?/2 > 0: this change of variable is a natural one because in particular

N
exp (5 Z 1n€7—>

n=1

E[Z%,] = E = Z% ;. (52)

We set ¢, = exp(Bw, — (3?/2) — 1 and let us note that

ZNw =
Elog e - Elog Efy 5 |exp (;_jlwwn - 62/2>1n67>]
N
= Elog Ef\/,é H (1 + Cn]-nE‘r)‘| (53)
n=1
= Elog (1 + chpfv,é(” €T)+ Z CTLlCTLZPfV,(S({nl?nz} CT)+- ) :
n ni1<ng

Let us now expand the logarithm and let us use the fact that the ¢ random variables
are centered and i.i.d. with variance equal to exp(3?) — 1 to see that

£

ZNw 1 a
Elog EZL. 2 (exp(8) —1) Y PR sner)’+-- (54)

n=1
By Remark 2.4, for § > 0 and as long as n and N —n are large, PY; 5(n € 7) is
close to 05 F(0,¢) so that from (53) we extract
F(B, hg™ (8) +8) = F(B,6 — °/2)

1
=F(0.0) = 5 (exp(5%) = 1) (% F(0,6)" + -~ (55)
Of course this expansion is only formal and in order to make it rigorous one has to
control the rest. Let us note on the way that one can in principle try to compute all
the terms in this expansion, but the issue of controlling the rest is still there and
convergence issues may very well require 3 to be small (note that we are expanding
using as small parameter the variance of ¢, but aiming at capturing the critical
behavior, hence h is small too). All the same, (55) is compatible with h.(3) = h(0)
if F(0, ) vanishes much slower than (95 F(0,6))? as 6 \, 0 (3 possibly small, but
fixed). But by Remark (51) (or directly by taking the h derivative in (17)) we



Renewal Sequences, Disordered Potentials, and Pinning Phenomena 253

see that 95 F(0,9) = 1/Esm and by direct computation (similar to (25)) one sees

that 95 F(0,9) X0 (ca/a)d= 1+ for o € (0,1) (c2 is given in Theorem 2.1, but
the precise value does not play a role here), while the contact fraction is bounded
away from zero when o > 1 even approaching criticality. So (55) is compatible
with he(8) = he(0) if

N0 1
oV S 2 o < 5 (56)

This argument therefore suggests that disorder is irrelevant for o < 1/2.

If @« > 1/2 the expansion we have performed looks hopeless, but we may
argue that this is just due to the fact that h.(8) > h2"*(3) and we are expanding
around the wrong point. Of course we do know that F(3, he(3)) = 0 and therefore
(55) suggests that for 8 small the shift of the quenched critical point §.(5) :=
he(8) — ha™(B) is found by equating the two terms in the rightmost side of (55)
and this procedure suggests 6.(3) ~ 2/ (=1,

A second approach is instead inspired by [20]. If we aim at analyzing whether
the annealed system is close to the quenched system one could sit at the annealed
critical point (h = he(0) — $%/2 = —32/2, i.e., § = 0) and study the variance of
ij\,,w (once again, the argument would go through also with constrained boundary
condition). Divergence of the variance, as N — oo, would be a sign that quenched
and annealed systems are not close. Since at § = 0 we have EZY, , = 1 and

varp(Zyy ) =E[(Z%.,)* — 1]
= EE®2 [exp(Y_ (Bwn — B/2)(Lner + Lner)) = 1), (57)

n

with 7 and 7' independent copies of the same renewal process. Integrating out the
w variables we obtain

N
varp(Zy ) = E®? [exp <ﬁ2 Z 1nemT’> - 1} . (58)
n=1

This expression can be evaluated in a sharp way because the random set 7N 7/
is still a renewal process and therefore the variance that we are evaluating is the
partition function of a homogeneous pinning model (minus one). And the first
relevant question is whether 7 N 7/ is a terminating or a persistent renewal. The
inter-arrival law of 7 N 7/ can be expressed in terms of the inter-arrival law of 7
only in an implicit way, but the renewal function of 7 N 7’ is explicit in terms of
the renewal function of 7:

P2 (nernt) =Pner), (59)

and 7 N7’ is terminating (respectively, persistent) if Y~ P (n € 7)? < oo (respec-
tively, > P (n e 7')2 = o0) and, by Proposition 1.1, we see that

Yo = ZP(HGT)2<OO e Zm<0® < Ck<§. (60)

n=1
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By the general solution of the homogeneous model, cf. Section 2, we see that if
7N 7’ is persistent, then for every 8 > 0 the variance of ij\,,w grows exponentially,
while if 7 N7’ is terminating then X := |7 N 7’| — 1 is a geometric random variable
(this is just a consequence of the renewal property) of expectation ~e, that is
P(X =n) = (72/(1 +92))"(1/(1 + v2)), n = 0,1,.... Therefore, as long as 8 <

Bo = /1og((1 4+ v2)/72), with pa := 1/(1 + ~2) we have

P2 2
L=t (6
1— (1 —p2)exp(B?)
where the expansion is for § small. Therefore if 7 N7’ is terminating (note that 7
and 7’ are persistent since we are assuming h(0) = 0) the variance of Z%, , at the
critical annealed point, stays bounded and it is small if 3 is small. To complement
(61) note that

J\;iinoo varp (Z]fv’w) =

o, (62)

Do B<Bo/2
arp (Z3 < b=
511\1[pv rp ( N,w) = 1—(1—p2)exp(B?) N

for some ¢ > 0.
Let us sum up the outcome of the arguments we have just outlined:

1. Both approaches suggest that disorder is irrelevant if & < 1/2 (and, as a
consequence, relevant if « > 1/2, with the case a = 1/2 as marginal one),
as one can read from (56) and (60). Moreover the arguments do suggest
that the annealed system is very close to the quenched one, in particular
he(B) = he(0), at least for 3 not too large. This observation may be considered
as the Harris criterion prediction for pinning models.

2. There is a difference between (56) and (60) in the case o = 1/2 that we
cannot appreciate since we are assuming (10). In the more general framework
of Remark 1.3 one sees that the fact that L(-) diverges at infinity does not
imply that 7 N7’ is terminating, while it is sufficient to conclude that F(0, d)
is much larger that (95F(0,0))? for § small. As a matter of fact, we are
dealing with the marginal case in the renormalization group sense. This is a
very subtle issue, still unresolved even on a purely heuristic level. We should
stress that the steps that we have just presented here are just a part of the
arguments in [25] and [20], in particular [25] aims at an expansion to all orders
and [20] contains a subtle attempt to study the renormalization group flow for
4 close to 0. Both [25] and [20] consider only the case of L(-) asymptotically
constant and, for this case, their predictions differ.

3.4. Relevance and irrelevance of the disorder: the results

The heuristic picture outlined in the previous subsection has now been made
rigorous. A summary of these rigorous results is given in the next three theo-
rems. We recall that h22(3) = h(0) — 3%/2 and that the annealed free energy
is F(0,h + 3%/2), so that the annealed critical behavior is obtained by looking at
F(0, ha™n(B) — (B2/2) 4+ 8) = F(0,he(0) +0) as § \, 0.
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Theorem 3.2. Choose o € (0,1/2) and K(-) satisfying (9) and (10). Then there
exists Bo > 0 such that h.(8) = ha"™(B) for 5 < Bo. Moreover, for the same values
of B the critical behavior of the quenched free energy coincides with the critical
behavior of the annealed free energy:

log F(8, he(8) + 8) *~" log F(0, he(0) + ). (63)

Theorem 3.2 has been first proven in [4] by using a modified second moment
method that we are going to outline in Section 4. It has then been proven also in
[54], by interpolation techniques. Both works contain more detailed results than
just Theorem 3.2, in particular (63) has been established by showing that the
stronger statement (70) holds. As a matter of fact in [36, Th. 2.3] it has been
proven that

- F(0,0) — F(B, hg"(B) + 9)
lim limsu < -1 =0, 64
N0 o | (B/2)(05F(0,0)) oy
written for h.(0) = 0 for sake of compactness. Note that (64) is in agreement with
(55) and in fact the first step in justifying that expansion.

Theorem 3.3. Choose K(-) satisfying (9) and (10). If o > 1/2 we have h.(3) >
h222(3). Moreover:

1. If a € (1/2,1) we have that for every e > 0 there exists cc > 0 such that

he(B) = h2™(B) > c.pz=ite, (65)

for every g < 1.
2. For every K(-) such that if o > 1 there ezists ¢ > 0 such that

he(B) = R (B) = e, (66)
for every g < 1.

The results in Theorem 3.3 are almost sharp, because in [4, 54] it is proven
that for every K () such that a € (1/2,1) there exists C' > 0 such that

he(B) — B2 () < Cfza=i, (67)

for every 8 < 1. On the other hand the bound in Theorem 3.3(2) is already optimal
(in the same sense) in view of the bounds summed up in the caption of Figure 4.
The result (65) has now been improved to match precisely (67), i.e., it has been
shown in [7] that in (65) one can take e = 0 and ¢y is still positive.

Theorem 3.3 has been proven in [19] and we give an outline of the proof
in Section 5. The method is based on estimating fractional moments of the free
energy, while (67) is derived by adapting the techniques yielding Theorem 3.2 (and
a sketch of the proof is in Section 4). In [19] the case v = 1 is not considered, but in
[10] it is shown that the fractional moment method can be generalized to establish
in particular that h.(8) > h2"*(3) also for a = 1.
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For what concerns the critical behavior we have the following:

Theorem 3.4. For every K(-) we have

for every h.

1+«

P (h—he(B))?, (68)

Of course this result is non-trivial only for h > h(5).

The result in Theorem 3.4 has been established in [34] for rather general
charge distribution. The proof that we give in Section 6 uses rather heavily the
Gaussian character of the charges and it is close to the argument sketched in [33].

Let us point out that Theorem 3.4, coupled with Theorem 2.1, shows that
the critical behavior of quenched and annealed systems differ as soon as a > 1/2,
in full agreement with the Harris criterion:

o 108 (F(3, hel(8) +8) = F(B, he(5)
5\.0 log 0
a>1/2 log (F(0,hc(0) +6) — F(0, he(0))))
log d
since the left-hand side is bounded below by 2, by Theorem 3.4, and the right-hand
side is equal to max(1,1/a), by Theorem 2.1.

; (69)

Remark 3.3. Theorem 3.4 therefore shows that the disorder, for & > 1/2, has a
smoothing effect on the transition. The Harris criterion in principle is just suggest-
ing that there is no reason to believe that the critical behavior is the same. There
is a general belief that disorder smoothes the transitions: this is definitely the case
for a number of statistical mechanics models to which a celebrated result of M.
Aizenman and J. Wehr applies [3] (see also [38]). It should however be remarked
that the Aizenman—Wehr smoothing mechanism does not yield smoothing for the
pinning model and that the argument leading to Theorem 3.4 is very different
from the argument in [3] (for more on this issue see the caption of Figure 6).

Remark 3.4. The amount of smoothing proven by Theorem 3.4 was not fully
expected. In fact in [48] it is claimed that for oo > 1 the transition is still of first
order, in disagreement for example with [17, 18]. Needless to say that it would
be very interesting to understand what the value of the exponent for a@ > 1/2 is
really and how it depends on «. In [5] it is shown that pinning models based on
exponentially decaying inter-arrival laws may not exhibit smoothing.

Remark 3.5. The results we have presented do not consider the case o = 1/2.
The results in this case are incomplete and not conclusive under hypothesis (10).
In [4, 54] it is shown that under (10) one has h.(3) — h2"(3) < cexp(—1/(c3?))
for some ¢ > 0 and § < 1. This bound matches the prediction in [20]. It is
not known whether h.(8) — h2™(5) > 0, leaving open the possibility for the
prediction in [25], i.e., he(8) = h2™*(5) for § small, to be the right one. One has
to point out, however, that the approach in [25] is an expansion in powers of 3
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that cannot capture contributions beyond all orders. This issue remains open and
debated also at a heuristic level. About the critical behavior, the smoothing result
in Theorem 3.4 is once again not conclusive (but it does imply for example that
disorder smoothes the transition as soon as lim,_.. L(n) = 0, if L(-) is chosen
as in Remark 1.3). So, under assumption (10) (which is the one that arises in the
basic example, c¢f. (4)), the issue of whether o = 1/2 is marginally relevant or
marginally irrelevant is open.

4. Free energy lower bounds and irrelevant disorder estimates

This section is mostly devoted to giving the main ideas of the proof of Theorem 3.2,
but in § 4.2 we will also explain why such arguments yield also (67).

4.1. The case of o < 1/2: the irrelevant disorder regime

As we have already pointed out, the annealed bound already yields, in full gener-
ality, that F(3,h) < F(0,h+ 32/2), and hence h.(3) > he(0) — %/2 = h2™2(3). In
order to pin, for a < 1/2, that he(5) < h2™*(5) we need to prove a lower bound
on the free energy showing that F(3,h) > 0 whenever F(0,h + 3%/2) > 0. We are
actually aiming at capturing also the critical behavior of the free energy; in fact
we are aiming at showing that for every € > 0 there exists 3. > 0 such that for
every 3 € (0, 3) we have

lim inf M

N0 F(0,h+ (52/2)

which yields he(5) < h3*™(5) and is a result (sensibly) stronger than (63). Note

that by what we have seen on the expansion of the free energy (55), or by the rigor-

ous result (64), we cannot aim at proving that the quenched free energy coincides

with the annealed one. This actually casts some doubts about the applicability of

second moment methods. As a matter of fact if we choose h > —32/2 (h.(0) = 0),
as usual with § = h + 3?/2 we can write

. N
vare (Ziv.) exp (ﬁz > 1nemT'> - 1] : (71)

(B2, i =

Note the analogy with (58) formula, in which 6 = 0: this time, since the underlying
measure is P}, (see the beginning of Section 2 or Theorem 2.1), TN 7’ is a positive
persistent renewal and the expression in (71) is growing exponentially as N — oo
for every 8 > 0 (unlike for the 6 = 0 case, in which the exponential growth sets up
only for 8 larger than a positive constant 8y). As we have pointed out, this was
to be expected: can one still extract from (71) some interesting information? The
answer is positive, as shown by K. Alexander in [4].

The crucial point is not to take the limit in IV, but rather exploit (71) up to the
scale of the correlation length of the annealed system, which is just a homogeneous
system with pinning potential § (see Remark 2.3). The idea is to establish that

Z 1- g, (70)

_ ®2
= E6
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the quenched partition function is close to the annealed one with large probability
up to the correlation length scale. Note that, as pointed out in Remark 2.3, on
such a scale the annealed partition function starts exhibiting exponential growth
and one feels the size of the free energy (we will actually need to choose the size of
the system, call it Ny, to be a large, but finite, multiple of the correlation length,
the relative error ¢ in (70) leaves the room to make such an estimate). Once such
an estimate on a system of length Ny is achieved, it is a matter of chopping the
polymer into N/Ny portions: some work at the boundary of these regions is needed
and for that we refer to [4], while we focus on explaining why the second moment
method works up to the correlation length scale.

Let us therefore go back to (71) and let us set Ny := ¢/ F(0,6) (and assume
that it is an integer number). With such a choice, by exploiting the estimates
outlined in Remark 2.2, it is not difficult to see that for every K(-) and ¢ > 0
there exists ¢k (g) > 0 such that

N
EZIfVO,w = Eexp (5 Z 1n€‘r> < CK(q)‘ (72)
n=1
This is because, as long as ¢ is finite and § tends to zero, the system is in the
critical window (as a matter of fact, in [50] the limit of EZ%; , as d tends to zero,
q kept fixed, is computed and the notion of critical window is further elaborated).
The constant cx(q) of course diverges as g /" 0. On the other hand IEZJfV’w >1
so that in order to estimate the quantity in (71) it suffices to estimate
N N

E®2 exp (5 Z (1n€‘r + ]-7l€T/)> (exp (ﬁz Z ]-nETﬂT’) - 1>] . (73)

n=1

n=1

We now use the Cauchy-Schwarz inequality and the fact that (exp(z) — 1) <
exp(2x)—1 for z > 0 to bound the expression in (73) (and therefore the expression

in (71)) by
N 1/2
<exp (2522 1n€mT,> — 1)1 =T, -Tp. (74)
n=1

N

exp (26 Z 1n€T>
n=1

But, by (72), Ty is bounded by a constant (which depends on ¢). On the other

hand, T% has been already estimated in (58)—(62), and it is O(/3), thanks to the fact

that the renewal 7 N 7/ is terminating (since a < 1/2). Therefore, by Chebychev

inequality, for every ¢ > 0

E E

P (Zh0> (1 9BZE,.) < D vig (73
where Ck (q) is a constant depending on K(-) and ¢ (it is just the constant cx (q)
of (72) when § is replaced by 24) and ¢ is taken form (62). Since EZ3;, , is bounded
from below by exp(—¢) exp(F(0,d)Ny) = exp(—d +q) (see (34)) we see that on the
scale of correlation length the quenched partition function grows (almost) like the
annealed one with large probability if 3 is small enough.
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4.2. Lower bounds on the free energy beyond the irrelevant disorder regime

The technique for lower bounds on the free energy that we have outlined, as
well as the technique in [54, 56], lead to upper bounds on h.(3) also in the case
a € [1/2,1), see (67) and Remark 3.5. But a look at Theorem 3.3(2) suffices to
see that the case o > 1 is somewhat different, because it is no longer true that
he(B) — 2™ (B) = o(B?). So, in this case, the easy bound h.(8) < h.(0) (which
is just a consequence of convexity) is optimal in the sense that he(3) — h2"*(5) <
#2/2 = ().

Let us therefore explain why the second moment method yields also (67)
when a € (1/2,1). For this we go back to (71) and (73) (we are still placing
ourselves on the scale of the correlation length). The term 77 is still bounded by a
constant, that of course depends on K (-) and ¢, just as in the o < 1/2 case. The
term T3 this time grows exponentially in N, because this time 7 N7’ is persistent,
and we have to worry about the size of N also for this term. But let us quickly
estimate the growth rate of 75 and for which values of N we can expect this term
to be small for § small. A necessary condition, that with some careful work one
can show also to be sufficient, is that the expectation of the term in the exponent
is small, namely that (cf. Proposition 1.1)

N
Y Pner)? VT e AN (76)
n=1

has to be chosen small. However we still keep N = Ny = ¢/ F(0,0), that is N of
the order of 6~/ (by Theorem 2.1), times a constant which is large if ¢ is large.
Plugging such a value of N in (76) we see that we are asking $26(172%)/(2%) to
be small. Therefore in this regime we expect the second moment method to work,
leading to localization and also to the fact that the quenched free energy is fairly
close to the annealed one, if

0 > /e, (77)

with ¢ a small (fixed) constant. But this what is claimed in (67).

5. Relevant disorder estimates: critical point shift

Annealing is the standard procedure to get upper bounds on disordered partition
functions. One can go beyond by partial annealing procedures, like the constrained
annealing procedure [44], and this does give some results, see, e.g., [4], but for
pinning models constrained annealing, in the infinite volume limit, yields nothing
beyond the annealed bound if we are concerned with identifying the critical point
[15]. There is therefore the need for a different idea.

5.1. Fractional moment estimates

A tool that allows to go beyond the annealed bound h.(8) > h2™™(3) (we set
he(0) = 0 also in this section) turns out to be estimating Ay := E[(Z5 )] for
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v € (0,1) by means of the basic inequality

(Zaj)v < Za}, (78)

J

that holds whenever a; > 0 for every j. This has been pointed out by F.L. Toninelli
in [55]. Inequality (78) has been exploited also in other contexts, notably in [22, 14],
to get upper bounds on the partition function of the directed polymer in random
environment, and in [2] to establish localization of eigenfunctions for random op-
erators, in particular in the Anderson localization context.

For pinning models one applies (78) to the renewal identity

N-1
Ziw = D Z5 JK(N —n)éy, with &y = exp(Bwy + h), (79)
n=0
and, by taking the expectation, one gets to
N-1 N
Ay < B[] D AKN —n) =) Av_.Q(n), (80)
n=0 n=1
where Q,, := E[¢]]K (n)?. Now the point is that (80) implies
<
An < <;Q(n)> n:O,rl?.a.L.),(NqAn’ (81)

so that, if > Q(n) <1 we have Ay < Ag =1 for every N. Summing everything
up

E[f;’]g[((n)'y <1 = s%pAN <1. (82)

And of course if Ay has sub-exponential growth the free energy is zero since
1 . 1 c o 1
NIElog ZNw = a—NEIOg (Z%.)" < a—NlogAN. (83)

Remark 5.1. The discrete convolution inequality (82) can actually be exploited
more. Observe in fact that the solution to the renewal equation

N
up =1 and uy =»_ Q(n)uy_n for N =1,2,..., (84)

n=1
dominates Ay. But if Q(-) is a probability distribution (possibly adding Q(o0)),
then w. is the renewal function of the Q(-)-renewal and if ) Q(n) < 1 then

un ~ cQ(N) for N — oo (¢ is an explicit constant, see Theorem 1.1). Therefore

E[£]> K(n)” <1 = there exists C' > 0 such that Ay < CK(N)7. (85)
n=1
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We are now left with verifying for which values of g and h we can find v such
that E[¢]] >0, K(n)” < 1. Let us consider the case >, K(n) = 1: in this case
>, K(n)Y > 1, so the question is for which values of § and h the pre-factor E¢]
is sufficiently small. This is a straightforward computation (§ = h + 3%/2):

62
B = oxp (- a01- ) +07). (56)

which is small for § sufficiently large, for every fixed value of d. This result is
therefore saying that (it may be helpful to keep in mind Figure 4):
1. he(B) > h2™(B) if  is sufficiently large;
2. the gap between h.(3) and h2™(3) becomes arbitrarily large as § tends to
infinity: in fact it is of the order of 32.

Note that this approach yields very explicit bounds, but it does not give results
for small values of 3.

5.2. Iterated fractional moment estimates

To go beyond the estimate we have just presented, in [19] another renewal identity
has been exploited, namely: for every fixed k and every N > k

N k—1
ZIC\/',w = ZZJCV—n,wZK(n_j)gN*jZ;ﬂN_jw' (87)
n=~k 7=0

This is simply obtained by decomposing the constrained partition function accord-
ing to the value N —n of the last point of 7 before orat N—k (0 < N—n < N—Fk in
the sum), and to the value N — j of the first point of 7 to the right of N —k (so that
N —k <N —j<N). Of course 25 on—iy has the same law as Z5 , and the three
random variables Z%,_,, , {n—; and Z$ gn—s,, are independent, if n > k and j < k.

N —-—nN —k N—j

FIGURE 5. The renewal identity (87) is obtained by fixing a value of k and summing
over the values of the last contact before N — k (the large dot in the figure) and the first
contact after N — k. The two contacts are respectively N —n and N — j (crosses are
contacts in the figure).

Let 0 < 7 < 1, set once again Ay := E[(Z5 )] and use (78) and (87) to get
for N >k
N k-1
Ay <E[E]Y Av_n Y K(n—j) A;. (88)

n=~k 7=0
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This is still a renewal type inequality since it can be rewritten as

N
Ay <) A aQi(n), (89)
n=1
with Qx(n) = E[¢]] Zk "K(n - J)VA; it n >k and Qr(n) := 0 for n < k. In
particular if for given ﬂ and h one can find k € N and « € (0,1) such that
oo k—1
pi=Y Quln) =E[]]Y> Y K(n—j)4; <1, (90)
n n==k j=0
then one directly extracts from (89) that
AN SpmaX{Ao,...,AN_k}, (91)
for N > k, which implies that Ay < max{Ao,..., Ar—1} and hence F(3,h) = 0.
Remark 5.2. Like in Remark 5.1 one can be sharper by exploiting the renewal
structure in (89). The difference with Remark 5.1 is that in this case N > k. In
order to put (89) into a more customary renewal form we set Ay := AN1n>p, SO
that
—(k—1) _
Ay < Z AN_nQr(n) + Po(N), with Py(N)=>" An)Qu(N —n), (92)

and therefore there exists ¢ > 0 (depending on &, K(-) and v, besides of course
B and h) such that Py(N) < ¢Qg(N). Let us now consider the standard renewal
equation for the Qg (n)-renewal: ug = 1 (but of course one can choose an arbitrary
up > 0) and

N—(k—1)
N>k
uy = Z un-nQi(n) =0 Y unnQi(n) + uoQk(N), (93)
n=1 n=1
where the first equality holds for N = 1,2, ... and for the second one we have used
that, since Qr(n) =0 up ton =k — 1, we have u3 = ug = -+ = ux_1 = 0. Once

again if > Qr(n) < 1, that is if p < 1, we are dealing with a renewal equation
of a terminating process and therefore u behaves asymptotically like (a constant
times) Qp(N). Comparing (92) and (93) one obtains that there exists a constant
C=C(K(-),k,v,h, ) such that

Ay < CK(N). (94)

5.3. Finite size estimates by shifting

What the iterated fractional moment has done for us is reducing the problem of
estimating the free energy from above to a finite volume estimate. Notice in fact
that estimating p, ¢f. (90), amounts to estimating only (a fractional moment of)

Z5 ,, for j <k (note the parallel with Remark 3.2!). This type of estimates de-
mands a new ingredient, which is more easily explained when o > 1. A preliminary
observation is that p is bounded above by ¢! Z?;é (A;/(k—5)F771 with € a
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constant that depends on K(-) and ~ so that p < 1 is implied if for a given =

k—1

A
2 T < 3
o

Note that, unlike the case treated in §5.1, here the pre-factor E¢], and therefore
and h, has only a marginal role: as long as § and h are chosen in a compact, which
is what we are doing since we are focusing on the critical region of the annealed
model at small or moderate values of 3, £ can be chosen independent of the value
of # and h. We shall see that the expression in (95) can be made small for example
by choosing k large.

Let us start by observing that we know of course (Jensen inequality) that for
h=ham () +

A; < (BZ5,)" = <E {exp <5Xj: 1n67>; je T:l )7 = exp(yF(0,0)5)Ps(j € 72;6)

We are of course interested in § > 0: by the Renewal Theorem Pjs(j € 7) is
bounded from below by a positive constant (even if § were zero!), so this term
cannot be of much help and we simply bound it above by one. On the other hand
the exponentially growing term stays bounded for j up to the correlation length of
the annealed system (cf. Remark 2.3): we therefore choose k := 1/ F(0,¢) (again,
assume that it is in N). At this point we observe that we can choose vy € (0,1)
such that

n=1

1+ a)y > 2, (97)
then the expression in (95) is bounded for k large, that is § small. This is not yet
what we want, but a more attentive analysis shows that one has

k—1—R A

J —(1+a)y+1
> i S ep() Z] < ¢/2, (98)
j=0 J>R
for any & > R and R chosen sufficiently large (depending only on v, « and ¢).
This has been achieved by using (96). We have therefore to show that

k—1

4,
E — L < g/2 (99)
_ 1+a)y—1
SR (k ])( )Y
For this we set R
Ap = limsup  max  Aj. (100)

5N\.0 j=k—R,....,k—1
If we are able to show that

R
Ay i e < gy, (101)

i=1
then (95) would be established (for ¢ small and k = 1/F(0,4)). Of course in (101)
one can replace R with oo obtaining thus a more stringent condition (but, in the
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end, equivalent, since we are not tracking the constants). For a proof of (101) one
has to go beyond (96) and in doing so the size of 3 turns out to play a role.

In order to go beyond (96) the new idea is a tilting procedure (first proposed
in [31]), that, given the Gaussian context, reduces to a shift. The idea is based on
the following consequence of Holder inequality

a=w[(z) Zo] cmmre|(Ew) ]

where P’ is a probability with respect to which P is absolutely continuous. In order
to make the choice of P’ let us fix § = a/3%, a a constant that we are going to choose
along the way: P’ is the law of the sequence

w1 —Vaf? wa —Vaf?, ... wr — Vaf? w1, Witg, - - - (103)

which is a sequence of independent (non identically distributed) variables. One
then readily computes

1/ (1=y)q 1=y
E [(;1]5(@)) } = exp(ﬁaﬁ%), (104)

but aB*k = 6/ F(0,6) and the ratio §/ F(0,d) tends to a positive constant as & \, 0

since a > 1, cf. Theorem 2.1. Let us now turn our attention to E'Z$ , which, for

j < k, coincides with E’'Z¢ . But this is just the partition function of a
Jw—y/aB?

homogeneous model with negative pinning potential if we choose a small, namely
(for conciseness we look only at the case j = k)

B exp (- 2(va - a) fj 1%7); ke
~ Bfewn(~ (22 1) % gy < 3 e ) )

But limg o0 (1/k) Zn 1 Lner = 1/E[m] P-a.s. and this readily implies that E'Z§
is bounded by a constant that can be chosen arbitrarily small, provided one chooses
a sufficiently small (so a~'/2—1 is large). The argument easily extends to j between
k — R and k so that (101) is proven since A, can be chosen arbitrarily small for a
sufficiently small and every ¢ < dq (for some 0y > 0). This concludes the argument
for the case @ > 1, that is Theorem 3.3(2).

The case o € (1/2,1) (Theorem 3.3(1)) is conceptually not very different:
the main difference lies in the fact that it is no longer sufficient to show that A; is
small for j close to k, one has actually to extract some decay in j. But the fact that
A;j does decay with j, at least if j < 1/F(0,0), is already rather evident from (96)
from the fact that the term Ps(j € 7) is, at least till j < k = 1/F(0,0), close to
P(j € 7) which behaves for j large as j~('~®) (times a constant, ¢f. Theorem 1.1).
The argument is however somewhat technical and we refer to [19] for details.

E’Z,‘;,w
(105)
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6. Relevant disorder estimates: the critical exponent

The argument leading to Theorem 3.4 is based on the rare stretch strategy sketched
in Figure 6. It is based on a one-step coarse graining of the environment on the
scale £ € N, 1 < ¢ < N. Actually one should think of ¢ as very large but finite. We
assume N/¢ € N and we look at the sequence of i.i.d. random variables defined as

Y; = 1p, with B; = {w: 0g Z¢ g5 11y, > aF(ﬁ,h+6)}, (106)

where § > 0, a € (0,1) (eventually @ /' 1) and j = 1,2, ..., but of course only the
j’s up to N/ are relevant to us. Note that the Y variables are Bernoulli random
variables of parameter p(¢) := P(E;) and, since a < 1, p(¢) is small when ¢ is
large, by the very definition of the free energy and its self-averaging property (cf.
Theorem 3.1). One can actually show rather easily that

2
li[m inf % logp(¢) > 0

> —35 (107)

We give a proof of this inequality below, but the intuitive reason is that the
probability of observing >'_, w; ~ £6/3 behaves like exp(—£62/252) for ¢ large
(this is the standard Cramer Large Deviation result). When such a Large Deviation
event occurs, the environment in the ¢-block will look like the original w variables
translated of 6/, that is Sw; + h looks like Sw; + h + . And in that block the
logarithm of the partition function will hence be close to £F(8,h + §). Shifting
the mean is of course only one possible strategy to make the event E; typical and
hence such an argument yields only a lower bound on p(¢).

We now make a lower bound on Zlf\ﬁw by considering only the 7-trajectories
that visit all and only the ¢ blocks for which Yj(w) = 1 (see Figure 6). The renewal
property leads to a rather explicit lower bound, namely (with the notation of the
figure)

Ny (w)
l0g Zy . > Y 108 Z5 g1, + 3 log K(Gnl) + Olog N), (108)
JSN/E: n=1

Yj=1

where the O(log N) term comes from the last excursion. Let us now divide by N
and take the limit, keeping into account that, by definition of the Y variables, we
have a lower bound on the partition functions log Z¢ that appear in the

0,0G—1)¢,
right-hand side. We therefore obtain
Ny (w)
o Ny(w) Ny (w) 1
> - -~ 7
F(8,h) > al F(B,h+06) lim —F +hjrvnjip ) n; log K (G()
p(f) Ny (w)
=ap(l)F(B,h+ ) + —= limsu log K (Gp0), 109
p(0)F(B )+ N%opNy(w); g K(Gnl) (109)
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[N Gl Gst ™y
FIGURE 6. The rare stretch strategy is implemented by looking at blocks of w variables of
size . To block j is associated a Bernoulli random variable Yj: such a random variable is
a function of the w variables in the block and it determines whether a system of the size
of that block, with constrained boundary conditions and precisely with the w variables
of the block, has a sufficiently large (in fact, an atypically large) partition function. The
precise definition of Y; is in (106). In the figure Y4 = Y11 = Yi2 = 1, while the other Y
variables are zero. The gaps between the success blocks are parametrized as G, ¢, so that
{Gy}n are ii.d. Geometric random variables: P(G1 = k) = (1 —p)*p (k=10,1,2,... and
p = p({), given in the text). The lower bound is then achieved by restricting the partition
function to the 7 trajectories that visit only success blocks and visit the first and the last
point of the block (also if two success blocks are contiguous: this is the case of the second
and third success blocks in the figure). Such a strategy is profoundly different from that
employed in [3], that is based on the effect of typical fluctuations (on the Central Limit
Theorem scale) and competition with boundary effects. Our strategy is instead a Large
Deviation strategy and, in a sense, it exploits the flexibility of the polymer to target rare
regions (the boundary conditions play no role).

where in the last step we have used the strong law of large numbers (the limits
are in the P(dw)-a.s. sense) to estimate the leading behavior of the number of
successes in an array of N/¢ Bernoulli variables of parameter p(¢). Moreover, to
be precise, (109) holds if we set K (0) = 1 (which we do only here). The (superior)
limit that is left in the expression is also easily evaluated by using the strong law of
large numbers after having observed that, since log K (z) '~ —(14-«a) logz, when
G, =1,2,... we have log K (G,{) > —a~*(1 + a)(log G,, + log ¢) for ¢ sufficiently
large (uniformly in the value of G, : note that 1/a is once again just a number
larger than 1). The net outcome is therefore
F(8,h) = ap(£) F(B,h +6)
p(f)

— Ta’l(l + a)(E[log G1; G1 > 0] + P(G1 > 0)log ). (110)

Since G is a geometric variable of parameter p(¢) we directly compute
Eflog G1; Gy > 0] = (1 4 0¢(1)) log(1/p(£)),
which, by (107), is bounded above by a=1£§2/(23?) (¢ large: once again a~! is just
used as an arbitrary constant larger than one). Therefore
e 21+ )
232

where the term o,(1) is —c(log¥)/¢ (¢ > 0) and this bound holds, given a € (0, 1),
for every ¢ larger than some ¢y.

F(B,h) = p(l) |aF(B,h + ) +o(1)], (111)
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Now we set h = h.(8) in (111), so that the left-hand side is zero and therefore

(14 a)
-2
F(B,he(B) +0) —a Tam
for every £ >/, so that F(3, he(8)+9) < a=3(6%(1 + «)/(26%)), and since a € (0, 1)
is arbitrary we can let a /1 and we are done. N

For completeness we give a proof of (107). We call Py the law of the sequence
of random variables

w1+ 06/B,wa+ /B, ..., we+0/0,wit1,wita,. .. (113)
Note that P;(E;) tends to one as ¢ becomes large, simply by definition of free
energy and because the law of {fw,, +h}p=1_. ¢, when w is distributed according

to ENDg, coincides with the law of {fBw, + h + 0},=1,. ¢, when w is distributed
according to P. We compute the relative entropy

P, ] 2

+oe(1) <0, (112)

H(MP) = B |log“ () 2t (114)

and by a standard entropy inequality (see, e.g., [29, § A.2])

P(E) _ 1 - 1 8
s By > @@(El)(H(MPHe) - 55 )<2ﬁ2 + ) (115)

and this yields (107).
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A Smoothing Inequality for
Hierarchical Pinning Models

Hubert Lacoin and Fabio Lucio Toninelli

Abstract. We consider a hierarchical pinning model introduced by B. Derrida,
V. Hakim and J. Vannimenus in [3], which undergoes a localization/delocali-
zation phase transition. This depends on a parameter B > 2, related to the
geometry of the hierarchical lattice. We prove that the phase transition is of
second order in presence of disorder. This implies that disorder smoothes the
transition in the so-called relevant disorder case, i.e., B> Be = 2+ /2.
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1. Model

The model we are going to introduce can be interpreted either as an infinite-
dimensional dynamical system or as a pinning model on a hierarchical lattice. We
refer to [3], where the model was introduced, or to [7], for the latter interpretation,
and we mention only that the parameter B in (2) is related to the geometry of the
lattice. The mathematical understanding of disordered pinning models, hierarchi-
cal or not, has witnessed a remarkable progress lately, cf. in particular [1, 2] and
[4]-18].

Let {wp, }nen be a sequence of i.i.d. random variables (with related probability
distribution denoted by P), with zero mean, unit variance and satisfying

M(B) := Elexp(fw1)] < o0 V5> 0.

In Section 3 we will state our result in the particular case of Gaussian random
variables, w1 ~ N(0,1).
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We are interested in the dynamical system defined by the following initial
condition and recurrence equation

R = exp (Bw; — log M(B) + h) (1)
0 Rfi)Rfifl) n (B _ 1)
Rn+1 = B ’ (2)

where B > 2, >0 and h € R are fixed parameters.

One can easily note that for every n, the random variables {R%z )}121, are i.i.d.

We are mainly interested in the evolution of the probability law of R (let us call

it £,,). Rg) is essentially the partition function of the pinning model at generation
n [3]. One can re-interpret this system as a dynamical system on probability laws,
L, +1 being the law of R, 41 given by

(1) p(2)
Ry’ Ry’ +(B—1
Rn+1 = B ( )7 (3)

where R{Y i = 1,2 are i.i.d. random variables with probability law L,,.

One can also study this dynamical system in a non-random set up, choos-
ing 8 = 0 or, equivalently, considering r,, = ER,, (respectively pure or annealed
system). The recursion becomes then

r?l +(B—-1
o = 221 (4)

(with initial condition r9 = exp(h)), which is nothing but a particular case of the
well-known logistic map.
In any case, there exists a (non-random) quantity F(3, h) such that

1
lim on log R, = F(6,h) almost surely w.r.t. P.
The convergence also holds in Ly, and F(3, h) > 0. For a proof of these statements
see [4, Theorem 1.1]. Observe that the non-negativity of F just follows from Rgf ) >
(B—1)/B (cf. (2)). We call F(3, h) the free energy of the system, and we remark
that F(3, -) is increasing. We define the critical point

he(B) = inf{h such that F(5,h) > 0}.

For an interpretation of h.(() as the transition point between a delocalized and a
localized phase (h < he(8) and h > he(8), respectively) we refer to [4] and [3].

Our aim in this paper is to describe the influence of the disorder on the
shape of the curve F(8, ) around h¢((), and in particular to obtain a bound on
the critical exponent which governs the vanishing of F when h.(3) is approached
from the localized phase.
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2. Known results

In [4] various results have been obtained about the influence of disorder on the
free energy curve. We summarize the situation in the two following theorems. The
first one describes the behavior of the free energy around h. and the value of h.
for the pure system (8 = 0). The second one concerns the behavior of h(f3) for
small values of 3, making a distinction between two different situations: irrelevant
disorder for B < 2 + /2 (critical properties of the system are unchanged, for 3
small, with respect to 3 = 0) and relevant disorder for B > 2+ /2 (the disordered
system behaves very differently from the pure one, for every 8 > 0). For this reason
we will refer to B. = 2 + /2 as the critical value of B.

Theorem 2.1 (Annealed system estimates, [4]). The function h — F(0,h) is real
analytic except at h = h¢ := h¢(0). Moreover h, = log(B — 1) and there exists
¢ =c(B) > 0 such that for all h € (he,he+ 1)

¢(B)"H(h —h)Y® < F(0,h) < ¢(B)(h— he)'/?, (5)
where
. . los(2(B-1)/B)

log 2 (6)

Theorem 2.2 ([4]). When B < 2 + /2 = B,, there exists 3y such that for all
0< 8 <P,
he(B) = he(0).
Moreover, for any e > 0, one can find he > h.(0) such that for any h € (h.(0), h.)
we have
(1 —¢)F(0,h) < F(B,h) <F(0,h).

When B > 2 4+ /2, we have for any 3 > 0, he(3) > he(0). Moreover we can
estimate the difference: there exists C(B) > 0 such that for all 8 <1

C(B)™L A2 < ho(B) — he(0) < O(B)F21,
Finally, if B = B, then
0< he(B) = he(0) < /% (7)

for some positive constant C.

It is a very interesting open problem to close the gap between the upper and
lower bound in (7). Let us mention that the arguments in [3] suggest that the
upper bound is the correct one, with an explicit prediction for the constant C.

When B > B, the previous theorem says nothing on the shape of the free
energy around h.(3); in particular, one may wonder if it is different from the one of
the pure system. In this spirit, we prove a general theorem on the effect of disorder
on the phase transition of the system. This theorem is the analog of what has been
proved in [5, 6] for the non-hierarchical pinning model based on a renewal process.
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3. Smoothness of the phase transition in presence of disorder
Assume that wy ~ N(0,1). We have:

Theorem 3.1. For every B > 2 there exists ¢(B) < oo such that for every > 0

and 6 > 0 one has ,

F(3, ho(B) + 6) < %cw). (8)

Remark 3.1. In view of Theorem 2.1 and the definition of «, this shows that if
B > B. (which corresponds to @ > 1/2) and 8 > 0 the critical exponent of the
transition is different from that of the pure model, i.e., we have
log F(3, h) . log F(0, h) 1
1 — - >2> 1 — =
hhe(3) log(h — ho(8) ~ ~~ n—he(oy+ log(h — he(0) @

Proof of Theorem 3.1. Fix 8 > 0 and let h = h(3). Let N € N, £ € Nwith £ < N
and

In(w):={1<j <2V : RY > exp(2' L F(B, he(B) +9))}. (9)
Defining
pe:=P(1 € In(w)), (10)
one has P(dw)-a.s.
Iy (W)
J\;Enoo Nt = (11)
from the strong law of large numbers and, for ¢ sufficiently large,
pe > e 288, (12)

To prove the latter estimate we proceed as in [5] and we use the classical entropic
inequality

P(A) > P(A) exp (- 113>(1A) (H(M@) + e—1)> (13)

which holds for every event A if the laws P and P are mutually absolutely contin-

uous, and
. AP dP

denotes the relative entropy. Equation (12) then easily follows if we apply (13) with
A={1¢€ZIy(w)}and P = P, being the law under which {w, }nen are independent
Caussian variables of unit variance and mean Ew,, = (§/3) for n < 2¢ and Ew,, = 0
otherwise. Indeed, in that case P(A) > (3/4) for £ sufficiently large by the fact that
2~ log Ry converges to F(3, he(8) + 0) in P-probability for £ — oo and the relative
entropy is immediately computed: H(P|P) = 2¢(5/3)2 /2.

Consider the binary tree 7y with N + 1 levels (see Figure 1): at level 0 are
the leaves, at level N is the root. Pairs (n,j) with 0 <n < N and 1 < j <2N—"
are called nodes (leaves are also considered to be nodes). The number of nodes in
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level 0: the leaves
level 1

level ¢

level ¢ + 1

level N: the root

FIGURE 1. The binary tree 7y for N = 6. At level 0 are the leaves.
Nodes (¢,7) with j € Zy(w) are marked by full dots (here we have
taken ¢ = 2), good nodes by empty dots and bad nodes by squares. The
dashed line includes all the descendents of the node a.

Ty is 2+ — 1. Given a node (n,j) € Ty with n < N we call (n + 1,[j/2]) its
father. The descendents of a node (n,j) € Tn are defined in the natural way.
Given a node (n,j) € Ty with n > ¢ we say that it is a good node if there
exists i € Zy(w) such that (¢,4) is a descendent of (n,j). A node (n,j) with n > ¢
will be called bad if its father is good but he himself is not good (cf. Figure 1).
Note that descendents of bad nodes are neither good nor bad. If Zy(w) = 0, by
convention we say that the root is a bad node, so that the root is always either
bad or good. Let gn(w) and by (w) be the number of good and bad nodes in 7y.
Given w, one has the inequality

. by (w)
Ry = exp(F(0. () + )2 (B @ (B52) L )

which will be proved below. As a consequence, P(dw)-almost surely from (11)
0= F(B,he(B)) 2 5 F(5. helB) +9) (15)

— liminf 2= (gN(w) log B+ by (w) log<%)).

N —oco
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Now it is obvious that, if Zy(w) is not empty, gny(w) is bounded above by the
total number of points of Tjiog, |7 ()], Plus [Zn(W)[(N — £ — [logy [Zy(w)[]). In
formulas,

gy (W) <IN (W)|(2+ N — [logy [In (w)[] — £), (16)
with the convention that 0log0 = 0. Letting N — oo, almost surely one has via
(11) and (12)

2

liminf 27V gy (w) < 27y (2 — log, pe) <

N — o0 pém(l—Fw(l)), (17)

where 0(1) denotes a quantity which vanishes for £ — co.
As for the last term in (15), write Zy (w) = {z1(w), z2(w), ..., } with z,(w) <
Zr41(w). Then we have

[T (w)[+1
bv(w) <2 Y logy(an(w) =21 (w) +1) (18)

r=1

with the convention that zo(w) := 1 and 2|7, ()41 = 2N=¢ This can be proven
as follows (see Figure 2). Let 1 < r < |Zx(w)| and a,. be the first common ancestor
of (¢,z,—1(w)) and (¢,z,(w)). Let m (respectively mo) denote the unique path
without self-intersections which leads from a, to (¢,z,_1(w)) (resp. from a, to
(¢, 2, (w))). Let L be the number of times the walk 71 makes a move to the left,
and R the number of times o makes a move to the right. Then the number of bad
nodes which are enclosed by the paths m; and 79, call it b, equals b, = L+ R — 2
(cf. Figure 2). On the other hand,

2 (W) — 2p_1 (W) —1 > 2871 p 2Rl 9 > oU+R)/2 _9 (19)

from which one deduces that b, < 2log,(z,(w) — xy—1(w) + 1). Similarly one
proves that the number of bad nodes which are descendents of the first common
ancestor of (£,1) and (£,z1(w)) (respectively, of (£,2|zy()) and (¢,2V7°)) is at
most 2logy(x1(w)) (resp. at most 2logy(2N ¢ — @7, () + 1)) and Eq. (18) is
proven.

Using Jensen’s inequality for the logarithm, from Egs. (18) and (12) one has
almost surely

2
lim inf 27V by (w) < 27y log, (p%) < 2%2‘13—%2. (20)
Putting together Eqs. (15), (17) and (20) and taking ¢ large one obtains then (8)
for a suitable ¢(B).

It remains to prove (14), and we will do by induction on N — ¢. We need only
consider the case where Zy(w) # 0 (i.e., the root is a good node) otherwise (14)
reduces to Ry > (B — 1)/B which is evident from (3). For N — ¢ =1, Eq. (14) is
easily checked using the definition of good and bad sites and the basic recursion
(3). Assume therefore that the statement holds for N — ¢ < k, and let N = ¢ + k.
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i

" P

T2

ar

FIGURE 2. Again, the binary tree 7y for N = 6, £ = 2 and nodes (¢, j)
with j € Zy(w) marked by full dots. The two big full dots denote nodes
Zr—1(w) and z,(w) (r = 5 in the figure) and their first common ancestor
a, is the root. The paths 7y, mo are marked by thicker lines and follow
the arrows. Empty circles mark left turns in 71, and right turns in
(note that a, contributes both to L and to R). Squares mark bad nodes
which are between paths 7 and ms.

Call 7, 15,121 and 7, 15,221 the two trees of depth N — 1 which originate from the root.
Since the root is assumed to be good, the following statements are true:
e gn(w) equals the number g%ll(w) of good sites in T]\(,ljl plus the number
gj(\%)_l(w) of good sites in TI\(,Q_)l plus one;
e by (w) equals bg\})_l(w) + bg\Q,)_l(w) (with obvious notations).

From (3) we have Ry > Rg\l,)_lRﬁ)_l /B which, in view of the induction hypothesis,
reads

Ry > exp(F (B, he(B) +6)2HIn (w)]) (21)

bR (@) 40§ (@)
y (E) NN e g @) ke
B

Thanks to the two observations above, this coincides with inequality (14) and the
proof is complete. O
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