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Computer Algebra Algorithms for Orthogonal
Polynomials and Special Functions

Wolfram Koepf

Department of Mathematics and Computer Science, University of Kassel,
Heinrich-Plett-Str. 40, D-34132 Kassel, Germany,
koepf@mathematik.uni-kassel.de

Summary. In this minicourse I would like to present computer algebra algorithms
for the work with orthogonal polynomials and special functions. This includes

the computation of power series representations of hypergeometric type func-
tions, given by “expressions”, like arcsin(z)/z,

the computation of holonomic differential equations for functions, given by ex-
pressions,

the computation of holonomic recurrence equations for sequences, given by ex-

pressions, like (}) “k—’f,

the identification of hypergeometric functions,

the computation of antidifferences of hypergeometric terms (Gosper’s algo-
rithm),

the computation of holonomic differential and recurrence equations for hyperge-

ometric series, given the series summand, like

w200 ()

(Zeilberger’s algorithm),

the computation of hypergeometric term representations of series (Zeilberger’s
and Petkovsek’s algorithm),

the verification of identities for (holonomic) special functions,

the detection of identities for orthogonal polynomials and special functions,
the computation with Rodrigues formulas,

the computation with generating functions,

corresponding algorithms for g-hypergeometric (basic hypergeometric) func-
tions,

the identification of classical orthogonal polynomials, given by recurrence equa-
tions.

All topics are properly introduced, the algorithms are discussed in some detail and
many examples are demonstrated by Maple implementations. In the lecture, the
participants are invited to submit and compute their own examples.

Let us remark that as a general reference we use the book [11], the computer

algebra system Maple [16], [4] and the Maple packages FPS [9], [7], gfun [19], hsum
[11], infhsum [22], hsols [21], gsum [2] and retode [13].

E. Koelink and W. Van Assche (Eds.): LNM 1817, pp. 1-24, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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1 The computation of power series and hypergeometric
functions

Given an expression f(z) in the variable =, one would like to find the Taylor
series

f@) =Y apat
k=0

i.e., a formula for the coefficient ay. For example, if f(z) = exp(x), then
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fl@)=>"
k=0

hence ap = % If the result is simple enough, the FPS (formal power series)
procedure of the Maple package FPS.mpl (][9], [7]) computes this series, even if
it is a Laurent series (including negative powers) or Puiseux series (including
rational powers).

The main idea behind this procedure is

1. to compute a differential equation for f(z),
2. to convert the differential equation to a recurrence equation for ay,
3. and to solve the recurrence equation for ay.

1.1 Hypergeometric series

The above procedure is successful at least if f(z) is hypergeometric. A series
o0
S
k=0

is called hypergeometric, if the series coefficient aj; has rational term ratio

The function

ai,a2,...,0p
vEal g b
1,Y2,...,Vq

x) =3 Apat = 30 lslad et

k=0 k=0

is called the generalized hypergeometric series, since its term ratio

Appq zhtt _ (k+ai) - (k+ap) = (12)
Ay zk (k+0b1) - (k+by) (k+1) ’

is a general rational function, in factorized form. Here (a) = a(a+1)--- (a+
k —1) denotes the Pochhammer symbol or shifted factorial. The summand ay,
of the generalized hypergeometric series is called a hypergeometric term.

The Maple commands factorial (short form !), pochhammer, binomial,
and GAMMA can be used to enter the corresponding functions, hypergeom de-
notes the hypergeometric series, and the hyperterm command of the sum-
tools and hsum packages denotes a hypergeometric term.'

! The package sumtools is part of Maple [4]. Note that Maple 8 contains a second
package SumTools ([15], [4]) which also contains summation algorithms.
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1.2 Holonomic differential equations

A homogeneous linear differential equation with polynomial coefficients is
called holonomic. If f(x) satisfies a holonomic differential equation, then its
Taylor series coefficients ay satisfy a holonomic recurrence equation, and vice
versa.

To find a holonomic differential equation for an expression f(z), one dif-
ferentiates f(z), and writes the sum

J .
> e fD(w)

J=0

as a sum of (over Q(z)) linearly independent summands, whose coefficients
should be zero. This gives a system of linear equations for ¢; € Q(z) (j =
0,...,J). If it has a solution, we have found a differential equation with
rational function coefficients, and multiplying by their common denominator
yields the equation sought for.

Iterating this procedure for J = 1,2,... yields the holonomic differential
equation of lowest order valid for f(z).

The command HolonomicDE? of the FPS package is an implementation of
this algorithm.

Exercise 1. Find a holonomic differential equation for f(x) = sin(z) exp(z).
Use the algorithm described. Don’t use the FPS package.
Using the FPS package FPS.mpl, find a holonomic differential equation for

f(x) and for g(x) = arcsin(z)?.

1.3 Algebra of holonomic functions

A function that satisfies a holonomic differential equation is called a holonomic
function. Sum and product of holonomic functions turn out to be holonomic,
and their representing differential equations can be computed from the differ-
ential equations of the summands and factors, respectively, by linear algebra.

We call a sequence that satisfies a holonomic recurrence equation a holo-
nomic sequence. Sum and product of holonomic sequences are holonomic, and
similar algorithms exist. As already mentioned, a function is holonomic if and
only if it is the generating function of a holonomic sequence.

The gfun package by Salvy and Zimmermann [19] contains—besides
others—implementations of the above algorithms.

2 In earlier versions of the FPS package the command name was SimpleDE.
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Exercise 2. Use the gfun package to generate differential equations for
f(x) = sin(z) exp(z), and g(z) = sin(x) + exp(x) by utilizing the (known)
ODEs for the summands and factors, respectively.

Use the gfun package to generate recurrence equations for

2 2
ak:k(z> and bk:k+<2) .

1.4 Hypergeometric power series

Having found a holonomic differential equation for f(x), by substituting
o0
fle) =) apa®,
k=0

and equating coefficients, it is easy to deduce a holonomic recurrence equation
for ay, .
If we are lucky, the recurrence is of first order, hence the function is a
hypergeometric series, and the coefficients can be computed by (1.1)—(1.2).
The command SimpleRE of the FPS package combines the above steps and
computes a recurrence equation for the series coeflicients of an expression.

1.5 Identification of hypergeometric functions

Assume, we have
o0
F = E ag .
k=0

How do we find out which ,F,(z) this is?

The simple idea is to write the ratio 0«2:—1 as factorized rational function,
and to read off the upper and lower parameters according to (1.2).

The command Sumtohyper of the sumtools and hsum packages are im-
plementations of this algorithm.

Exercise 3. Write cos(z) in hypergeometric notation by hand computation.
Use the sumtools package to do the same. Restart your session and use the
hsum package hsum6.mpl instead.

Get the hypergeometric representations for sin(z), sin(x)
arcsin(z)?, and arctan(z), combining FPS and hsum.

2 arcsin(x),
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Exercise 4. Write the following representations of the Legendre polynomials
in hypergeometric notation:

ma- S0 (0) (5) w0
- . ,:0 (Z)2<x 1R+ 1) (1.49)
FEe o

In the hypergeometric representations, where from can you read off the upper
bound of the sum?

2 Summation of hypergeometric series

In this section, we try to simplify both definite and indefinite hypergeometric
series.

2.1 Fasenmyer’s method

Given a sequence s, , as hypergeometric sum

oo

Sp = Z F(n, k),

k=—o0

how do we find a recurrence equation for s, ? Celine Fasenmyer proposed the
following algorithm (see e.g., [11], Chapter 4):

F k41
1. Compute ansatz := > Flntjk+i) € Q(n, k).
i=0,...,I F(n, k)
7=0...07

2. Bring this into rational form and set the numerator coefficient list w.r.t.
k zero. If the corresponding linear system has a solution, this leads to a
k-free recurrence equation for the summand F(n, k).

3. Summing this recurrence equation for £ = —oo,...,00 gives the desired
recurrence for s,,.

If successful, this results in a holonomic recurrence equation for s, . If we are
lucky, and the recurrence is of first order, then the sum can be written as a
hypergeometric term by formula (1.1)—(1.2). This algorithm can be accessed
by the commands kfreerec and fasenmyer of the hsum package.

As an example, to compute
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37,_ank Z@

k=0

in the first step one gets the well-known binomial coefficient recurrence

F(n+1,k)=F(n,k)+ F(n,k—1)

=00+ ()

from which it follows by summation for k = —oco,..., 00

or in the usual notation

Sntl = Sp + Sp = 285,

since
Z F(n, k) Z F(n,k—1)
k=—o k=—o00

With sg =1 one finally gets s, = 2™.
In practice, however, Fasenmyer’s algorithm is rather slow and inefficient.

Exercise 5. Using Fasenmyer’s method, compute a three-term recurrence
equation for the Laguerre polynomials

e EDE N -n

Ln(x)—ZT kx—lFl ) T
and for the generalized Laguerre polynomials
n k
(@) _ (D" (n+a) 4
L () =) ) (2.1)

k=0
k=0

2.2 Indefinite summation and Gosper’s algorithm
Given a sequence ai, one would like to find a sequence s, which satisfies
A = Sk+1 — Sk = Ask . (2.2)

Having found s; makes definite summation easy since by telescoping it follows
from (2.2) for arbitrary M, N € Z

N

g A = SN+1 — SM -
k=M
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We call s = > ar an indefinite sum (or an antidifference) of aj. Hence
indefinite summation is the inverse of the forward difference operator A.

Gosper’s algorithm ([6], see e.g., [11], Chapter 5) takes a hypergeometric
term ap and decides whether or not aj has a hypergeometric term anti-
difference, and computes it in the affirmative case. In the latter case s is a
rational multiple of ag, sy = Ry ar with Ry € Q(k).

Note that whenever Gosper’s algorithm does not find a hypergeometric
term antidifference, it has therefore proved that no such antidifference exists.
In particular, using this approach, it is easily shown that the harmonic num-

n
bers H, = > % cannot be written as a hypergeometric term. On the other
k=1
hand, one gets (checking the result applying A is easy!)

S = Z(-N(Z) S

Both Maple’s sumtools package and hsum6.mpl contain an implementation
of Gosper’s algorithm by the author. The gosper command of the hsum
package will give error messages that let the user know whether the input
is not a hypergeometric term (and hence the algorithm is not applicable)
or whether the algorithm has deduced that no hypergeometric term antid-
ifference exists. Since this is (unfortunately) against Maple’s general policy,
sumtools [gosper] does not do so, and gives FAIL in these cases.

Exercise 6. Use Gosper’s algorithm to compute

and

n 1
u”_;k(k+5)'

2.3 Zeilberger’s algorithm

Zeilberger [24] had the brilliant idea to use a modified version of Gosper’s
algorithm to compute definite hypergeometric sums

Sn = Z F(nvk)v

k=—o00
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like Fasenmyer’s algorithm does (see e.g., [11], Chapter 7). However, Zeil-
berger’s algorithm is much more efficient than Fasenmyer’s. Note that, when-
ever s, is itself a hypergeometric term, then Gosper’s algorithm, applied to
F(n, k), fails! Thus a direct application of Gosper’s algorithm to the summand
is not possible.

Zeilberger’s algorithm works as follows:

1. For suitable J € N set
ar=F(n,k)+ o Fn+1L,k)+---+osF(n+Jk).

2. Apply Gosper’s algorithm to determine a hypergeometric term sg, and at
the same time rational functions o; € Q(n) such that ay = sp41 — s

3. Summing for k¥ = —o0,...,00 yields the desired holonomic recurrence
equation for s, by telescoping.

One can prove that Zeilberger’s algorithm terminates for suitable input.

The command sumtools[sumrecursion] as well as sumrecursion and
closedform of the hsum package are implementations of Zeilberger’s algo-
rithm.

Exercise 7. Compute recurrence equations for the binomial power sums
n m
> (;
k
k=0

for m=2,...,7.
In the 1980s these results were worth a paper in a mathematical journal!

If the resulting recurrence equation is of first order, then in combination
with formula (1.1)—(1.2) and the value sy one gets a hypergeometric term rep-
resentation of the sum s,,. This is the strategy of the closedform command.

As an example, using this approach, it is easy to deduce Dougall’s identity

7 a,1+5,b,c,d,1+2a~b—-c—d+n,—n 1

e s 1ta—-bl+a—-cl+a—-dbtct+td—a—nl+a+n

I+ap(a+l=b—cpa+1l-b—d),(a+1—c—d),
I+a-bp(l+a—cpl+a—dn(l+a—b—c—d),
from its left hand side.
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Exercise 8. Find hypergeometric term representations for the sums

2+():

n

Sp =
k=0
n n 2
typ = y
> (i)
k=0
n n 2
n — ‘_1k
w=Y 0 (7).
k=0

and

Assume you have two hypergeometric sums, how can you check whether
they are different disguised versions of the same special function? Zeilberger’s
paradigm is to compute their recurrence equations, and, if these agree, then
it remains to check enough initial values. Using this approach, it is easy to
check that the three representations of the Legendre polynomials, given in
(1.3)—(1.5), all agree with the fourth representation

- %) (2.3)

Exercise 9. Prove that the representations (1.3)—(1.5) and (2.3) all con-
stitute the same functions, the Legendre polynomials.

n l—n

Pn(x) :JanFl(E’ 12

With this method, one can prove many of the hypergeometric identities
that appear in Joris van der Jeugt’s contribution in these lecture notes, for
example Whipple’s transformation (2.10) as well as the different representa-
tions of the Clebsch-Gordan coefficients Clebsch-Gordan coefficients and
Racah polynomials, and many of the corresponding exercises can be solved
automatically.

Even more advanced questions that involve double sums can be solved: to

prove Clausen’s formula
2
2a,2b,a+ b
r| =3k e
2a+2b,a+b+ 3

which gives the cases when a 3F5 is the square of a o F}, one can write the
left hand side as a Cauchy product. This gives a double sum. It turns out that
the inner sum can be simplified by Zeilberger’s algorithm, and the remaining
sum is exactly the right hand side.
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2.4 A generating function problem

Recently, Folkmar Bornemann showed me a generating function of the Leg-
endre polynomials and asked me to generate it automatically [3]. Here is the
problem: write

Gz, 7,a) == f: (O‘ e 1) Po(z) 2"

n
n=0

as a hypergeometric function. We can take any of the four given hypergeomet-
ric representations of the Legendre polynomials to write G(z, z, «) as double
sum. Then the trick is to change the order of summation. If we are lucky,
then the inner sum is Zeilberger-summable, hence a single hypergeometric
sum remains which gives the desired result.

It turns out that (only) the fourth representation (2.3) leads to such a

result, namely
> ~1 1 o oatl 2 _1),2
Z(a+n )Pn(x)znzizﬂ A L )22 :
o n (1 —z2)e (xz —1)
Note that a variant of this identity can be found as number 05.03.23.0006.01 in
the extensive online handbook [23]. It occurs there without citation, though,
hence without proof.

—_

Advanced Exercise 10. Derive the Askey-Gasper identity which was the
essential ingredient in de Branges’ proof of the Bieberbach conjecture (see,
g., [11], Example 7.4). Hence write as a single hypergeometric series

1), (5F2),_y; (@+D)ns;
i j!(%3)7l_j (55) s, (0 —29)!
2j—n,n—2j+a—|—1,“7+1
3F2< o1,252

2.5 Automatic computation of infinite sums

Whereas Zeilberger’s algorithm finds Chu-Vandermonde’s formula for n €

No
—n,b _ (c—Db)n
2F1< . 1> = 7(C)n ) (2.4)

the question arises how to detect Gauss’ identity
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1) = ()T (c—a—0)
I(c—a)l'(c—0)

for a,b,c € C in case of convergence, i.e., if Re (¢ —a — b) > 0, extending
The idea is to detect by Zeilberger’s algorithm
a,b — —b a,b
i m( 1) =0 (e=bm m(
c+m
Using appropriate limits for the Gamma function, this and similar ques-
tions can be handled automatically by the infclosedform prodecure of

(2.4).
1
(Q)m (c—a—b)p, c )
and then consider the limit as m — oo.
Vidunas’ and Koornwinder’s Maple package infhsum [22].

Exercise 11. Derive Kummer’s theorem, i.e. find a closed form for

nl Y 1
201 l1+a—-05 ’

Find an extension of the Pfaff-Saalschitz formula

(c—a)n(c—b)n

1) T Onlc—a—b

a,b,—n
3l
c,l+4a+b—c—n

2.6 The WZ method

Assume we want to prove an identity
oo
> fnk) =3,
k=—o0

with hypergeometric terms f(n,k) and 3, , see e.g. [11], Chapter 6. Then
Wilf’s idea is to divide by §,, and therefore to put the identity into the form

Sp 1= i F(n,k)=1. (2.5)
k=—o00

Now we can apply Gosper’s algorithm to F(n+ 1,k) — F(n, k) as a function
of k. If this is successful, then it generates a rational multiple G(n,k) of
F(n,k), ie., G(n,k) = R(n, k) F(n, k) with R(n,k) € Q(n, k), such that

F(n+1,k)—F(n,k)=G(n,k+1)—G(n, k), (2.6)
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and telescoping yields s,4+1 — s, = 0, and therefore (2.5). Hence the sheer
success of Gosper’s algorithm gives a proof of (2.5). This is called the WZ
method.

Moreover, if the WZ method was successful, it has computed the rational
certificate R(n,k) € Q(n,k) which enables a completely independent proof
of (2.5) that can be carried out by hand computations: Dividing (2.6) by
F(n, k), we have only to prove

F(n+1,k)
F(n,k)

F(n,k+1)

—1=R(n,k+1) Fou )

- R(?’l, k) y
a purely rational identity.

The function WZcertificate of the hsum package computes the rational
certificate if applicable.

Exercise 12. Prove by the WZ method:

Y k(™) = nont
> (1)
k=1

and (this is again the disguised Chu-Vandermonde formula)
i: a b _(a+D
E)\n—-k) \n )~
k=0

2.7 Differential equations

Zeilberger’s algorithm can easily be adapted to generate holonomic differential
equations for hypererponential sums (see, e.g., [11], Chapter 10)

oo

s(z) = Z F(x, k) .

k=—o00

For this purpose, the summand F(z,k) must be a hyperexponential term
w.r.t. z: o

F(z, k)
With this algorithm which is implemented as sumdiffeq in the hsum package
it is easy to check that all representations (1.3)—(1.5) and (2.3) of the Legendre
polynomials satisfy the same differential equation

€ Q(x, k) .

(1—a2?)P/(x) — 2z P,(z) + n(n+1) Py(x) =0 .

In CAOP [20], an online version of the Askey- Wilson scheme of orthogonal
polynomials [8] developed by René Swarttouw, the hsum package is used



14 Wolfram Koepf

to interactively compute recurrence and differential equations for personally
standardized orthogonal polynomial families of the Askey-Wilson scheme.

Exercise 13. Find holonomic differential equations for the Jacobi polyno-

mials
o n—+a —n,n+a|l+zx
Ph) () = ( >2F1< 5 ) , (2.7)

n a+08+1

and the generalized Laguerre polynomials (2.1).

3 Hypergeometric term solutions of recurrence equations

3.1 Petkovsek’s algorithm

Petkovsek’s algorithm is an adaption of Gosper’s (see, e.g., [11], Chapter 9).
Given a holonomic recurrence equation, it determines all hypergeometric term
solutions. The command rechyper of the hsum package is an implementation
of Petkovsek’s algorithm.

Petkovsek’s algorithm is slow, especially if the leading and trailing coeffi-
cients of the recurrence equation have many factors. Maple 9 will contain a
much more efficient algorithm hsols due to Mark van Hoeij [21] for the same
purpose.

As an example, the recurrence equation

3(3n +4)(3n 4+ 7)(3n + 8)sp43 + 4(3n + 4)(37Tn? + 1801 + 218)s,,12

+16(n + 2)(33n2 + 12510+ 107)s,,41 + 64(n + 1)(n 4+ 2)(3n + 7)s, =0
which is the output of Zeilberger’s algorithm applied to the sum

w5

has the hypergeometric term solution (—4)™ which finally yields s, = (—4)".

3.2 Combining Zeilberger’s and Petkovsek’s algorithms

As seen, Zeilberger’s algorithm may not give a recurrence equation of first
order, even if the sum is a hypergeometric term. This rarely happens, though.
In such a case, the combination of Zeilberger’s with Petkovsek’s algorithm
guarantees to find out whether a given sum can be written as a hypergeometric
term.

Exercise 9.3 of my book [11] gives 9 examples for this situation, all from
p. 556 of [18].
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Advanced Exercise 14. Use a combination of Zeilberger’s algorithm and
Petkovsek’s algorithm to find a simple representation (as linear combination
of two hypergeometric terms) of the sum

. _Lgéj n— 9k _i k
" k 21 )

k=0

4 Integration

4.1 Indefinite integration

To find holonomic recurrence and differential equations for hypergeometric
and hyperexponential integrals, one needs a continuous version of Gosper’s
algorithm. Almkvist and Zeilberger gave such an algorithm ([1], see, e.g.,
[11], Chapter 11). It finds hyperexponential antiderivatives if those exist. This
algorithm is accessible as procedure contgosper of the hsum package.

For example, this algorithm proves that the function ¢®” does not have a
hyperexponential antiderivative. In fact, this function does not even have an
elementary antiderivative; but this cannot be detected by the given algorithm.
On the other hand, the algorithm computes, e.g., the integral

2z +1O(1—|—x2)x9 dr — 1+ 22
1210 " (1 g0 )T T g0

4.2 Definite integration

Applying the continuous Gosper algorithm, one can easily adapt the discrete
versions of Zeilberger’s algorithm to the continuous case. The resulting algo-
rithms find holonomic recurrence and differential equations for hypergeometric
and hyperexponential integrals.

The procedures intrecursion and intdiffeq of the hsum package are
implementations of these algorithms, see [11], Chapter 12.

As an example, we would like to find

1
S(,y) = /tf (1— ) dt.
0
Applying the continuous Zeilberger algorithm w.r.t. = and y, respectively,
results in the two recurrence equations
—(z4+y+2)Sx+1,y)+(x+1)S(x)=0

and
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—(z+y+2)S(@,y+ 1)+ (x+1)S5(x)=0.
Solving both recurrence equations (e.g., with Maple’s rsolve command)
shows that S(x,y) must be a multiple of
MNe+1)T(y+1)
Fxz+y+2)

Computing the initial value

1

S(0,0):/dtzl
0
proves the identity
MNe+1)T(y+1)
MNz+y+2)

for z,y € Z. Since we work with recurrence equations, this method cannot
find the result for other complex values z,y.

Another example is given by the integral

S(x,y) =

oo

/ x4+t2 1+t2)
0

5 dt

for which the algorithm detects the holonomic differential equation
z(z* =) 1" (2) + 1+ 72 I (2) + 82> I(x) =0 .

Maple’s dsolve command finds the solution

I(z) =

T
222 +1)

Advanced Exercise 15. Write the integral

1
b
/t671 (1 o t)dfl 2F1 (a
C

0

m>

as a hypergeometric series. This generates the so-called Bateman integral
representation. For which ¢, d € C is the result valid?

Advanced Exercise 16. Find a similar representation for the integral
a,b
tr | .

tem (1 — )4t 2F1< p

o—__
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4.3 Rodrigues formulas

Using Cauchy’s integral formula

n! h(t

for the nth derivative makes the integration algorithms accessible for Ro-
drigues type expressions

ar
dx™

fn(@) = gn(2) —hn(z) .

This is implemented inrodriguesrecursion and rodriguesdiffeq of the
hsum package, see [11], Chapter 13.
Using these algorithms, one can easily show that the functions

SN
2n ! dzm

Pu(z) = (1—a?)"

are the Legendre polynomials, and that

x d7l
Lgf‘)(x) - n!e:c“ dxm (e—m xa—m)

are the generalized Laguerre polynomials.

Exercise 17. Prove the Rodrigues formula

(-1 o

PR () = S (l=a) (4 2) o (1 —2)*(1+2)°(1—2%)")

for the Jacobi polynomials (2.7).

4.4 Generating functions

If F(z) is the generating function of the sequence a,, f,,(z),

F(z)= Zan fol(z) 2™,

n=0

then by Cauchy’s formula and Taylor’s theorem

1L FM™MO) 1 1 [F(@)
fn(x) - a nl - an, 2 / n+1 dt .

v

Hence, again, we can apply the integration algorithms. This is implemented
in the functions GFrecursion and GFdiffeq of the hsum package, see [11],
Chapter 13.
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Using these algorithms, we can easily prove the generating function iden-

tity
-S

(1_2) a— 1

for the generalized Laguerre polynomlalb.

Exercise 18. Prove that

\/1—2962—1—22 ZP

is the generating function of the Legendre polynomials.

Advanced Exercise 19. Write the exponential generating function

oo

F(z)=Y_ % P, (z) 2"

n=0

of the Legendre polynomials in terms of Bessel functions.
Hint: Use one of the hypergeometric representations of the Legendre poly-
nomials and change the order of summation.

5 Applications and further algorithms

5.1 Parameter derivatives

For some applications, one uses parametrized families of orthogonal polyno-
mials like the generalized Laguerre polynomials that are parametrized by the
parameter «. It might be necessary to know the rate of change of the family
in the direction of the parameter « (see [10]).

Using Zeilberger’s algorithm and limit computations (with Maple’s 1imit)
one can compute such parameter derivatives in this and in similiar occasions.

Advanced Exercise 20. Prove the following representation for the pa-
rameter derivative of the generalized Laguerre polynomials

P n—1 1 (@)
el (04) - § I G

by proving first that

and taking limit p — 0.




Computer Algebra Algorithms 19
5.2 Basic hypergeometric summation

Instead of considering series whose coefficients Ay have rational term ra-
tio Apy1/Ar € Q(k), we can also consider such series whose coefficients
Ay have term ratio Ajy1/Ar € Q(q*) for some ¢ € C. This leads to the
q-hypergeometric series—also called basic hypergeometric series—(see, e.g.,

[5])
Aiy...,0p e
r¥s ; = A k-
‘p‘<b1,...,bs qx) kZ:O ke

Here the coefficients are given by

(a1; k- (ar; @)k aF oy
A = k k " <(_1)k q( )) ’

(b1;Q)k - (bs; D (439

where
k—1

(asq) = [J(1 - ag’)

Jj=0

denotes the ¢-Pochhammer symbol.
Further g-expressions are given by

1. the infinite g-Pochhammer symbol: (a;¢)e = lim (a;q)n;

~ (¢; )k
2. the g-factorial: [k],! = ———;
et = =g o
- 4 @)oo .
3. the ¢-Gamma function: I'y(z) = 0w (1—q)'=;
4. the g-binomial coefficient: [n} = &;
kl, (6 0k (G 0)n—r
1-— qk &
5. the g-brackets: [k], = ——— =1+4+q+---+¢" 1.

I—gq
For many of the algorithms mentioned in this minicourse corresponding ¢-
versions exist, see [11]. These are implemented in the gsum package, see [2],
and the above g-expressions are accessible, see [11], Chapter 3.
For all classical hypergeometric theorems corresponding ¢-versions exist.
These can be proved by a g-version of Zeilberger’s algorithm (gsumrecursion)
via the gsum package. For example, the q-Chu-Vandermonde theorem states

that
"0l g™\ (¢/big)n
2¢1< c |17 ) (g

As usual, the right hand side can be computed from the left hand side.
All classical orthogonal families have g-hypergeometric equivalents. For

example, the little and the big q-Legendre polynomials, respectively, are given
by
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qfn n+1

pn(zlq) = 2<P1<

q;qx)
QQQ> .

For these, by the procedure gsumrecursion, we get the recurrence equations

and
1
qn+ , T

q—7l
Py(z;¢;q) = 392
q,cq

q"(q" = 1)(¢"+q)pn(z]q) + (" — ) (¢* z+2q" +¢" 2 —2¢" +qz)py—1(2|q)
+ ¢"(¢" +1)(¢" — @)pn—2(z|q) =0,

and

q(q" — 1)(cq" —1)(¢" + q) Pu(7; ¢ 9)
+ (@ = )¢ x = 20" + " e = 20" e+ 2" + q2) P (25.059)
—q"(q" +1)(¢" — q)(q" — cq)Po—2(z;¢;q) = 0.

ab
qg;ar | = 1%0 _ q;T | .

With the algorithms of the gqsum package some of the exercises of Dennis
Stanton’s contribution in these lecture notes can be solved.
Using Hahn’s ¢-difference operator

f(z) = flgz)
(I1-qx

one can also compute q-difference equations w.r.t. the variable = by the
gsumdiffeq procedure.

Exercise 21. Prove the identity

a b
1pol |GT | c1p0|

Compute p,(1]g) in closed form.

D,f(x) =

5.3 Orthogonal polynomial solutions of recurrence equations
The classical orthogonal polynomials
P (x) =kpa" +---
(Jacobi, Laguerre, Hermite and Bessel) satisfy a second order differential equa-

tion

o(x) Py (x) + 7(2) P, (x) + An Po(z) = 0,
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where o(z) is a polynomial of degree at most 2 and 7(z) is a polynomial of
degree 1.2 From this differential equation one can determine the three-term
recurrence equation for P,(x) in terms of the coefficients of o(x) and 7(x),
see [12].

Using this information in the opposite direction, one can find the cor-
responding differential equation of second order—if applicable—from a given
holonomic three-term recurrence equation. This is implemented in the procud-
ure REtoDE of the retode package retode.mpl [13]. Note that Koornwinder
and Swarttouw have a similar package rec2ortho [14] but use a different
approach.

As an example, we consider the recurrence equation

Poia(z) —(x —n—1)Pypi(z) +a(n+ 1) Py(x) = 0. (5.1)

For this recurrence, the program finds that only if a = % there is a classical
orthogonal polynomial solution P, (z) with k, = 1 and density p(z) = 4e~2*

on the interval [—%, o0) satisfying the differential equation

<x + %) P!(x) — 2z Pl (z) 4+ 2n P,(z) =0,

hence a translate of the Laguerre polynomials.
Similarly, the classical discrete orthogonal polynomials (Hahn, Meixner,
Krawtchouk, Charlier) satisfy a second order difference equation

o(z) AVP,(x) + 7(2) AP, (x) + Ay Pp(z) =0,

where Vf(z) = f(x)— f(x—1) is the backward difference operator, o(x) is a
polynomial of degree at most 2 and 7(z) is a polynomial of degree 1. Again,
from this equation one can determine the three-term recurrence equation for
P, (x) in terms of the coefficients of o(z) and 7(z) and convert this step, see
[13]. This algorithm is accessible via REtodiscreteDE.

Taking again example (5.1), now we find that only for o < % there are
classical discrete orthogonal polynomial solutions of the Meixner /Krawtchouk
family.

3 If o(z) has two different real roots a < b, then P,(z) is of the Jacobi family in
the interval [a, b], if it has one double root, then P,(x) is of the Bessel family, if
it has one single root, P,(x) is of the Laguerre family, and if it is constant, then
P, (z) is of the Hermite family.
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Exercise 22. Find the classical orthogonal polynomial solutions of the
recurrence equation

(n+3) Poy2(z) —z(n+2) Ppp1(z) + (n+ 1) Py(x) =0.

Compute the recurrence equation for the functions

)

and determine whether they are classical orthogonal polynomial systems.

—n, —x

P,(x) = 2F0<

Finally, the classical g-orthogonal polynomials (see [8]) of the Hahn class
satisfy a second order ¢-difference equation

0(x) DgD1/qPp(x) +7(2)Dg Pp(x) + Ay Pr(z) =0,

where o(z) is a polynomial of degree at most 2 and 7(z) is a polynomial of
degree 1. Again, from this equation one can determine the three-term recur-
rence equation for P,(z) in terms of the coefficients of o(z) and 7(z) and
convert this step, see [13]. This algorithm is accessible via REtogDE.

As an example, for the recurrence equation

Ppyo(z) — 2 Poya(z) + aq” (anrl —1)Py(z) =0,
we get the corresponding g-difference equation

x q(¢" = 1)

2
z“+a)D,Dy/,P,(x) — D,P,(x) + ——
(3 +0) oDy Pule) — g DaPala) + 0 oy

P,(x)=0.

Exercise 23. Check that the little and big g-Legendre polynomials are in
the Hahn class of g-orthogonal polynomials.

6 Epilogue

The author’s Maple packages and their help pages can be downloaded from the
website http://www.mathematik.uni-kassel.de/ koepf/Publikationen.
Installation guidelines can be obtained by e-mail request. Finally, the ac-
companying Maple worksheets for this minicourse can be found at http:
//www.mathematik.uni-kassel.de/ koepf/iivortrag.html.

Software development is a time consuming activity! Software developers
love it when their software is used. But they need also your support. Hence
my suggestion: if you use one of the packages mentioned for your research,
please cite its use!
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Summary. We give a self-contained introduction to the theory of 3nj-coefficients
of su(2) and su(l,1), their hypergeometric expressions, and their relations to or-
thogonal polynomials. The 3nj-coefficients of su(2) play a crucial role in various
physical applications (dealing with the quantization of angular momentum), but
here we shall deal with their mathematical importance only.

We begin with a brief explanation of representations of the Lie algebra su(2), and
of the tensor product decomposition. All this is derived in a purely algebraic context
(avoiding the notion of Lie groups for those who are not familiar with this). The
Clebsch-Gordan coefficients (or 3j-coefficients) are defined, and their expression as
a hypergeometric series is deduced. The relation with (discrete) Hahn polynomials
is emphasized.

The tensor product of three representations is discussed, and the relevant Racah
coefficients (or 6j-coefficients) are defined. The explicit expression of a Racah coef-
ficient as a hypergeometric series of 4 F5-type is derived. The connection with Racah
polynomials and their orthogonality is also determined.

As a second example closely related to su(2), a class of representations (together
with their 3j- and 6j-coefficients) of the Lie algebra su(1,1) is considered.

Finally, we introduce general coupling theory : the tensor product of (n + 1)
representations is considered, and “generalized recoupling coefficients” or 3nj-
coefficients are defined. In this context, the Biedenharn-Elliott identity is shown
to play a crucial role. We shall derive various results from this identity, e.g. convolu-
tion theorems for certain orthogonal polynomials, orthogonal polynomials in several
variables, and interpretations of 3nj-coefficients as connection coefficients.
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1 The Lie algebras su(2) and su(1,1) and
representations

1.1 Lie algebras, enveloping algebras

Although we shall be concerned only with the Lie algebras su(2) and su(1,1),
let us first consider the general definition of a Lie algebra g. The ground field
K is R or C.

Definition 1.1. A vector space g over the field K, with a bilinear operation
[, ]:9xg—g, is called a Lie algebra over K if

o [r,y] = —[y,z| (anti-symmetry)
o [2,[y, 2] + [y, [z, 2]] + [z, [z, y]] = O (Jacobi-identity)

for x,y,z € g.

It is obvious how to define a subalgebra h of g : a subspace h of g is a
subalgebra if [z,y] € h whenever z,y € §.

The operation [, ] is usually referred to as the bracket or commutator.
The reason for the last terminology comes from the following observation.
Let g be an ordinary (associative) algebra over K, with the product of two
elements z,y € g denoted by = -y = zy. Then g is turned into a Lie algebra
by taking

[z,y] = 2y — yx. (1.1)
The simplest example of a Lie algebra is gl(n,C). As a vector space, gl(n,C)
consists of all complex (n x n) matrices. The product is the usual matrix
product; and the bracket is defined by (1.1). As a basis for gl(n,C), one can
take the n? matrix units ei; (4,5 =1,...,n). The commutator for these basis
elements reads :
[€ij, ert] = Ojkeq — direr;.

Since the trace of square matrices satisfies tr(xy) = tr(yz), we have that
tr([z,y]) = 0 for all elements of gl(n,C). Thus, the subspace consisting of
traceless elements of gl(n,C) forms a Lie subalgebra, denoted by sl(n,C).
Clearly, sl(n,C) has n? — 1 basis elements.

More generally, let V' be a vector space over K, and denote by End(V)
the set of linear transformations from V to V. End(V) is a ring with the
usual product operation. Defining the bracket by (1.1), End(V) becomes a
Lie algebra over K. Usually, this Lie algebra will be denoted by gl(V).

Let us consider the Lie algebra s[(2, C), with the following standard basis :

b () () () oo

The basic commutation relations then read :

[Jo,Ji] = s, [Jy,J_] =2J;. (1.3)
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Let g be a Lie algebra, say with basis elements xz; (i =1,2...,m). The
structure constants cf’j are the constants appearing in the commutators

[z, x;] = Zcfjxk.
k

The enveloping algebra U(g) is the associative algebra with unit, generated
by the elements z;, and subject to the relations

E k _
TiTj — TjT; — Cij Tk = 0.
k

The structure of U(g) is independent of a basis (it is universal), but we shall
not be concerned with the details of this. For our further developments, we
only need some properties of U(sl(2,C)).

Proposition 1.1. The following relations hold in U(sl(2,C)) (neN) :

(a) JoJi =JE(Jo£n)

(b) [J-, TP = —n(n—1)J7 " = 2nJ} ",

(¢) [Cyx] =0 for all x € U(s1(2,C)), where
C=JpJ_+J5—Jo=J_Jy+J; +Jo

(the Casimir operator).

Proof. For n =1, (a) follows directly from [Jo, Ji] = +J4 ; next use induction
on n. Similarly for (b), the case n = 1 is trivial. Then, use the general
commutator identity [z,yz] = ylx, 2] + [z, y]z to write

[T, Jp) = o T ) = T I ]+ [, T

and then use again induction on n. To prove (¢), it is sufficient to show that
it holds for x equal to Jy, J and J_. Each of these is easy to verify, e.g.

[C, 4] = [J4J- + J§ — Jo, J+]
= Jy[J-, Iy + Jo[Jo, J1] + [Jo, J+]do — [Jo, J4]
= —2J+J0 + JOJ+ + J+J0 - J+ = 0

1.2 Representations or modules

Let us now come to the topic of representations of a Lie algebra g, or g-
modules. First, a linear transformation ¢ : g1 — g2 (g1 and go two Lie
algebras over K) is called a homomorphism if ¢([z,y]) = [p(x),p(y)] for
all x,y € g1. A representation of a Lie algebra g in V (with V' a vector
space over K) is a homomorphism ¢ : g — gl(V). V is then called the
representation space. It is often convenient to use the language of modules
along with the equivalent language of representations.
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Definition 1.2. A wvector space V endowed with an operation g x V. — V
(denoted by (z,v) — x-v = zv ) is called a g-module if the following conditions
are satisfied (v,y € g;v,w € Via,be K) :

(m1) (02 +by) - v = a(z - v) + by - v),
(m2) z - (av +bw) = a(z-v) + b(z - w),
(m3) [z,y] - v=z-y-v—y -z-v.

The relation between representations and g-modules is natural : if ¢ is a
representation of g in the vector space V', then V is a g-module under the
action - v = @(z)(v) (and vice versa). Also the notions of g-module and
U(g)-module are equivalent.

If W is a subspace of a g-module V such that zw € W for every x € g
and w € W, then W is a g-submodule. A g-module V' which has only the
trivial g-submodules V' and {0} is called irreducible. Often, this is referred to
as a simple g-module V. V is called completely reducible if V is a direct sum
of irreducible g-submodules. In other words, V' is completely reducible if each
g-submodule W of V' has a complement W’ which is itself a g-submodule
with V = W @ W’. All this terminology (irreducible, completely reducible)
applies to representations as well.

An important notion to introduce is the concept of tensor product of g-
modules. Let V and W be g-modules, and let V ® W be the tensor product
over K of the underlying vector spaces. Recall that if V' and W have respec-
tive bases vy, v, ... and wy,ws, ..., then V ® W has a basis consisting of the
vectors v; @ w;. Now V ® W has the structure of a g-module by defining :

z-(vQuw)=z-vQuw+vRx - w. (1.4)

To convince yourself that this is the right definition, the crucial condition to
verify is (m3).

1.3 Verma modules of s[(2,C)

Now we shall concentrate on some special representations (or modules) of
g =sl(2,C). A Verma module is a g-module generated by a single vector v.
In particular, let v be a vector satisfying

Jov = A,
J_v=0.

We say that the action of Jy on v is diagonal, and that v is annihilated
by J_. Let us consider the Verma module V generated by the single vector
v. Clearly, the vectors v, J v, Jiv, ... are vectors of V. Let us compute the
action of Jg, Jy and J_ on such a vector J}v. Using Proposition 1.1, we
find :
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Jo(Jv) = T (Jo + n)v = (A +n)(J1v),

Ji(Jtv) = J T,

J_(J{v) = (JPJ- —n(n— 1) I} —2nJ? o)
= —n2A+n—1)(J} ') (n>1).

Thus it is clear that the vectors J%v (n € N) form a basis of the Verma
module V. The eigenvalue of J%v under the action of Jy is A+ n. Let us
denote these vectors by
_n
U4n = +’U.

Then the previous computations show :

Proposition 1.2. The sl(2,C) Verma module V = V) generated by a single
vector v = vy satisfying Jov = Av and J_v = 0 has a basis of vectors
Untn = JYv (n € N), and the action is given by

Jovrtn = (A + 1) Vxrtn,
J+U>\+n = Uh4n+1;
J_Urgn = —n2A+n — D)vrpn_1.

Observe that
Curgn = CJTvy = J}Cvy = (A* = N)Ursn.

From the actions given in this proposition, it is clear that V) is a simple
(or irreducible) sl(2,C)-module if 2)\ — 1 is different from —1,-2,-3,....
So, if —2X\ € N, then V) is simple. If —2X € N, then V) is not simple. Let
us consider this case in more detail. Suppose A = —j with j € %N. Then
J_vjt1 =0, so the subspace My of V) consisting of vectors vj1n11 (n € N)
is a sl(2,C)-submodule of V). The quotient module Ly = V\/M) is then
finite-dimensional, and is spanned by (representatives of) the (254 1) vectors
vy with m = —j,—j + 1,...,j. This module is often denoted by Dj;, with
j € $N. Thus, the action of s[(2,C) on the basis of D; is given by

JOUm:mUma (m:_ja_j+1a"'aj)
J—i—'Um:Um—i-la (m:_ja_j—i_l:"'vj_l)a ']—i—vj:Oa
Jvm=G+m)G—m+Dvm1  (m=—4,—j+1,....9).

1.4 x-operations and *-representations

In order to introduce an inner product on the representation space, we need
the notions of x-algebra and *x-representation.

Definition 1.3. The Lie algebra g over K is a %-algebra if there exists a
conjugate-linear anti-automorphic involution x: g — g :x — x*, satisfying
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()" == B
(ax + by)* = az* + by*
[z, y]" = [y", "]

with x,y € g and a,b € K.

For sl(2,C), there exist two non-equivalent *-operations. These are explicitly
given by
Jg = Jo, Ji=Jg (su(2) case) (1.5)

and
Jy = Jo, Ji=—-Js (su(1,1) case). (1.6)

The real Lie algebra with commutators (1.3) and *-operation (1.5) is called
the Lie algebra su(2); the real Lie algebra with commutators (1.3) and *-
operation (1.6) is called the Lie algebra su(1,1).

Suppose a x-operation is given on a Lie algebra g. Consider a g-module
V' (a representation), and suppose a Hermitian form (, ) is given on V', i.e.
(,):V xV — C such that

(u,v) = (v,u), and (u, av +bw) = a{u,v) + b(u, w) (a,b € Ciu,v,w e V);

in the real case, the Hermitian form is just a bilinear form. Then V is a
* -representation if for every x € g and all v,w € V,

*

(x v, wy = (v,z* - w).

Let us now return to the representations of s((2,C), and investigate when
these representations are *-representations for su(2) or su(1,1). In partic-
ular, we will be interested in the case that the Hermitian form on such a
representation V' coincides with an inner product. For this, it is sufficient
that (v,v) > 0 for every basis vector of V.

1.5 x-representations D; of su(2)

Let us first consider the x-operation associated with su(2). Consider the
Verma module V) (or its submodule, or the quotient module). On V), one
can define a Hermitian form by requiring

<’U/\,’U)\> = 17
and postulating that
(zv,w) = (v, z"w)
for all v,w € V and x € su(2). From (Jouvx,va) = (v, Jova) it follows that

A has to be real. Furthermore,

(Untn> Va+n) = (J4+Urtn—1,Vr4n) = (Uatn—1,J-Vrtn)
—n(2A+n — 1){(Urtn—1, Vrtn—1),
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or

(Ungns Uagn) =01 (=2N)(=2A = 1) - (=2A —n + 1).

So if A is positive, the sign of (vain,Urtn) changes according to even or
odd n-values, and the Hermitian form on the Verma module is not an inner
product.

Consider the case that A is negative. Then (vxin,Vatn) >0 if n <1—2X
and has alternating signs for n > 1 — 2\. So, again the Hermitian form on
the Verma module is not an inner product. However, in the case that A = —j
with 7 € %N , the form does yield an inner product on the quotient module
Ly =Vy\/My = D;. Then we can write

(Om, vm) = (G +m)!(25)(25 = 1) -+ (G —m + 1) {v—j,0v-)
!

_ G+m)(2))!
(J —m)!
for m = —j,—j+ 1,...,j. So we can define an orthonormal basis for the

representation D; by putting

o = o) — G —m)! o
" (G +m)!(25)!

We come to the following conclusion :

Theorem 1.1. For j € %N, D; is an irreducible *-representation of su(2)

of dimension 2j + 1, with inner product <e£,%), ff}) = Opm,m’ for the basis e(j)

(m=—j,—j+1,...,7), and with action given by :

Jo eﬁfl) = me%),
Jeel) = /G—m)(j +m+ De in (L.7)
(J)

J_eld) =G +m)(i—m+1)e)

For the Casimir operator, one has C* = C and Ce%) =j(j+ l)e%) .

(4) ;

The m-value of the vector e’ is often referred to as the weight of the vector.

All vectors can be obtained by acting on the highest weight vector e(j ) with

powers of J_, or by acting on the lowest weight vector e( j)

Jiseg.

with powers of

el (2;;(??)7@ (J_)imeld) (1.8)
Ul e (1.9)
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1.6 *-representations of su(1,1)

Secondly, consider the x-operation associated with su(1,1). Consider again
the Verma module V) with Hermitian form defined by

<’U/\,’U)\> = 17
and
(xv,w) = (v, z"w)

for all v,w,€ V) and x € su(1,1). Again, A has to be real. Now we get :

<U>\+n,U/\+n> = <J+U/\+n71,v/\+n> = _<'U)\+n717 JJJ)\+n>
= n(z)‘ +n— 1)<,U>\+n*17 ’U)\+7l*1>7
or

(Untn, Ungn) = 12N 2A+ 1) - (2A +n —1).

If )\ is negative, the sign changes again and the Hermitian form is not an
inner product. If A > 0, the sign of (vVxtn,va+n) is always positive, and the
Hermitian form is an inner product. Recall that in that case the Verma module
V) is also irreducible. Using the common notation for the Pochhammer symbol

()p =a(a+1)---(a+n—-1) (n € Ny), (a)o =1, (1.10)
we have
(Uatns Va4n) = nl(2A)n.
Define an orthonormal basis

UX
e;’\) en = tn

RVATO
Now we have :

Theorem 1.2. For A > 0, V) is an irreducible x-representation of su(1,1),

with inner product <e£ﬁ),e§j)> = Op,n for the basis e (n € N), and with
action given by :
Joegf\) =(\+ n)egf‘),

Jee) = /in+ @A+ n)e), (1.11)
J_e) = —/n@Atn— 1),

The Casimir operator satisfies C* = C and Cel) = AN — 1)653\) .
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1.7 Notes and Exercises

Lie groups and Lie algebras play an important role in mathematics and math-
ematical physics. Some classical references on Lie algebras and /or their repre-
sentations are [9], [19], [20], [42], [49]. Textbooks on Lie groups or Lie algebras
are mainly devoted to the classification of simple Lie groups and algebras. The
subject arose out of the work of Sophus Lie on differential equations and con-
tact transformations. The algebraic problems in the classification theory were
solved by W. Killing and E. Cartan around 1889-1913; then came further
contributions by H. Weyl, E. Cartan, E.B. Dynkin, A. Weil, C. Chevalley, A.
Borel, ...

Lie groups and algebras are of fundamental importance in physics, espe-
cially since the development of quantum mechanics. The first applications of
continuous groups come from representations of the Lorentz group and the
Poincaré group. Gradually, Lie groups made their way to nuclear physics,
elementary particle physics, quantum field theory, ...

In this section, we have considered only the Lie algebras su(2) and su(1,1).
The Lie algebra su(2) and its representations is one of the basic examples. It
also coincides with the angular momentum algebra in quantum physics, which
is why physicists have paid so much attention to it. Much of the developments
of su(2) representation theory was performed by physicists [32], [52], [33], [41],
[5], see also [8].

It is uncommon to treat su(2) representations by means of Verma modules,
a technique appropriate for the analysis of highest weight modules of Lie
algebras or Kac-Moody algebras in general [22]. Here, we have chosen for this
approach because it allows us to analyse representations of su(2) and su(1,1)
at the same time.

Exercises

1. In section 1.1 the Lie algebras gl(n,R) and sl(n,R) were introduced. Let
V = R?", and define a nondegenerate skew-symmetric form f on V by

the matrix
0 I,
=(5.%)

(even-dimensionality is a necessary condition for the existence of a non-

degenerate bilinear form satisfying f(v,w) = —f(w,v) for all v,w, €
V). Denote by sp(2n) the set of all endomorphisms of V satisfying
flz(v),w) = —f(v,z(w)). In matrix notation, sp(2n) consists of (2n x

2n)-matrices X satisfying X*B + BX = 0. Show that sp(2n) is a Lie
subalgebra of s[(2n,R); it is called the symplectic Lie algebra. Show that
the dimension of sp(2n) is 2n? + n (e.g. by constructing a basis).

2. Let V =R?"*! and define a nondegenerate symmetric form f on V by
the matrix
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100
B=|001I,
01, 0

Denote by so(2n + 1) the set of all endomorphisms of V satisfying
f(z(v),w) = —f(v,z(w)). In matrix notation, so(2n + 1) consists of
matrices X satisfying X'B + BX = 0. Show that so(2n + 1) is a Lie
subalgebra of sl(2n + 1,R); it is called the orthogonal Lie algebra. Show
that the dimension of s0(2n + 1) is also 2n? + n.

3. Let again V = R?”, and define a nondegenerate symmetric form f on V

by the matrix
0 I,
B= ( o ) .

The set of all endomorphisms of V' satisfying f(z(v),w) = —f(v,z(w))
is denoted by so0(2n). Show that so(2n) is a Lie subalgebra of sl(2n,R)
(also an orthogonal Lie algebra) of dimension 2n? — n.

4. Show, as in Proposition 1.1, that

[Ty, J"] = —n(n—1)J" " + 2nJ" 1),

5. Verify that the action on V ® W, as defined in (1.4), turns V ® W into
a g-module (by checking (m1)—(m3) of definition 1.2).

6. Let g be a Lie algebra. Show that ad is a representation of g into itself
(the adjoint representation) by

ad(x)y: [‘T»y}? (fL’,ng).

7. In section 1.3 the Verma modules of sl(2,C) with lowest weight \ were
constructed. Use the same technique to construct the Verma modules
Wy with highest weight \. In this case, the generating vector v satisfies
Jov = v and Jyv = 0. Construct a basis for W), and determine the
submodule (if there exists one).

2 Hypergeometric series and some transformation
formulas

2.1 Hypergeometric series; Vandermonde’s theorem

Recall the definition of the hypergeometric series

F(a,b;c;2) = 2F1(a, by ¢;2) = oI (a’cb;z) = Z 7(7{)"(60(;2’“2’“,
=0 :

where (a)y is the Pochhammer symbol (1.10); sometimes we write (a,b, ...)x
for (a)k(b)k . ... The convergence properties for such series are well known; for
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|z| < 1, the series converges absolutely. Here, we shall mainly be dealing with
terminating series : if one of the numerator parameters a or b is a negative
integer —n , then the series consists of n+1 terms and terminates. In general,
the denominator parameter ¢ is not a negative integer. In case of a terminating
series, ¢ is allowed to be a negative integer which must be smaller than the
negative integer in the numerator responsible for the termination.

Hypergeometric series appear as solutions of a second order differential
equation of the form

d? dy

z(1—z)d—;‘;+[c—(a+b+1)z}£—aby:o. (2.1)

The most general solution for |z| < 1 is given by
y=AF(a,bjc;2) + Bz' “ Fla+1—¢,b+1—¢2—c;2). (2.2)

One can verify that also (1 — 2)°"*"°F(c — a,c — b; ¢; z) satisfies (2.1), hence
it can be expressed in terms of (2.2). By comparing coefficients, one finds :

F(a,b;c;2) = (1 —2)°" % F(c — a,c — b;c; 2); (2.3)

this is known as Fuler’s transformation formula.

Let v and v be two positive integers. All combinations of n elements from
the set of u+ v elements can be obtained by taking k& elements from the first
set of u elements and combining these with n — k elements from the second
set of v elements. Thus :

S (00 ()

This is now a polynomial expression in v and v, so it is valid in general. One
can rewrite the binomial coefficients by means of

(u) w(e =1 (w=ht1) g

k)~ k! kL

and then (2.4) becomes

kz: (Z)(—U)k(—v)nk = (—u— ). (2.5)

Using trivial Pochhammer identities such as

_ (=DH=u
ok = e

(2.5) becomes
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zn: (_n)k(_u)k(_v)n

El(1+v —n) = (=0,

or ( )
—n,—u _\ _ (—u—v),
2F1<1+’U—7’L’1)_ (_'U)n )

this can be rewritten as

Theorem 2.1. Let n be a nonnegative integer, then

o Fy (_”’b; 1) _ (=t (2.6)

¢ (€)n

This is known as Vandermonde’s summation formula for a terminating oF}
of unit argument.

2.2 Generalized hypergeometric series

The ordinary hypergeometric series o F; has two numerator parameters a and
b, and one denominator parameter c. More generally, one can consider the
generalized hypergeometric series

ai,...,a — (a)k - (ap)k
By (G ) 2§tk )k g 2.
v q(bl,...,bq’z> 2 Rlbo)r - (b)e 27

In the for us interesting case when p = g+1, the series converges when |z| < 1.
Most of the series that we will consider here will be terminating anyway.

For the generalized hypergeometric series 3F5 of unit argument, a summa-
tion formula follows from Euler’s formula (2.3). Indeed, consider the expansion
of the right hand side of (2.3) as a series in z :

LY (e b 2) = c—a—b 1)k Sk (C—a)l(C—b)lZz
(1—2)¢~ Y F(c—a,c—b; c;2) Z( : )< ey el

The coefficient of z™ in this expression is

Z (c—a)(c— b)l(a—i—b—c)n,l.

l e)(n —1)!

Comparing this with the coefficient of 2™ in the left hand side of (2.3), gives

(c—a)i(c=bi(=n)ila+b—c)n _ ()n(b)n
Z Ney(l—a—b+c—nyn!  (c)un!’

3F2< ¢—ac—b,—n .1): (a)n(b)n 23)

or :

c,1—a—b+c—n’

In other words :
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Theorem 2.2. Let n be a nonnegative integer, and a +b—n+1=c+d,
then ) ( (e —b)
a —-n C—a)pn(C—0)n

F: Tl = 2.9

£ (") = e 29

This is known as the Pfaff-Saalschiitz summation formula.
Next, we deduce a transformation formula for a terminating balanced 4F3
series of unit argument, due to Whipple (we follow the proof of [1]).

Theorem 2.3.

_n,a,b,c. o
4F3( d.e, f ’1>—
(e=nlf —n p —nd-ad-be
)n(f)n e dd+e—a—bd+f—a—-10b’ )

where a+b+c—n+1=d+e+ f (balance condition).

(2.10)

Proof. Let a,b,c,d, e, f be arbitrary parameters. The coefficient of z™ in

o F <a’cb;z> o <d}e;z) (2.11)

is given by

Apply Euler’s transformation (2.3) on both the 2F;’s in (2.11); one gets
(1 — z)eo-btfmd=e, py <c B b;z) o Fy (f B d}f — ¢ ; z) (2.13)

c

When ¢c—a—b+ f—d—e =0 (this will correspond to the balance condition),
the coefficient of 2™ in (2.13) is given by (as before) :

(f—d)n(f_e)n 4F3( c—a,c—b,l—f—TL,—n 1>. (2.14)

n!(f)n e1—f+d—nl—f+e—n’

The theorem follows from equating (2.12) and (2.14), and relabelling the pa-
rameters.

The following transformation formula for a terminating 3F5 series of unit
argument is due to Sheppard, but often referred to as Whipple’s 3F5 trans-
formation.



3nj-Coefficients and Orthogonal Polynomials of Hypergeometric Type 39

Corollary 2.1.

3 Fy (_372’0;1) _(e=9n 3F2< —md—be ~1). (2.15)

(€)n d,14+c—e—n’

Proof. Replace a by f —a in (2.10). The left hand side is equal to

—n,f—a,b,c
A ()

Taking the limit f — oo yields

The right hand side of (2.10) reads :

=l =0 F -n,d— f+a,d—b,c 1
(€)n(f)n 3\ g1t e—fonlte—e—n'")"

Taking the same limit gives :

(e—¢c)n —n,d—b,c
(€)n 3l d,l—i—c—e—n’l ’

2.3 Notes and Exercises

We have given only a selected number of summation and transformation for-
mulas for (terminating) hypergeometric series in this section. For a systematic
study, see [4], [43], or the more recent book [1].

In the present context, we shall need only the formulas deduced in this sec-

tion, or transformation formulas derived from (2.10) or (2.15) by consecutive

application.
Exercises
1. Show that
I a,b,c.1 _T(e)'(d+e—a—b—c) 7 a,d—b,d—c 1
2\ de ) Tle—al(d+e—b——c) > *\dd+e—b—c")’
(2.16)
and
a,b,c I'(d)T(e)I'(s) d—a,e—a,s
F b ) .1 — F ) b _1 2.1
’ 2( d,e’ ) T(a)T(s+b)T(s+c) 372\ s+ bs+c ) (2.17)

where s =d+ e —a—b— ¢, and all series converge. To prove (2.16), let
n — oo in (2.10), keeping f + n fixed. Apply (2.16) twice to find (2.17).
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Consider (2.10). Keep n fixed, and apply (2.10) to itself a number of times.
In this way one gets a group of transformations, realized by linear trans-
formations on the parameters of the 4F5. Show that, if one also includes
the trivial transformations of permutations of numerator or denomina-
tor parameters, this “invariance group” behind the transformations is the
symmetric group Se; see [48].

In a similar way, show that the invariance group generated by the transfor-
mation (2.17) and trivial parameter permutations is the symmetric group
S5 [48].

3 Tensor product of two su(2) representations

3.1 A realization of su(2)

Let 5 € %N, and consider the irreducible x-representation D; determined
by the action (1.7). The following is a model or realization of su(2) and its
representation D; :

The representation space of D; consists of all homogeneous polynomials
in the variables = and y of degree 2j. The basis vectors eﬁ,{) are given by

VG +m)l(G —m)!

The orthonormality of the basis !

el = , (m=—j,—j+1,...,7). (3.1)

<€(j) e(j/)> — 5j,j’5m,m’

is now equivalent with
(x“y”,x“'y”'> = wlvldy, y 0y o -
or also, for arbitrary polynomials P(x,y) and Q(z,y) :
(P(z,9), Qx,y)) = P(02,0y) - Qz,y)| g

i.e. taking the constant part in P(0,,0y) - Q(z,y).
The basis elements of su(2) are represented by :

o=@l —ydy),  Ji=ad,  Jo=yh.  (32)

So, in a realization the abstract elements of the representation are represented
by some concrete vectors of a (function) space, and the abstract elements of
the Lie algebra are represented by concrete operators acting in this (function)
space, in such a way that the concrete action coincides with the abstract
action (1.7).

! This can trivially be extended to distinct values j and j.
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3.2 Tensor product decomposition

Let 71,72 € %N, and consider the tensor product D;, ® Dj,, sometimes de-
noted by (j1) ® (j2). A set of basis vectors of D;, ® Dj, is given by

eV @eld2) my=—ji,—ji+ 1.1 ma=—ja,—jat+1,... 02 (3.3)

This basis is often referred to as the “uncoupled basis”. The total dimension
of Dj, ® Dj, is (2j1 + 1)(2j2 + 1). This tensor product space is naturally
equiped with an inner product by

(v@w, v @w') = (v, ) {w,w').

The action of the su(2) basis elements on these vectors is determined by (1.4).
In particular, , , 4 ,
Jo(eG)) @ €elJ2)) = (my + ma)elf) @ e2). (3.4)

So the maximal eigenvalue of Jy is given by j; + j2, and the corresponding

eigenvector is 65.1‘1) ® eg.

get a string of vectors ending with the vector e , with minimal Jy
eigenvalue —j; — j2. In this way, one constructs a submodule of D;, ® D, ,
of dimension 2(j; + j2) + 1. Clearly, this submodule does not coincide with
the whole module Dj;, ® D, , unless j; = 0 or j2 = 0. In general, the module
D;, ®Dj, is not irreducible, and it is our purpose to show that it is completely
reducible and to determine its decomposition in irreducible components.

Let us first observe that simply by counting all possible Jy eigenvalues
in (3.4), this counting indicates that

22). If we act consecutively by J_ on this vector, we

(j11) @ Y2

Ji+j2
Dy ®Dj, = Y. D (3.5)

J=lj1—Jz|

Of course, this is not yet a proof, since we need an argument to convince us
that the irreducible components are again such x-representations of su(2).

In order to determine the complete decomposition, we shall explicitly con-
struct the standard basis vectors of the representations D; in (3.5). First
of all, let us consider the vectors in D; ® D,, that are annihilated by J, .
For this construction, it is useful to work with the realization given earlier.
Concretely, for the tensor product this realization is given by :

1 1
Jo = 5(9013371 —Y10y,) + 5(9023372 — Y20y,), (3.6)
J+ =210y, + 220y,, J_ = y10s, + Y20z,,
and
Ji+tmai_ ji—ma Jja2+ma  ja—ma
e @ elfr) = ——L__J1 2 Y (3.7)

V1 +m) G — m)! /(e + ma)!(jo — ma)!
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The inner product is given by :

/
u U1 U2, U2 Ly 1)1 11.2 ) _
(21 Y1 w5 Yy »ffl Y1 L27Y2 >—Ul!Ul!U2!U2!5u1,u’15v1,v15uz,u’25vz,vé~ (3.8)

In this realization it is clear that the following vectors are annihilated by J :
2 P gy — woyn)¥; (3.9)

clearly, these vectors belong to D;, ® D;, for k = 0,1,...,min(2j1, 2j2).
Furthermore, the Jy eigenvalue of these vectors is given by j; + jo — k. Let
us denote the corresponding normed vectors in D;, ® Dj, by e(ﬁ”)], with
j=Jj1+J2—k. Then j =j1+j2,51 +j2—1,.. ,|]1—j2|,andwewrite:

k
l 21— 1 2jo—k+l k—I
651112)1_05 (-1 (l>$1jl Yoy Ny

where ¢ is some constant to be determined. Expressing that these vectors
have norm 1, using the inner product (3.8), one finds :

k 2
2 k ) .
l=c l:EO <l) (2]1 —l)'l'(2j2—]€+l)'(k‘—l)'

It is from this summation that ¢ can be determined. Indeed, using trivial
identities of the form

(a—1) = (a+D!'=al(a+ 1),

(=D (=a)’

the sum is equal to (using Vandermonde’s summation)

(251 — l 2]2 —k+1)! 2 (2j0)N(=FK)1(242 — k)!(2j2 — k + 1),
k2 = k!
Z ] Z e

. . —k,2jo —k+1
= k!(?]l)!(z]g — k)' 2F1 ( ]—22,]1 ;1)

— k22 WL 2R R D

k(241 — B)(22 — k)N (21 + 22 — K+ 1)!
(21 + 2jo — 2k + 1)1 '

This determines ¢ up to a sign. The convention is to choose ¢ positive, so we

have :
_ (241 + 2j2 — 2k + 1)! (3.10)
B kN (251 — k)Y (242 — k)Y (251 + 252 — k + 1)V ’

where k= j1 +jo—j.
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From the general action of su(2), (1.8), one can construct all vectors of
a representation D; by acting on the highest weight vector e? by powers of
J_. Thus we define

(J1j2)i — (J +m)! J_)i—m (d132)3 3.11
o @G —mn T (311)
or explicitly,
G127 = ¢ (Y104, + Y200,)T 23 T 23 (w1ys — o), (3.12)

where k = j; + jo — j and

J-i—m
'(j—m

(25 +1)!
(Gr+d2 =) —Je+ ) (=i +i2+ )1 +j2+5+1)!

Let us work out (3.12) more explicitly :
(3.13)
j—m 7 — . . .
(Jljz y— ( ) ylaxl)l(yzamg)J*mfl
=0

Jitj2—J jl j2 ]
1 - 211, 1, jo—jr+i+l, jitiz—i—l
X E (=1) ( I )%Jl yiay’ nd yy

o~ (i (B d =2\ @i =Dl (st D)
_CZ( 1)< i )( l )(2j1—l—i)!(j2—j1+l+m+i)!

il

2j1—1l—i,_ l+i, Jo—Jji+l+m+i_ ji+ja—l—-m—i
) Y1 T Y2 )

or, using r =141 :
eng;ljz)j
. 21 =1\ (Je—g1+j+I0\[(j1+je—3J
=d(j—m)! —1)!
Y m)zr:<§z:( )(r—l><j+l—m—r l

2j1—r, r J2—jitm+r jit+jz—m-—r
) Y13 Y2

~cy- s (S (B (B ()

l

/(21— )(jz — ji +m A )Gy +ja —m—)led) @) .

Writing mi; = j; — r, this can be cast in the following form :
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e"(%le)j — chl’jz’j elin) ® e(jz)

mi,m—mi,m-mi m—mi’
mi

where

Coad (3.14)

mi,m—mi,

=G +m)G —m)! (G +m)!(G1 —m1)! (G2 — ma +m)!(ja +my —m)!

(25 +1)
(=j1 + J2 + )01 — g2 + )G+ J2 — )1 + g2 +5 +1)!
XZ(_UZ( 21 =1 )( jg—j1+j+l )(jl-l-jz—j)_
7 ji—mi—=1lJ\j—j1—m+mqg+1 l

These coeflicients are known as the Clebsch-Gordan coefficients of su(2).

Theorem 3.1. The tensor product Dj, ® D;, decomposes into irreducible x-
representations D; of su(2),

J1+72
Dj, ® Dj, = @ D;.

Jj=lj1—jzl

An orthonormal basis of Dj, ® D, is given by the vectors

e%ljﬁ)j — Z C«jl»j%j e(jl) ® e(jz)

mi,m—mi,m "mi m—mai’
my
where the coefficients C’,{i{{f{f,ml’m are given by (3.14). The action of Jo, Jx
on the basis vectors e s the standard action (1.7) of the representa-

tion Dj.

Proof. By construction, the vectors egj 1927 have norm 1; then the application
of (3.11) implies that also 77 has norm 1. Using <J0e££1j2>j,e§g}j2>j'> =
<e£ﬂ,”2)j, Joeffl}”)J ) shows that vectors with m # m’ are orthogonal. If m =
m', and j # j', then (assume j' > j) :

<e(j1j2)j,€£,{lj2)j ) ~ <e(j132)3, (J_)j 7j€§31J2)J )

m j

J

~ () I naDity — g,

So all vectors e%ljz)j are orthonormal, hence independent. The number of
such vectors is

Jitj2

> (2§+1) = (rtda—lir—jel+1) Gr+da+ i —jal+1) = (271+1)(2j2+1),
J=lj1—Jzl
hence they form an orthonormal basis. The rest of the theorem follows by
construction.
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3.3 Some expressions for Clebsch-Gordan coefficients of su(2)
The Clebsch-Gordan coefficients Ol oy of su(2) are given by (3.14).
One can consider C7!72:J = as a real function of six arguments from %N;

mi,ma2,m
these arguments satisfy the following conditions :

(c1) (41,J2,7) forms a triad, i.e. —j1+jo+ 74, j1 —ja+7 and j1 +jo —j are
nonnegative integers;

(¢2) my is a projection of ji,i.e. my € {—ji1,—j1+1,...,71} (and similarly :
mo is a projection of j» and m is a projection of j);

(c3) m=m1+ mas.

Usually, one extends the definition by saying that C71:92:J = ( if one of the

mi1,ma,m
conditions (c1)-(c3) is not satisfied. Then one can write

eldni2)i — Z CIr:dz,d e%ll) ®€£n‘ )’

2
m mi,ma,m L2
my,m2

and (the expressions given below are always under the conditions (c1)-(c3))

(3.15)

S 251 —1 j2-j1+j+l>(j1+j2_j)
CIr:2,d — C’/ -1 ! ’
mi,ma,m zl:( ) <J1 —mi — l) <] —Jj1—ma+lI !

o — I DG A mNG = m)lGr + m)!r = m)! (2 +ma)l (G2 — ma)!

(g1 +j2 +3)'0r = J2 + )01 + 2 = 9)'0r + 2 +5 + 1!

In (3.15), the summation is over all integer [-values for which the binomials

are nonzero, i.e. for max(0,j; +mo — j) <1 < min(j; —m1,j1 +j2 —j). If

Jj—j1—mg >0, (3.15) can directly be rewritten in terms of a 3F, series

(otherwise, one should put I’ = j — j; — mg + 1 and then rewrite the series);

one finds :
le’jz’j - : .(2].1)!(_.7.1. +J2+ ])' : (3.16)
e (1 +ma)l(j2 + m2)!(j1 — m)!(j — j1 — ma)!

—Jj1t+mi,—j1—jet+j,—j1t+jt+i+1

x sk A ;1.

32( =21, —j1—ma+1 ’ )

Different 3F5 expressions appear when rewriting the sum in (3.15). For ex-
ample, replacing [ by j; —m; —1 in (3.15) yields,

J1,J2,0 —
mi,mz,m

(MmN (jo i —mi =1\ [(ji+tie—J\ (3.17)
/ _q)ii—m—t (1 .
Czl:( ) < l j—m-—1 Jj1—mq—1

Thus there are many ways to rewrite the expression for the su(2) Clebsch-
Gordan coefficients. Furthermore, when rewritten in terms of a 3F5, one can
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use transformation formulas to find yet other formulas. E.g., using (2.15) on
the 3F5 in (3.16), there comes, provided also j — jo +mq > 0,
o —j ] (1 — 3 i)!
Ciind (‘ J1+ e +.J) (‘91 J2 +q) . (3.18)
e (J2 +m2)!(G1 —m)HF — j1 — m2)!(j — ja + ma)!
—Jj1+mi,—j1 — j2 +J,—j2 —m2
x sk R S ;1.
° 2<J—12+m1+1,J—J1—m2+1 )

Rewriting this last 3F5 series again explicitly as a summation, one finds

Covand = A1, 52 5)V (25 + 1) (3.19)
X\/J_ NG+ m) (G — ma)! (G +ma)! (o — m2)!(j2 + ma)!
XZ [y —my = D)1+ j2 — 5 — 1)!(J2 +ma — 1)!

X(j = g2 +m1+DIJ —j1 —ma+ 1)),

where

A(jl,j2,j) — \/(_jl +]2 +.7) (.71 _j2 +.7) (.71 +]2 _.7) (320)

(j1+j2+7+1)!

This rather symmetrical form is due to Van der Waerden and Racah. The
expression is generally valid (that is, for all arguments satisfying (c1)-(c3)).
The summation is over all integer [-values such that the factorials in the
denominator of (3.19) are nonnegative.

Observe that for certain special values of the arguments, the single sum
expression in (3.19) reduces to a single term. For example, put m = j, and
consider the sum over [. The second factor in the denominator is (j; —mq—1)!,
and the last factor is (j—j1 —mao+I)! = (m1—j1+1)!. So the sum over [ reduces
to a single term (with { = j3 — m4 ), and the corresponding Clebsch-Gordan
coefficient has a closed form expression :

Cﬁ;{jumm = (=1)Ir—m (3.21)
y (27 + D1+ J2 — )01 +ma)! (g2 + 5 — ma)!
(1 (2 = J +m) =g+ j2 + )01 — j2 + )01+ 2 + 5+ DY

Obviously, there exist many other expressions for the su(2) Clebsch-
Gordan coefficients. Usually these are given in terms of 3F5 series, related
through one another by one or more transformations of the type (2.15). In
order to write a general summation (such as (3.19)) in terms of a 3F%, one
has to make extra assumptions on the parameters. For a complete list of such
expressions (and many others), see e.g. [50]. Let us give one more form here.
Applying (2.15) in yet another way on (3.16), one finds, under the assumption
that Jo—Jj1+m>0,
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le,jmj _ (_1)j1—mlc/ (zjl)!(_jl +j2 +J)'
s (1 +m)!(r — ma)l(j2 — j1 + m)!(j — m)!
« 3F) —Jj1+m1,—j1+J2 — 4, —Jj1 + j2 +j+1,1
—2j1,—jh1+j+m+1 )

(3.22)

3.4 Symmetries of su(2) Clebsch-Gordan coefficients

Various symmetries can be deduced for the Clebsch-Gordan coefficients. For
example, making simple replacements j; < jo, my < —mo, m < —m
in (3.19) leads to

Cdsizd = 210 ) (3.23)

may,ma,m —ma,—Mmi,—m
Replacing | by j1+j2 —j —1 in the summation of (3.19), and comparing with
this expression with (3.19) again, one finds :
Cdsizd (_1)j1+j2*jcjlvj2vj ) (3.24)

may,ma,m —mi1,—ma,—m

Combining these two leads to
Ol m = (PG (325)
A somewhat surprising symmetry follows by the following replacements :

C%ljﬂgﬂjz,m_ (jll—j22+m11—m§)/2,(j;—js—mi—&-mj)/ljl—jz' (3.26)

It follows trivially from (3.19) under these replacements. One can verify that

all conditions (c1)-(c3) are satisfied for the coefficient in the right hand side
of (3.26).

Finally, replacing j — ja + mq + 1 by [ in the summation of (3.19), leads

to
o L 2j +1 o
C15d2,J = (—1)m1—J2tJ / 13,32 ) 3.97
mi,meo,m ( ) 2]2 +1 —m1,m,msa ( )

In order to express these, and other, symmetries, one often introduces the
so-called 3j-coefficient (due to Wigner)

juda Gy DR (3.28)
mi mg —M 2] + 1 mi,ma,m’ .

or equivalently, the corresponding Regge array

R3; J1—my Jo2 — ma Jj+m

J1+my Jo2 +ma j—m

—ntit+in—Je+tijj+tj—J
- (m1 mo —M

In this 3 x 3 array, all entries are nonnegative integers such that for each row
and each column the sum of the entries equals J = j;+j2+7; conversely, every
3 x 3 array with nonnegative integers such that all row and column sums are
the same, corresponds to a Regge array or a 3j-coefficient. The symmetries
(3.23)-(3.27) are easy to describe in terms of the Regge array. They generate
a complete group of 72 symmetries, described as follows :
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The Regge array is invariant for transposition.
Under permutation of the rows (resp. columns), the Regge array remains

invariant up to a sign. For cyclic permutations this sign is +1; for non-

cyclic permutations this sign is (—1)7.

See also exercise 4 of this section for an explanation of the symmetries. Each

of these symmetries can be retranslated to the Clebsch-Gordan coefficients.

3.5 Orthogonality relations

By Theorem 3.1, we have two orthonormal bases for D;, ® Dj, , namely the
uncoupled basis vectors

e @edy)  (mi=—ji,—ji+ Lo jiime = —j2,—jo+ 1. o)
and the coupled basis vectors
QT (=Gt dant G2 — Lol = alim = —j, =i+ 1, ),

related by means of

may,m2,m "1Mmiy

)i = Z Ciriz,i e<jl)®e§£22). (3.30)

miy,ma

Since the matrix relating two orthonormal bases is orthogonal, one also has

ed) @eldz) = " Ciizg | elii, (3.31)

mi1,ma2,m-"m

Jm

Corollary 3.1. The Clebsch-Gordan coefficients satisfy the following orthog-
onality relations :

L Ly
J1,J25] 7153257 5.
Z Cm{,"’lz,mcml,mz,m/ = 5J,J’5m,m’~ (3.32)
mi,msa
J1,92,7 Ji1.d2,0
Z lea"’lz,mcm’l,m’g,m - 6m1,m/l 6m2,m’2- (333)
j,m

Proof. For the first equation, use (3.30) in <e%1j2)j, eg}jz)j’> =08;,j/0m,m, and
then orthogonality of the uncoupled basis. In (3.32), one should think of j;, ja,
J, j’, m and m’ being fixed; then the apparent double sum is easily seen to be
actually only a single sum. Similarly, using (3.31) in (efffl ®e£ﬂl22), efi?@efﬁz)) =
Oy m! Omy,my, » one finds (3.33).
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3.6 Recurrence relations for Clebsch-Gordan coefficients

Apart from orthogonality relations for the Clebsch-Gordan coefficients, one
can also deduce certain recurrence relations in this context. We consider one
case here. Use the short-hand notation

wjm =G —m+ DG +m) =uj —mi1- (3.34)

Acting by J; on the left hand side of (3.30) gives

(J1j2)i — ., . (J1g2)d _ . 71,3257 (J1) (J2)
J+6m - uj,m+1em+1 = Uj,m+1 le,mz,erleml ® em2 .

mi,ma2
Acting by J; on the right hand side of (3.30) yields

Iy ( > Ol melly ®e££,z>>

miy,ma

71,725 (41) (J2)
Z le,mz, qu’mlJrleml 1®6

mi1,msa
E 91,32, (]1) (42)
+ le’mz, Ujz,ma+1Cm ® Crmat1
mi,mz2
E J1,J25
Cm{—l ma, mu]hml (Jl) & 6(32)
mi,mz2
E J1,32,7 ( 1) ( )
+ le mo—1 mujz,mz mi ® 6
mi,ma2
Hence,
. J1,92,] . J1,J2, . 71,5257
uJ7m+1Cm1,m2,m+1 U’Jlamlcmlfl msz,m + uJ2am2C7YL1 mo—1,m" (335)

This is only one example. Many other recurrence relations can be deduced.

3.7 Hahn and dual Hahn polynomials

Now we come to the relation between su(2) Clebsch-Gordan coefficients and
Hahn polynomials. Consider expression (3.22), and let us write

N=2j,z=j—mi, n=j1—jJo+j, a=—ji+jo+m, B=—ji+j—m
(3.36)
Think of j;, jo and m as being fixed numbers, with

Then m; can vary between —j; and j;, and j can vary between jo — j; and
j2 + j1- In terms of the new variables, this means : N is a fixed nonnegative
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integer, « > 0 and § > 0 are fixed; the quantities = and n are nonnegative
integers with 0 <x < N and 0 < n < N. The 3F; series appearing in (3.22)
is then of the following form :

sombanrard )

Qn(x;aaﬁvN):3F2< ~N,1+a )

For fixed o, > 0 and a nonnegative integer N, this expression is a poly-
nomial of degree n in the variable z, for all 0 < n < N. This poly-
nomial is the Hahn polynomial. In general, it is defined for N € N, and
a,f¢{-1,-2,...,—N}.
In terms of the currently introduced variables, (3.22) becomes
71,9257

1) ((a+ﬁ+2n+ D(a+n)(a+2)(B+ N —x)!(a+ﬁ+n)!)1/2
nl(N —n)lzl(N —2)(N +a+ S +n+ 1B +n)!

|
X 25 Qulw;,B,N)

The orthogonality relation (3.32) with m = m/ can now be written in the
following form :

N
z—;) . ;!a)z (1(;\; é)g)_!I Qn(z; 0, B, N)Qu (x50, 8, N) = hn(t, 3, N) G,
= (3.39)

where

h(on . N) = NV =) (L4 B (L4 @t B+ n)w s (3.40)

NP2 (1+4+a), (I1+a+8+2n)

This is the (discrete) orthogonality relation for Hahn polynomials. It follows
directly from the orthogonality of su(2) Clebsch-Gordan coefficients, at least
in the case that a and ( are nonnegative integers. However, the final ex-
pressions (3.39) and (3.40) are rational in the parameters o and §. So the
relation is valid for all values of a and [ provided the expressions are well
defined. In other words,

Theorem 3.2. Let o, 8 and N be given, with N a nonnegative integer and
a,f&{-1,-2,...,—N}. Then the Hahn polynomials Q,(x;«, 3, N), defined
in (3.38), satisfy the orthogonality relation (3.39).

We also see from (3.39) that if «, 8 > —1 the weight function on the left
hand side is positive, while if «, 3 < —N it becomes positive after multipli-
cation with (—1)". So in these cases (3.39) gives a system of polynomials
orthogonal with respect to a positive measure.

In a similar way, one can under the same conditions write the orthogonality
relation (3.33) as
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i N?  (14+a), (1+a+5+2n)
n!(

N-n)!(1+8)n(1+a+8+n)Nt

1"(N — x)'
TETS R (3.41)

- Qn(z;0, B, N)Qn(z';a,3,N)

n=0

Changing the role of x and n, this gives the orthogonality for the dual Hahn
polynomials. Let

—n,—z,1+xr+a+
R0 5, 8) = Qulnsan 5) = (T EE T,
(3.42)
As before, N e N, 0 <n,z <N and a,8 ¢ {-1,—2,...,—N}. In this case,

it is easy to verify that R, (A(z);«, 3, N) is a polynomial of degree n in the
variable
Mz)=z(zx+a+8+1).

Now (3.41) yields
Theorem 3.3. The dual Hahn polynomials satisfy the orthogonality relation

N
Z w(z; o, B, N)Ry(A(); a0, B, N) Ry (M) o0, B, N) = Il (v, B, N ) s

where
. _ (“1D)"NY=N).(1+a).(1+a+ 8+ 2z)
wiren . = T B, A r ot At D
and nl(N —n)!
hy, (o, B,N) =

(1+a)y(1+B)N-n

3.8 Recurrence relations

The various recurrence relations that can be deduced for Clebsch-Gordan
coefficients in the context of representation theory, lead to relations for the
Hahn or dual Hahn polynomials. Let us give one example. In (3.35) we have
deduced from the J; action that

. J1,92:0  — . J1,d2,] ) J1,d2,7
U’Jamcm{,n:bz,m - thml lefl,mz,mfl + uJ2amZCm1,mzfl,7R717 (343)
where w;,, is given in (3.34). Similarly, from the action of J_ one finds :
. J1,92:0  — . J1,J2,7 ) J1,d2,7
uj,*mcm{,n:bz,m = Ujy,—my Cm1+1,m2,m+1 + uJ257m2C7R1,m2+1,m+1' (344)

Combining the two, one gets :
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CJ1:d2:d

UjmUj,—m+1 mi,ma,m
) ) 15J2,7 ) J1,J2,7
Ujy,my [u]17—m1+1cm{,7r’12,m + Ujo,—mo Om1—17m2+1,m}

le 2J25J le,jmj

+u.j27m2[u.j177ml m1+1,m271,m+uj2a*m2+1 ml,mz,m]'

This can be rewritten as

2 Ji.d2. 0 — . ) J1,J2,0
uj,m0m177r7l2,m - ujlvmluJQ»—mQOml—l,mg—',—l,m
2 2 J1.92,7 . . J1,J2,7
+(U’j1,m1 + U‘jz,mz)le’,Wiz,m + uJ27m2qua*m1Cm1+1,m271,m'

Using the relation with dual Hahn polynomials :

Chlstm
1) ((a+ﬂ+2x+ 1)(a+x)!(a+n)!(ﬁ+N—n)!(a+ﬂ+x)!>1/2
(N —2)n!(N —n){(N+a+B+z+1)I(5+ )
N!

x— Ru(A(): a6, N),

where

N=2j1, n=j—mi, x=j1—joa+j, a=—ji+jat+tm, f=—ji+j2—m,

this yields the classical recurrence relation for dual Hahn polynomials :
A@)Bn(A(@)) = ApBnp1(A(2)) = (An + Cn) B (M) + CrRn1(A(2)),

where Ry, (A(z)) = R,(Az);«, 8, N) and

Ap=(n—-N)1+4+a+n), Cp=n(n—pF—N-1).

3.9 Tensor product of su(1,1) representations

Finally, recall the irreducible *-representations of su(l,1), determined in
(1.11). For convenience, let us rename the label A by k. So k is a posi-
tive real number, and the representation (1.11) is usually referred to as the
positive discrete series representation with label &k of su(1,1) (this is because
su(1,1) also has irreducible x-representations of a different type, e.g. nega-
tive discrete series representations, continuous series, . .. ), and we denote it by
Dy . An orthonormal basis of Dy, is given by the vectors eﬁf’ (n=0,1,...),
and the su(1,1) action is :

Joel) = (k+ n)e;k),
Jrel) = /in+ )2k +n) ¥, (3.45)
Joe) = —/nk+n—1) .
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The technique followed here to determine tensor product decompositions and
Clebsch-Gordan coefficients for su(2) can be copied completely to the case of
positive discrete series representations of su(1,1). The following is a useful
realization for su(1,1) and for the representation Dy, (with k> 1/2) :

2k)n
o _ [0

oy 2" (3.46)

the representation space is the Hilbert space of analytic functions f(z) (z €
C) on the unit disc |z| < 1 with inner product

(f1, f2) = Qkﬂ_ L // - f1(2) f2(2)(1 = |2/ 2dady, (z =z +1iy).

(3.47)

(k) (k)> Om,n- The realization of the su(1,1) basis

One can verify that (e, em
elements reads as follows :

d d
Jo=z—+k Jo=—— Jp = 22— +2kz. 3.48
0 ZdZ + K, dZ’ + < dz + z ( )
It is easy to verify that the action of these operators on the basis (3.46) is
indeed the same as in (3.45), and that all x-conditions are satisfied.

To determine the tensor product decomposition Dy, ® Dy, , one can use

this realization. By the tensor product rule, the basis functions eﬁn g e(kz)

are, up to a constant, given by 27" z5?; and the operators are

Jo = 210z, + 220,, + k1 + ko, J_ = —0, — 0.,

e (3.49)
Ji = Zlazl + 22822 4 2k121 + 2ko25.

Clearly, the vectors annihilated by J_ are again easy to construct; up to
a constant these are just (z; — 22) , with j € N. These vectors are the
analogues of (3.9). Normalizing them yields vectors eékhkz)kﬁkzﬂ which are
annihilated by J_ and have Jy eigenvalue k; + k2 + j = k. Then one can

act by positive powers of J, on these vectors using the general expression
Jﬁe(()k) = n!(Qk)ne%) [this is the analogue of (3.11)]. The final result is a

complete decomposition of the tensor product, and an explicit expression for
the Clebsch-Gordan coefficients. One finds :

Dy, @ Dy, = ZDk1+k2+j7 (3.50)

and the su(1,1) Clebsch-Gordan coefficients for these positive discrete series,
ie. for k=ky + ko + 7, (j € N), k+n=k +ny+ks+no,

kl,krz)k: Z Ckl7k2a (k1) ®6(k2) (351)
ni, TL

n2,n
ni,n2
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are given by (with j =k — k1 — ke and n=mny +ng — j) :

bk _ [ (2k1 ), (2K2)ny (261); ]“2
T1,m2,T n!nl!ng!j!(le + 2ks + Qj)n(ng)j(Qlﬁ + 2ko + 7 — 1)j

. 2k 2k — 1, — —q
><(]+n)!3F2( L 221—‘_171_,3- " j;1>~

(3.52)

Orthogonality relations for su(1,1) Clebsch-Gordan coefficients are again
equivalent with the orthogonality of Hahn or dual Hahn polynomials.

3.10 Notes and Exercises

Clebsch-Gordan coefficients (sometimes called Wigner coefficients) were intro-
duced in [31]. Wigner [53] derived a 3F» type expression for these coefficients,
and introduced the symmetric form for the 3j-coefficients [52]. The theory of
Clebsch-Gordan coefficients was highly influenced by the quantum theory of
angular momentum. In this theory the 3j-coefficients play a crucial role; see
also the papers in [8] and the survey in [44].

The realization in section 3.1 is often referred to as Schwinger’s realiza-
tion [41], since it is closely related to a realization in terms of creation and
annihilation operators. The tensor product decomposition in section 3.2 fol-
lows the technique used in many physics books; in their terminology, taking
tensor products of su(2) representations corresponds to coupling of angular
momenta. If (j1,m1) denotes the angular momentum labels of the first parti-
cle (1 its total value, and m; its projection along a chosen axis), and (ja,m2)
those of the second particle, then (j,m) gives the angular momentum labels
of the system consisting of these two particles.

The various expressions for su(2) Clebsch-Gordan coefficients were derived
by Wigner [53], Racah [33] and Majumdar [30]. The relations between these
expressions, and their domain of definition, were studied in detail by Srinivasa
Rao [35], [36]; see also [7, volume 9, special topic 11].

The classical symmetries of su(2) Clebsch-Gordan coefficients (corre-
sponding to equation (3.23), (3.24), (3.25) and (3.27)) were already known
to Wigner [52]; he used them to define the more symmetric 3j-coefficient.
It was only until much later that Regge discovered the extra symmetries, as
in (3.26), now known as the Regge symmetries [37].

Hahn polynomials appeared already in the work of Chebyshev; see also [24].
Their relation with su(2) Clebsch-Gordan coefficients was apparently known
to some people but appeared in the literature only in 1981 [27]; see also [45],
[61]. For a nice introduction to this relationship in the context of represen-
tations of the Lie group SU(2), see [27] (here we have approached it purely
on the level of the Lie algebra representations). A summary of properties of
Hahn polynomials and relations with other orthogonal polynomials is given
in [25].
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An impressive collection of formulas for 3j-coefficients (and many other
objects related to quantum theory of angular momentum) is found in [50]. To
my knowledge, this is the most complete and accurate book as far as formulas
are concerned.

Clebsch-Gordan coefficients for positive discrete series of su(1,1) are given
in [51]; their origin goes back to the work of Biedenharn and others [18], [46],
[34]. For an overview of actual decompositions of tensor products of unitary
su(1,1) representations in general, see [39].

Exercises

1. Verify that the operators (3.2) satisfy (1.3), and that the action of these
operators on (3.1) coincides with (1.7).
2. Following (3.7) and (3.30), one can write
1+m i1—m jo+m jo—m
elini=)i — Z CIL:I2,0 lel 1y{1 1'rj22 2:9%2 ’ )
w0 G ma) G = ma)!Ga 4 ma) (G2 — mo)!

Multiply both sides of this equation by z/t™yi=™/\/(j +m)!(j —m)!,
and sum over all m-values. To work out the left hand side, use e.g. (3.13).
Show that this leads to the following identity :

(25)! (z1y2 — o) T2 (my + yry) 2 (wox 4 yoy) T2

7!

= Y R (3.53)
mi,ma2,m

Ji+mi, ji—mi _je+ma jo—ma2_j+m, j—m
! 1 ) Ya I TMy?

)

- V01 +m) G — ma)! (G2 + m2)!(jo — m2)!(j + m)!(j — m)!

where ¢ is given in (3.10). This can be seen as a generating function for
the su(2) Clebsch-Gordan coefficients.
3. Rewrite (3.53) in terms of 3j-coefficients to find :
(ways — waya) 2173 (wgys — wrys) TR (@1yp — woyr )1 TR
V(=1 + g2+ 33)10 = 2 + 58) (1 + 72 — Js)!

VI D CRE (3.54)

mi1 Mo M3
mi1,m2,M3

Jjit+mi, j1—ma _jotma, jo—m2 jzt+ms, jz—ms3

% T Y1 ) Y T3 Y3
V(1 +m)!(Gr — ma)!(a + m2)!(j2 — m2)!(jz + ms)!(js — ms)!

)

where J = j1 + jo + js.

4. Tn (3.54), multiply both sides by z; /' 172178 ;17218 ,iti2=0s - and sum
over all values of ji, jo and js with ji+jo+js = J fixed, with (j1,j2,73) a
triad. Show that this leads to the following beautiful determinant formula :
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T1 T2 I3 ’
i y2 ys | = (=17 TN/ (T +1)!
Z1 %2 Z3

311 Ry2 313 Ra21, Ra2, Ras f%31 R32 533

z Y17 Ys Y3
X R 2
Z \/Rn'R12'R13'R21'322'323'331'R32'R33

Herein, the sum is over all Regge arrays (3.29), i.e. over all 3 x 3 magic
squares of non-negative integers, with > °, R;; = J for all j, and Zj R =
J for all 4. This formula is due to Regge [37]; the symmetries of the 3j-
coefficient can easily be deduced from here.
Verify that the su(1,1) Clebsch-Gordan coefficients (3.52) satisfy :
R O O (3.55)
The realization in section 3.1 is on polynomials in two variables, whereas
that in section 3.9 is on analytic functions in one variable. Also for su(2)
there is a realization on polynomials in one variable of degree at most 27 .
Show that this realization is given by :

eld) = \/(] —|—Tr§)2j(i — ] PR (m=—j,...,7), (3.56)

with

d . 2 d .
= _— = — = — _— 2 . .
Jo Sl J 7 Jy 22z (3.57)

Furthermore, show that the inner product (eﬁfl), 52) = Op,m follows from

the integral representation (z = x + iy)

2j+1

Ui fo) = / A RE + |22) 5 2dady, (3.58)

where the integration is on the whole complex plane (more precisely, on
the Riemann sphere).

4 Tensor product of three su(2) representations and
Racah coefficients

4.1 Definition of the Racah coefficient

Let us consider the tensor product of three irreducible x-representations of
su(2),

Djl ®Dj2 ®Dj3 = (Djl ®Dj2) ®Dj3 = Dj1 ® (Dj2 ®Dj3)' (4'1)



3nj-Coefficients and Orthogonal Polynomials of Hypergeometric Type 57

Clearly, a basis for this tensor product is given by
e @ el @elly,

where m; is a projection of j;. These are the (251 + 1)(2j2 + 1)(2j3 + 1)
orthonormal basis vectors of the uncoupled basis.

In order to decompose the actual tensor product D;, ® D;, ® Dj, into
irreducible su(2) representations, one can work as follows. First, decompose
D, ® Dj, into irreducibles, and then decompose the tensor product of each
such irreducible with D;, . Thus we have

Ji+j2 Jitj2 Ji2+j3
( E : Dj12)®Dj3: E : § : Dj'
Jr2=|j1—j2| Jrz=|j1—j2| j=|j12—7js|

It is clear that now multiplicities will arise in this tensor product decomposi-
tion, e.g. if j1 =1, jo =2 and js =2 then
3 ji2t2
> Y Dj=(Di+Dy+ Ds)+ (Do + Dy + Dy + D3 + Dy)
J12=1 j=[j12 2|
+(D1+ D2+ D3 + Dy + Ds)
=Dy +3D1 + 3Dy +3D3 + 2Dy + Ds.

Secondly, one can also work differently and first decompose Dj, ® D;, into
irreducibles :

J2+3j3 J2+3j3 Ji+jes
Dj1®( E : Dj23): E : § : Dj'
Jes=|j2—Js| J23=|j2—Jj3| j=|j1—j23l

The final decomposition is of course the same; for the above example this
becomes :
4 1+j23
> Y. Dj=(D1)+(Do+ D1+ Da)+ (D1 + Dy + Ds)
J23=0 j=[1—j23]
+(D2 + D3 + D4) + (Dg + Dy + D5)
=Dy+3D1+3D2+3D3+ 2Dy + Ds.

In order to introduce an orthonormal basis for the irreducible components
of the tensor product, one has to use an extra label to resolve the multiplicity
problem. This extra label is simply provided by the representation label of
the intermediate coupling, i.e. by ji2 or jaz. So one can immediately define
two sets of orthonormal basis vectors for the irreducible components of (4.1),

((4192)J1243)5 — j12:93,7  o(J12)d12 (JB)
em, - leg’ 7)7’3,m mio ® 6 (4‘2)
mi12,m3
_ E : J1,d2:912 12,03, o(d1) (Jz) (43)
- le,mz,mlzcmlz,m?,,m mi ® €m ® € s

mi,Mm2,Mm3
mi+mat+mz=m
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and

6%l(j2j3)j23)j — Z Cirid2s,d (1) ®6(J2J3)J23 (4.3)

mi,m23,m ml ma3
mi1,m23

— Z CJ2:d3,023  cdesd (1) g 6(]2) ® 6(]3)

m2,Mms3,ma23 mi1,m23,m ml
mi1,m2,Mm3
mi+mat+mz=m

The transition from one orthonormal basis to a second one yields an or-
thogonal matrix. Let us denote the matrix transforming (4.2) into (4.3) by
U . Its matrix elements are given by

(U1 (52ds)i28) ((Juz)mjs)J>

Using the Casimir operator,

<O€(JI(J2JS)J23)J e((J132)31233)3> < (j1(j243)J23)37 Ce J1J2)J12J3)J >,

it follows immediately that this element is zero if j/ # j. Similarly, replacing
C by Jy implies that the element is also zero when m’ # m. Next, from the
action of J, , one finds

<J e( (J2J3)323)J ((jljz)jlzjs)j>

:\/ G-m+1)(G+ m)<e(j1(j2j3)j23)j, eg,(ljljz)jlsz)j>

< (Jl(JzJB)JzB) I e((]1]2)]12]3)]>

\/(] + m)(] —m+ 1)< (Jl(]sz)JzB) ((Jljlz)J12J3)j>

’ m—

So the matrix element <e££1 (jsz)j23)j, es,gjljz)jlm)j> is independent of m. Let

us therefore denote

((]J)JJ)J J2,
(U () g g i (1
The coefficients U J]; ,szj,zj;z are called the Racah coefficients. So, we can write
egr(ljlj2)j12j3)j _ Z UJJ31:]J2J,2331267(£1 (jzjé,)jzs)j7 (4.5)

Jo3
and vice versa, since U is an orthogonal matrix,

(J1(49243)d23)5 — Judz2,02 ,((4152)51293)5
€ = U Ehzell : (4.6)
Ji2

The orthogonality of the matrix is also expressed by :

J1,J2,J12 7 7i1,d2,012 _ § . .
Z UJ37J Jo23 Uj3,j Jha J23,953 (4~7)
Ji2

J1,J2,J12 J1,925912 — 5. .
Z UJ37J J23 UJs»J J23 6J12,Ji2 : (4‘8)

Jo3
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4.2 The 6j-coefficient

An appropriate expression for the Racah coefficient follows from (4.4), (4.2)
and (4.3) :
[ivedz,ae — Z CJr:d2,d12  (W12,J3,0  (1J2,J3,J23  (WU1.d2.d (49)

73575723 mi,m2,M12 ~ M12,M3,M ~M2,M3,M23 ~ M1,M23,M
mi1,m2,M3
mi+ma+maz=m
Herein, m is an arbitrary but fixed projection of j. The sum is over my, mo
and mg such that mi + mo +m3 = m; mio stands for my +mg and ma3 for
ms + mg3. So this is a double sum over the product of four Clebsch-Gordan
coefficients. This is clearly a rather complicated object. We shall see how to
simplify this expression later.

The current expression, however, is useful to deduce some symmetry prop-
erties of the Racah coefficient. First of all, summing over the (2j+1) possible
values for m in (4.9) yields

(20 DU = 3 OO, Gl Gl Gt e (4110
where the sum is now over all possible m-values (taking into account the
conditions (c1)-(¢3) for Clebsch-Gordan coefficients). Changing names of the
variables gives

(2523 + 1)Uj1’j12’j2 — Z CIrdizidz  OU2.0s.d23  (W12:d3,0  (Cd.d.d2s

J3,J23,7 m1,mi2,M2 " M2, Mm3,M23 ~ M1i2,M3,M "~ M1,M,M23"

Applying (3.27) to the first and last C-coefficient yields

_ o o 2j2 +1)(2j23 + 1)
2 1\yIrdzdz — (_1)J2 Ji2+Jj—J23 (
(223 + VU3, 575" = (=1) (2512 4+ 1)(2j + 1)

XE CUrdzdi2 - (12.93,028  (WU12,03,0  (W1.928,0

miy,m2,mi2 m2,m3,M23 ~ M1i2,M3, M~ M1,M23,M"

Thus, we find :
o o 2o +1)(25 4+ 1) i v
U21’212’J2 = (—=1)72 J12+J—J23 ( U.?17J42V7J12. 4.11
J3,J23,J ( ) (2j12 + 1)(2j23 + 1) J3,J,J23 ( )

This is only one example of a symmetry. Many others can be deduced
from (4.10) and the symmetry properties of Clebsch-Gordan coefficients.
In this context, it is customary to introduce the so-called 6j -coefficient,

abe| _ Latbrdte Uf(llf}:
{def} = e+ D2f+1) 1

where (a,b,¢), (d,e,c), (d,b,f) and (a,e, f) are triads. Then the 6j-
coefficient is invariant under any permutation of its columns, or under the
interchange of the upper and lower arguments in each of any two columns.
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Even more, one can also use the Regge symmetries of the Clebsch-Gordan
coefficients, and obtain similar symmetries for the 6j-coeflicient. In order to
describe these, let the Regge array for the 6j-coefficient be defined as the
3 X 4 array

b d+e—cb+d—fa+e—fa+b-—c
{Z ;}:jo d+f—-bc+d—ea+c—ba+f—e
€ et+f—ab+c—act+e—db+f—d

Then the value of the Regge array is invariant under any permutation of its
rows or columns. Note that the arguments of the Regge array are such that
all entries are nonnegative integers, and the differences between corresponding
elements of rows (resp. columns) are constant. Conversely, every 3 x 4 array
of nonnegative integers with this property corresponds to a Regge array, or a
6 -coefficient.

4.3 Expressions for the Racah coefficient
Racah was the first to simplify the expression for U Jj;j?z];?, leading finally
to a single sum expression. We shall follow here the method of Vilenkin and
Klimyk [51] to obtain Racah’s expression.
From (4.6), one finds, using (4.2) and (4.3),
72,7357 J1,923,7
Cﬂ“zbz,fnsfinr‘rﬁm07517?32+m3,m1+m2+m3
v7474 ,’,’, . 7474 4.13
= YU O O e (1D
Ji2
for fixed values of myi, mo and ms, and where mia = mi + mo. Keep mio
fixed, multiply both sides of (4.13) by Cyn;’3:21%,., , sum over m; and my with
my + mg = M1z, and use (3.32); this leads to :
Z C#{j,fﬁjzl,%llzCgffiif’l?ﬁnz-i-msCgrlbl’jjg;j-i-m37m1+m2+m3
mi,ma (4.14)

— [JJ1:d2,012 Cj12 2J357
J3,J,d23  miz2,m3,miz2+ms3’

or
J1.J2,012 __
UjB,j’jz?, - (4'15)
§ J1,J2,912 72,33,923 J1:J23,7 J12,J3,J
Oml ,M2,M12 sz,mg,m2+m3 Oml ym2+ms,miz+ms /lez,m3,m12+m3 .
mi,ma

mi+ma=mi2

Herein, mi12 and mg are arbitrary but fixed, and the sum is over all m,
and mq such that mj 4+ ms = mi2. Let us now make the following choice :
mi2 = ji2 and m3 = j — ji2. Then
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Uj17j2v7j12 — E CJl,J2,J12 CJQ’JS’MB C«Jldzz’,’] /0312,33’J

73,7523 mi,ji2—mai,j12 ~ jiz2—mi,j—j12,J—m1  mi,j—mi,j Ji2,J—J12,5’
mi

or, rewritten an a more appropriate form :

Usj;_zcabr bdf C,fe /Ccde (416)

o,c—a,c T c—o,e—c,e—Q o,e—Q, e c,e—c,e’

Using the closed form expression (3.21) for three of the four Clebsch-Gordan
coefficients appearing in (4.16), there comes

Ugls = (4.17)

2c+1)(a+b—c)l(a+ f—e)l(c—d+e)!
(—a+b+c

Ma—b+e)la+b+ct+)(—a+ f+e)lla—f+e)
(ctdte+] (b+c—al(f +e—a)l(ata) by
X\/(a+f—|—e—|—1 |Z (b—c+a)(f —e+a) (a_a)!ccfoc,efc,efa'

Next, take the form (3.17) for the remaining Clebsch-Gordan coefficient. There
comes :

Uges = (4.18)
2e+1)2f+1)(a+b—0)(a+ f—e)!
(—a+b+)la=b+)l (a+b+c+ Dl (—a+ f+e)l(a— f+e)!

(d+e—c)( b+d+ NO—d+ NNb+d+f+Dl(a+ f+e+ 1)

Yertemlprc—a+DI(d+f—c+a—Dl(a+a)(f +e—a)
XZ (f—eta-Db—ct+a-Dd—f+c—a+D(a—a)

\/ (c—d+e)l(ctd+e+1)(d—e+c)(b+d— f)

Consider the summation part in here, and substitute a— [ by k; there comes

etk (bFe—Rld+ f—ct k)i ata)(f+e—a)
2 (1

"y a—kl(f—e+k)lb-—c+E)(d—f+c—Ek)(a—a)

Since by (2.6)

Z(a+a) (f+e—a)! (a+k)(f+et+ta+D)!(f+e—a)
(a@—k)l(a—a) (a—k)Nf+e+k+1) ’

the summation part in (4.18) is equal to

Z(_l)b70+k(b+c—k)!(d+f—c+k)!(a+k)!(f+e+a+1)!(f+e—a)!
(f—e+k)Nb—c+k)d—f+c—k)Wa—k(f+e+k+1)

k
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Putting this back in (4.18), and replacing the summation index k by a — k,
there finally comes the following single sum expression :

Via,e, [)V(d e, c)

Ugey = GO Ve + DRI+ VG 55T 5.0 )

(4.19)

kb+c—a+k)
sz' —e+a—k).(b—c+a—k)!

y (d+f—c+a—k)!(2a—k)!
(d—f+c—a+k)A+f+eta—k)l

where

V(a,b,c) =/ (—a+b+c)la—b+e)lla+b+c+1)/(a+b—c).

One can think of U}’ b; as a function of six arguments belonging to 5N, which
is zero whenever one of the triples (a,b,c), (d,e,c), (d,b, f) and (a e, f) is
not a triad, and which is given by (4.19) if all four triples are triads. In (4.19),
the sum is over all k-values such that the arguments of the factorials are
nonnegative, i.e. k runs from max(0,a—d+ f—c) up to min(a+b—c,a+f—e).
In order to write this single sum in terms of a hypergeometric series, one
must make an extra assumption. Let us assume that —a+d+c— f > 0
(otherwise, one should put ¥’ = —a+d+c¢— f+k and rewrite the expression
above as a sum over k’). Then it follows directly that
ab.c adb—c Via,e, f)V(d,e,c
Ud;f;f = (=12 /(2c+ 1)(2f + 1) E b Q ((b’ ) f;
" b+c—a)l(d+ f —c+a)l(2a)!
et ab—crald—fre—al(l+/Teta)
I F 1—a—l—b—i—c,—a—l—e—f,—a—b—l—c,—l—a—e—f.1
478 —a+c—d—f,—2a,1+d—f+c—a )

(4.20)

Many other expressions can be deduced by applying transformation (2.10) in
a number of ways. For example, associating the —n of (2.10) with e —a — f,
and keeping the parameters 1 —a + b+ ¢ and —a + ¢ — d — f fixed, the
application of (2.10) leads to :

I 1—a+b+c,—a+e—f,—a—b+c,—1—a—e—f.1
453 —a+c—d—f,-2a,1+d— f4+c—a ’
(—a—b—c—1aeys(=b+d— fla—ets
(—20)a—etrf(1+d—f+c—a)aess

< . F —a+e—fb—d—f,1+c—d+e,1—a+b+c 1
Y3\ —a4c—d—f,—a+b—d+e+1lbtcte—f+2’

The Pochhammer symbols can be rewritten in terms of factorials. The actual
expression depends on the sign of (b+e—a —d); when (b+e—a—d) >0,
this leads to the following form :
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Ala, e, fYA(b,d, f)
A(a,b,c)A(e,d, e)
y (—a+b+o)l(c—d+e)l(a—c+d+ f)!
(a—e+ U =b+d+ Hlb+e—a—-d1+b+c+e— f)!
y 4F3< —at+e—fib—d—f,1+c—d+e,1—a+b+c .1>
—a+c—d—f,—a+b—d+e+1,b+c+e—f+2"7)"’

U;:; = (—D)bttee  /(2e+ D(2f + 1) (4.21)

where A(a, b, c) is given by (3.20).

Let us deduce one more expression, that is of interest for its symmetry.
Apply (2.10) to the 4F3 in (4.21), associating the —n of (2.10) with e —a — f
and keeping the parameters b —d — f and 1 —a+ b — d + e fixed; one finds
that the 4F3 of (4.21) is equal to

(C_a_b)a+f—e(2+c+d+e)a+f—e
(C_a_d_f)a+ffe(2+b+c+e_f)a+ffe

« \F —a+e—f,b—d—f,b—a—c,e—c—d ).
B\ —a4+b—d+e+l,—a—c—d—f—1,b—ct+e—f+1")"

assuming that b +e —c— f > 0, all Pochhammer symbols can be rewritten
in terms of factorials, and putting this back in (4.21), one finds :

abe _ (DT Q2+ 1)(2f + 1)A(a, b, 0)Ale d, €)
Udier = (a—b+c)l(c+d—e)! (422)
. A@e AN tatctdt f)

(a—e+ HU-b+d+ Hlb+e—a—-d)l(b+e—c—f)

I F —a+e—f,b—d—f,b—a—ce—c—d 1
B\ —a4+b—d+e+l,—a—c—d—f—1b—c+e—f+1’

So this expression is valid for b+e > a+d and b+ e > ¢+ f (which can
always be obtained after applying a symmetry corresponding to a permutation
of columns of the 6j-coefficient). Rewriting with 4F5 back as a single sum,
one gets :

U = (4.23)
(—1)b+e*c*f\/ (2c¢+ 1)(2f + 1)A(a,b,c)A(e,d, e)A(a, e, fA(D, d, f)

xS (D1 +a+ct+d+ f—k)/(kl(a—b+c—k)(c+d—e—k)
X(a—e+ f—k)W=b+d+f—k)lb+e—a—d+k)(b+e—c—f+Ek)),

or, when rewriting a + c+d+ f —k by k, one finds Racah’s most symmetric
formula



64 Joris Van der Jeugt

a,b,c

Uyt = (4.24)
(=1)etd+bre /(2c +1)(2f + 1)A(a, b, ¢)A(e, d, e)A(a, e, f)A(b, d, f)

(—1)F(1 + k)!
sz:(k—a—b—c)!(kz—c—d—e)!(k:—d—b—f)!(k—a—e—f)!

1
X .
(a+d+b+e—K)l(a+d+c+f-k)l(b+e+c+ f—k)

In (4.23) or (4.24), the sum is over all integer k-values such that all factorials
assume nonnegative arguments.

4.4 The Racah polynomial

We are now in a position to describe the relation between su(2) Racah coef-
ficients and the so-called Racah polynomials. Consider expression (4.20), and
let us rewrite :

n=a—e+f,r=a+b—c,a=-N—-1=—-a+c—d—f—1,
f=—-a+d—c—f—-1, v=—-2a—1, § =2c+1.

Think of a, ¢, d and f as being fixed numbers (parameters), with
c—a>|d— f] and c—d>la—f| (4.25)

Then b and e can be thought of as variables, with b varying between ¢ — a
and d + f, and e running from ¢ —d to a + f. In terms of the new pa-
rameters/variables, this means that N is a fixed nonnegative integer param-
eter, and x and n are nonnegative integer variables with 0 < x < N and
0 <n < N. The 4F3-series of (4.20) is of the following form :

Rn(Mz)) =Rn(AMz); 0, 8,7,0) =

r —n,n—i—a—l—ﬁ—i—l,—x,x—i—’y—l—é—i—l.l (4.26)
453 a+1,84+6+1,v+1 )

In the case considered here, one of the denominator parameters (54§ + 1)
is strictly positive; the other two denominator parameters (o + 1 and v+ 1)
are negative integers with o« +1=—-N and v+ 1< —N.

In general, for given parameters a, 3, v, 6 and any integer n, the expres-
sion (4.26) is a polynomial of degree n in the variable A(z) = z(x+v+Jd+1).
When one of the numerator parameters a+1, +Jd+1 or v+1 is equal to a
negative integer — N, then this polynomial is called a Racah polynomial. The
other two numerator parameters should not belong to {0, —1,...,—N+1} in
order to have (4.26) well defined for all integer n with 0 <n < N.

In terms of the variables just introduced, one finds from (4.20) :
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Ui = (4.27)

. rN!<—v—1>!\/ (N+7—B—m)l(=B—n—1)
(B+ ) nl(—y —n—1IN — B —n)(N —n)!
8 IIN+14+v=08) (B+d+n)(N+é—n)l(y+d+2)(B+06+2)!
al(=y—z =D+ ) (N —2)l(vy = B+2)(N+1+7+0+a)!
X R (A(@); o, 8,7, 0).

From (4.7) and (4.11), one has the following orthogonality :

(

a,b,e
Ud,e',f = 0cer-

Z(_l)H, (2b+1)y/(2e + 1)(2¢/ + 1) [rabe

- (2c+1)(2f +1) de.f

In terms of the newly introduced parameters/variables, this can be rewritten
as follows :

f:(7+5+1+2x)(7+6+1,a+1,ﬂ+6+1,7+1)w

— (ot Dally+d—at+l,y-B+18+1),
(Y+0+2,-0)v nln+a+8+1,0+1L,a-6+1,a+B—7+1),
(v—B+1,0+1)n (a+B84+2)m(a+1,8+5+1,v+1),

Rn(M2)) By (@) =

57l,n’ .

This is the orthogonality relation for Racah polynomials in the case that
N = —a—1; then —3—§—1 and —y—1 should not belong to {0,1,..., N—1}.
Since the left hand side and right hand side of the last equation are rational
functions of «, 3, &, 7, it follows that this equation is valid for all (real or
complex) numbers such that both sides of the identity are defined. For given
parameters, it is easy to check whether the weight function is positive, but
the complete conditions for positivity are tedious to write down.

More generally, any of the three denominator parameters in (4.26) can
stand for the negative integer — N . Then, one has :

i (Y4+6+1+28)(y+ 0+ Da(a+ 1) (B+6+1D)a(y+1)e

(Y+o+Dzl(y+0—a+1),(y—B+1),(6 +1),

% R (M) Ry (A(2)) (4.28)

nln+a+B4+Dn(B+n(a—0+1a(la+B—y+1)n
(a + ﬁ + 2)2n(a + 1)n(ﬂ + é + 1)n(’7 + 1)n

=0

=M

6n,n’a

where
(Y+d+2)n(=B)N

(Yy=B+1)Nn0@+ )N

_ (Y+d+2)NO0—a)n . o

M= (’Y+5—(X+1)N(5+1)N1fﬁ+6+1_ N
(=0)nN(a+5+2)n

(a=d+Dn(B+1)N

fa+l=-N

ify+1=—-N.



66 Joris Van der Jeugt
4.5 Wilson polynomials

Wilson polynomials can be seen as extensions of Racah polynomials. We will
not prove the general form of the orthogonality relation for Wilson polyno-
mials, but only indicate how it is related to that of Racah polynomials (we
follow section 8.5.5 of [51] here).

Wilson realized that orthogonality still exists when the variable in the
Racah polynomial is moved to the complex plane [54]. Thus he considered the
more symmetric polynomials

Pn(t?) = pu(t?;a,b,¢,d) = (a4 b)p(a + c)n(a + d)y, (4.29)
< \F —n,a—l—b—l—c—i—d—l—n—l,a—t,a—l—t.l
453 a+ba+ca+d )

having degree n in t2. It follows immediately that these polynomials are
symmetric under permutations of b, ¢ and d. Furthermore, applying (2.10)
to this 4F3, keeping —n and a+b+c+d+n—1 in the numerator and a+ b
in the denominator fixed, one finds

pn(t?;a,b,¢,d) = pn(t%;b, a, c, d).

Therefore, the Wilson polynomials are symmetric under permutations of a,
b, c and d.
Following (4.26), one can write

pu(t®;a,b,c,d) = (a+b)u(a+ )n(a+ d)n Ru(Mz);a, 3,7,0),

where

1 1
a:’y—|—5+§, b:a—7+5—§,

1 1
c-ﬁ—’y—5—§, d—’y—5—|—§, r=t—a.
For a+b=—-N, NeN,and —a—c¢,—a—d ¢ {0,1,..., N}, Wilson polyno-

mials are proportional to Racah polynomials, so using (4.28) they satisfy the
orthogonality relation

f: (2a)k(a+1)k(a+b)r(a+ c)r(a + d)k
—hkl(a)ela—b+1)k(a—c+ Dr(a—d+ 1)k
x pn((a+k)? a,b,c,d)pm((a+ k)% a,b, c,d) (4.30)
2a+1)v(1—c—d)n

= hnénma
(a—c+1)n(a—d+1)N

where h,, =

nlla+b+c+d+n—1),(a+b)p(a+c)nla+d)n(b+c)n(b+ d)nlc+ d)y
(a+b+c+d)ay ’
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More generally, the orthogonality relation for the Wilson polynomials can
be written in the following form [1], [54] :

1

o P (22)pm (22)p(2)dz = M by, (4.31)
™ Jc
where
M= Al'(a+ )T (a+c)T(a+ AT (b+ )T (b+ d)T(c + d)
B Fla+b+c+d) ’
p(2) = I(la+2)T(a—2)L'(b+2)T'(b—2)I'(c+ 2)I'(c— 2)I'(d+ 2)I'(d — z)

T(22)0(—22)

The integration contour in (4.31) is the deformed imaginary axis which sepa-
rates the poles

a+k, b+k, c+k, d+k, (k=0,1,2,..)
and the poles
—a—k, —-b—k, —c—k, —-d—k, (k=0,1,2,..)

of the function p(z). Moreover, it is assumed that all the poles are distinct (so
2a, a+b,a+c, ..., c+d, 2d arenot in {—1,—2,...}). When a+b=—N,
N € N, the Wilson polynomials are proportional to Racah polynomials. One
can deduce (4.30) from (4.31) by suitable integration contours and the Residue
theorem [1], [54].

If a, b, c and d are positive real numbers, then one can take the imaginary
axis as the contour C in (4.31). In that case, the orthogonality leads to [54]

/ P (=) P (—tDw(t)dt = Spm2mnl(a+b+c+d+n—1),T(n+a+b)
0

" F'n+a+c)l'(n+a+d)I'(n+b+c)l'(n+b+d)I'(n+c+d)
I'2n+a+b+c+d)

)

where )
D(a+ t)T'(b+ i)' (c+ it)['(d + it)

T(2it)

w(t) = ’

This can be further extended to :

Theorem 4.1. Let a,b,c,d be complex parameters and

Wa(z?;a,b,¢,d) = (@ +b)n(a+ ¢)p(a+d)n
—n,a+b+c+d+n—1,a—ix,a+ix (4.32)
X 4F3 i1
a+b,a+c,a+d

be the Wilson polynomials. When Re(a,b,c,d) > 0 and non-real parameters
occur in conjugate pairs, Wilson polynomials are orthogonal on Ry :
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/°° ’ T(a+ iz)D(b + iz)T(c + iz)(d + iz) |
0 I'(2ix)
x Wy (2?5 a,b, ¢, d) Wy, (225 a, b, ¢, d) dx
=0m2r(n+a+b+c+d—1),nT(n+a+dl(n+a+c)
" I'n+a+d)I'(n+b+c)I'(n+b+d)T(n+c+d)
I'2n+a+b+c+d)

(4.33)

For other cases where the measure has both an absolutely continuous and a
discrete part, see [54], [25].

4.6 Racah coefficients of su(1,1)

Consider the tensor product of three irreducible x-representations of su(1,1),
Diy ® D, ® Dy, . Recall the decomposition of the tensor product of two such
representations, given in (3.50). Following the same technique as in section 4.3,
one can construct orthonormal basis vectors according to two different ways
of “coupling”, i.e.

(Dkl ® Dk2) ® Dks and Dkl ® (Dkg ® Dks)-
The corresponding basis vectors are determined by :

en(k1k2)k12k3)k — Z Ckizksk (kika)kiz o eglk;) (4.34)

niz,n3,n "Ni2
n12,n3

k1,k2,k12 ~vk12,k3,k (k1) (k2) (k3)
E C C eny’ @ ey ®end,

ni,n2,mi2 ~ni2,n3,n

ni,n2,n3,n12
and

effaliakalkaslk — § Gl kank (k) @ gkaks)has (4.35)

,123,M
n1,Mn23

Z Ckz,kS,kz?, Ckl7k237k eglkll) ® eglk;) ® 65123)~

nz,n3,n23 ~ ni,n23,n

ni,n2,n3,n23
Following (3.51), the above representation labels are such that
k1o = k1 + ko + j12, ko3 = ko + k3 + Ja3,

k=kia+ks+j=k +ko+7, (4.36)
J12, 7, J28,§ € Zy, and jiz +j = jos + 5.

Asin (4.4) and (4.5), the Racah coefficient of su(1,1) [for the positive discrete
series representations] is then defined by

<6,'(,Lkl(k2k3)k23)k7 eg/klk2)kl2k3)k/> = 5k,k/6n,n/Uk’fsl:]f72]£f3127 (4.37)

and therefore
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egl(klkz)knks)k — U”:;;”:’zk,gmeglkl(kzkrs)kgs)k' (4.38)
ka3

Herein, the sum is over all ko3 such that (4.36) holds, i.e. over all integer

Jos with 0 < jog < ji2 + j (where j12 and j are fixed by the left hand side

of (4.38)). So the sum is finite. U is again an orthogonal matrix; with the

convention (4.36) the orthogonality reads :

ki,k2,ki2prki,ko ki _ ¢
E :Uks,k,k23 UkB,k,ké?’ = 5J23,J§37 (4.39)
k12

k1,ka,ki2prka ke, kly

ks, k,kas Uk3,k,k23 - 6j12 7j12' (4'40)

ka3

Following the technique of section 4.3, an explicit expression can be ob-
tained for the Racah coefficient :

k1 ka,k
Uksl,k,gkmn = (441)

(j +j12) (2k2) j1, (2k3) j (2k1 + 2ka + 2k3 + j + j12 — 1), (j’!jgg!)1/2
Jos ) (2ks3,2ka 4 2k3 + joz — 1) s (2ka + 2k3 + 2j23) 5+ \ 4! j12!
<(2k1, 2kas, 2k1 + 2kog 4§/ — 1) (2ka, 2k3, 2ks + 2k3 + joz — 1);'23)1/2
(leg, 2ks, 2k12 + 2ks + 5 — 1)j (2]617 2ko, 2k1 4 2ko + J12 — 1)j12
i F 2k1 + 2ka + ji2 — 1,2k + 2k3 + jo3s — 1, —j12, —jo3 . 1
e 2k, 2Ky + 2ks + 2ks +j + ji2— L, —j—ji2 )’
again with the labels determined by (4.36).

Orthogonality relations for su(1,1) Racah coefficients are again equivalent
with the orthogonality of Racah polynomials.

4.7 Notes and Exercises

Racah coefficients appeared for the first time in Racah’s 1942 paper, dealing
with calculations in many-electron spectra [33]. In that same paper, Racah
derived already the single sum expression (4.23) in an appendix. The actual
1F3 expressions for these coefficients were given only later; see [50] or [36] for
a summary of such expressions and references. The notation and introduction
of 6j-coefficients is due to Wigner [52]. He also gave the classical symmetries
of 6j-coefficients, such as (4.11). Further symmetries, closely related to the
+F3 expression, were given by Regge [38].

The relation between su(2) Racah coefficients and orthogonal polynomials
(from then on referred to as Racah polynomials) was discovered only much
later [2]. Tt led also to the discovery of Wilson polynomials [54] and Askey-
Wilson polynomials [3].

Racah coefficients and 675-coefficients play a crucial role in nuclear, atomic
and molecular physics, through the importance of angular momentum proper-
ties. The collection of formulas of [50] is again very useful for people working
in the field of “Racah-Wigner algebra” (see also [7], volume 9).
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Exercises

1. Assume that (a,b,c) forms a triad. Verify that

{CL b C} _ (_1)a+b+c 5"‘765}’*(1 . (442)
de0 (2a+ 1)(2b+ 1)

2. Rewrite the orthogonality relations for Racah coefficients in terms of 6;-
coefficients :

abx abz | _ Opg
Z(2x+1){cdp}{cdq}_2p+l’ (443)

x

provided (a,d,p) and (b,c¢,p) form triads.
3. Assume that (a,b,c) forms a triad. Show that

S (1) (20 + 1) {“ b } =6.0V/Ca+ )20+ 1),  (4.44)

bac
xT

where the sum is over all (integer or half-integer) = which obey all trian-
gular conditions.

5 Tensor product of n + 1 representations and
3nj-coefficients

We shall consider the tensor product of n + 1 irreducible x-representations
of su(2). The definition of binary coupling schemes and the related 3nj-
coefficients is discussed. Some typical problems in this context are of com-
binatorial type; for (n + 1)-fold tensor products of su(1,1) these problems
are exactly the same. Some other problems are related to realizations of basis
vectors, and lead to multivariable orthogonal polynomials.

5.1 3nj-coefficients
Cousider the following tensor product of n + 1 su(2) representations,

V:D]1®DJ2®®D

In+1-"
A basis for V' (the uncoupled basis) is given by

(2) @ ... eln+1)

egrjzll) ® em2 Mpt1 )
where m; is a projection of j;.

Coupled basis vectors can be defined by means of binary coupling schemes.
The idea is a simple extension of the two ways in which the tensor product of
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three representations can be “coupled”, see (4.1). The vector (4.2) is depicted
by the following coupling scheme :

j,m
e{3132)1239)1 — Ty (j, m) = " 7
I J2 Is
and the vector (4.3) by
j,m
€01 3239)125)7 — Ty (j, m) — s
oD s

The Racah coefficient (or, loosely speaking, the 6j-coefficient) is then

UL T30 = (Ta(G,m), T (G, m)). (5.1)
Generally, a binary coupling scheme T = T'(J, M) is defined recursively.
Definition 5.1. A binary coupling scheme on a twofold tensor product D; ®
Dj: is defined as

i . -/ YA . -\ /
E 33" ) J" s ) )
C'm,m’,M €m ® Cmy or Cm/,m,,M €m ® m’ -

m,m’ m,m’

A binary coupling scheme T = T(J,M) on the tensor product of (n + 1)
representations Dj, @ Dj, @ --- ® Dy, ., is defined as

Z CJJ m/,M 9 Tl(]v )®T2(j/7m/))7

m,m’

where T1(j,m) is a binary coupling scheme on the tensor product of 1 rep-
resentations and T(j',m') is a binary coupling scheme on the tensor prod-
uct of the remaining n + 1 — [ representations. The map o reshuffles the
order of the components in the tensor product such that they belong to
Djl ®Dj2® ®D1n+1'

For example, in D;, ® D;, ® Dj, :

,m
— o((J13)51343)5 — 713,32,0 (J173)d13 (42)
13 - em - leg’; 7)7’,27 (em13 ® emg )
. . . mi3,ma
J1 Js J2
— 71,73,713 913,J2,7 (j1) (J2) (j3)
- z : le,m3,m13cm13,m2, €my ® €ma ® €ms

mi,m2,m3
mi+ma+ms=m
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The following are two binary coupling schemes on Dj;, ® D;, ® D;, ® Dj,
(n=3):

im
123
T, =Ti(j,m) = e%(jljz)jmjs)jmsjzx)j — ’ (5.2)
12
v e Js Ja
Ty = To(j,m) = 6%1<j2(j3j4)j34)j234)j _ (5.3)

1 2 s Ja
In a binary coupling scheme, we shall use the terminology of binary trees :
for example, in the above scheme T5, j1, j2, j3 and js are the labels of the
leaf nodes of the tree, j34 and ja34 are the labels of the internal nodes, and j
(or j,m) is the label of the top node.

Definition 5.2. A 3nj-coefficient (n > 1) is a particular overlap coefficient
(To, Ty) = (To(J, M), Ty (J, M), where T1(J, M) and T2(J, M) are two binary
couplz'ng schemes on the tensor product of (n+1) representations Dj, @ D, ®

-® Dj

‘]n+1 .

Observe that, just as for a 6j-coefficient, the 3nj-coefficient is independent
of the M -value.

For n = 1, there is essentially only one binary coupling scheme. In fact,
there are two binary coupling schemes, namely

jm jm
eJii2)i — /\. and e = /\%
1 Iz 2 I

but since Cy2:17 = (—1)1Hi2=iCizd - see (3.25),

,ymi,m mi,ma,m?

Jle)J — Z CI2:dud (i) ®6(J2) — (_1)j1+j2*j6%1j2)j.

ma,mi1,m m1
my,m2

This can be written as

j’m j,m
A — (_1)j1+j2—jA.

Iz I I 2
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By definition of binary coupling schemes, it follows that this rule is also valid
for arbitrary binary coupling schemes :

Rule 1 : A 1)at= CA (5.4)

where a and b can be representation labels of leaf nodes or internal nodes,
and c is the representation label of an internal node or the top node.
A second rule that can be used on binary coupling schemes is the following :

e
Rule 2 : A S sty />& (5.5)
a b C

or equivalently (using Rule 1 and symmetries of U)

Rule 2' />\ > st A (5.6)

Herein, a, b and c¢ are labels of leaf nodes or internal nodes; d and f are
labels of internal nodes; and e is the label of an internal node or the top node.
This follows from the general definition, and (5.1).

All the notions introduced in this subsection for su(2) are also appropriate
for the case of tensor products of positive discrete series representations of
su(1,1). In particular, Definition 5.1 remains valid up to the replacement
of C by the su(1l,1) Clebsch-Gordan coefficient (3.52). Also Definition 5.2
remains valid up to the trivial replacements of su(2) labels (j,m) by su(1,1)
labels (k,n). Moreover, since the su(1,1) Clebsch-Gordan coefficients (3.52)
satisfy the same symmetry (3.55), Rule 1 remains valid for su(1,1) binary
coupling schemes. By (4.38) it follows that also Rule 2 is valid for su(1,1)
binary coupling schemes, where U is an su(1,1) Racah coefficient (4.41). So
as far as binary coupling schemes are concerned, we can work with the two
rules (5.4) and (5.5) both in the su(2) and in the su(1,1) case.

5.2 An example : the Biedenharn-Elliott identity

Consider two binary coupling schemes 77 and 7. Our purpose is to compute
the 3nj-coefficient (T»,7T7) in terms of Racah coefficients. This method of
computation is often referred to as the “method of trees”. By the remark in
section 5.1, this method works both in the su(2) and the su(1,1) case. For
the computation of (T, 77), one can use the two rules
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Rule 1 A A (_1)a+bfc
(5.7)
e z}’<\ />\ o

to go from 77 to T». The last column gives the effect of applying the rule.
A consecutive sequence of applications of Rule 1 and Rule 2 to go from one
binary coupling scheme to another one, is called a path from T to T5.

Consider now the two binary coupling schemes 77 and T5 defined in (5.2)
and (5.3). One path from T} to T is given by

A

m :
This means
T, = e(((J142)j12]3)12844)F — § U312,J3,3123 ((j172)d12(d344)354)7
m J4,J:3%4
./
J34
_ E U]l27]3a]123 UJl,J2,J12 e(jl(j2 (J354)d54)3534)7
J4,7, .734 734,75 .7234 m ’
! !
J345J234
or
1127137J123 J1,J2) J12
<T2’ T1> UJ4 J»J3a UJ34,J J234" (5'9)

Another path from 77 to T is given by
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im im

123 23

(5.10)

IR 2 Ja

This means

T, = e(((172)d1258)712874)F — E [ivdz.az (((J1(1213)1)J12314)J
m Jasgraz,l €
l

_ § pidzaiz it ,J123 65%,1(@2]3)”4)]234)]

Js,d123,0 7 ja,g,0544
L,J334
— E : Ujl,jg 12 Uj17{7j123 U]2’J3 N (Jl(Jz(J3J4)J34)J234)J
J3,3123,0 ]47]»]&34 J4, ]234 ]34 m ’
L,J334034
or

T2, T1 Z UJl 2J2 J12 Ujhl »J123 UJ2 NER (5.11)

J35J1235 J457 J234 J4a]234a]34

Comparison of (5.9) and (5.11) leads to :

Theorem 5.1. The Racah coefficients of su(2) satisfy the following identity,
known as the Biedenharn-Elliott identity :

2 : N N
UJl J2 J12 U]12’]3 ,J123 — UJlJz J12 U]l 71123 U]2’J3 (5.12)

J34,J,9234 ~ Ja,J,J34 J3,J123,0 7 JasJ,d234 ~ ja,j234,734"
l

In terms of 6] -coefficients, this can be rewritten as :
_ \R+a abux cdzx efx| _
> (1) @x+n{cdp}{efq}{bar = (5.13)

{pqr}{pqr}
ead fobcel’
where R = a+b+c+d+e+ f+p+q+r, and all labels are representation labels
(elements of $N). The sum is over all & with max(|a —b|, |c — d|,|e — f|) <
x <min(a+b,c+d,e+ f).

The Racah coefficients of su(1,1) satisfy the same identity (Biedenharn-
Elliott identity for su(1,1)) :
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k1,k2,k12 yrki12,k3,k123 _§ ki1,k2,k12 yrk1, K k123 77k2, k3, K
Uk34,k,k234Uk4,k,k34 - Uk3,k123,KUk4,k,k234 Uk4,’€234,/€34' (514)
K

All labels are su(1,1) representation labels, and the sum over K is finite with
K running from ko + ks to min(kios — k1, kasa — ka) in steps of 1.

5.3 A recurrence relation for Racah polynomials

We shall briefly indicate how the Biedenharn-Elliott identity can be used to
derive the recurrence relation for Racah polynomials. Consider (5.13) with
g=c,r=>band f=1, then

Z(_l)R+w(2x+1){zZZ}{Zfi}{zéi}:

xr
pch pch
ead 1bc|’
where the sum is over z € {e — 1,e,e + 1}; or rewritten in terms of Racah
coefficients,

1
§ : a,d,p rraetlbrre,d,e+l _ rra,d,prrp,c,b
Uc,b,e+lU1,b,e U =0, Ul,b,c ' (515)

1l,e,c c,be
=1

All the Racah coefficients with a representation label 1 as one of their pa-
rameters simplify; e.g. using (4.24) the summation ), is seen to reduce to
only two terms, so each such coefficient consists of certain factors times two
terms. Next, apply the symmetry (4.11) to the remaining Racah coefficients
in (5.15). The result is a linear combination of the following form :

a,p,d a,p,d a,p,d  _ a,p,d
glUc,e—l,b + gzUc,e,b + g3Uc,e+1,b - g4Uc,e,b . (516)

Next, using the explicit expressions of these simple coefficients and the rela-
tion (4.27) between Racah coefficients and Racah polynomials, one finds :

An Ry 1(N@)) = (An + Cr) R (M) + Cp Ry1 (M) = A(x) Rn (M),
where
R(A(z)) = Ru(AMz); o, 8,7, 0),
and

m+a+B8+)(n+a+1l)n+B+d+1)(n+v+1)

2n+a+p+1)2n+a+F+2) ’
nn+B)(n+a+B8—v)n+a—7J)
Cn+a+B)2n+ta+p+l)

A, =

Cn =

This is the three-term recurrence relation for Racah polynomials.
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5.4 Expressions for 3nj-coefficients

In section 5.2 we have computed (T,73), with 77 and T, given in (5.2)
and (5.3), in two different ways : one expression is (5.9), the other is (5.11).
It is obvious that from a computational point of view, (5.9) is much bet-
ter than (5.11). Indeed, (5.9) is simply the product of two Racah coeffi-
cients, whereas (5.11) is a single sum over the product of three Racah coethi-
cients. This is related to the length of the corresponding paths, given in (5.8)
and (5.10), to go from T3 to T.

In general, consider two binary coupling schemes 77 and 7T5. In order to
compute the 3nj-coefficient (T,71), one must find a path from 77 to Th
using the rules (5.7). Theoretically, every path will do; but in order to find an
efficient way of computing the 3nj-coefficient, one must find a shortest path,
i.e. a path for which the number of applications of Rule 2 is minimal. Indeed,
Rule 1 does not have any effect on the efficiency of the formula (it is only a
+-sign). But Rule 2 introduces a Racah coefficient and a summation variable.
Clearly, a formula with the least number of summation variables is the most
optimal.

We can redefine the problem of finding an optimal expression for a 3nj-
coefficient by introducing binary coupling trees. A binary coupling tree on
n + 1 leaves is a rooted binary tree such that :

e the n+ 1 leaves are labelled 1,2,...,n+ 1;

e the internal nodes are not labelled;

e for each internal node, one can exchange the left and right children of that
node.

These are sometimes referred to as unordered rooted binary trees with labelled
leaves. An example is given in Figure 1. Note that in this figure, (a) and (b)

Fig. 1. Binary coupling trees

12 3 45 21 45 3 12 3 45
@ (b) ©

represent the same binary coupling tree, since one can freely exchange the left
and right children. Sometimes it will be convenient to attach an extra node
with label 0 to the root of the binary coupling tree, such as in (c¢). The only



78 Joris Van der Jeugt

elementary operation that now remains is the one corresponding to Rule 2;
this is referred to as a rotation on binary coupling trees (since by definition the
operation corresponding to Rule 1 does not change the binary coupling tree).
This is illustrated in Figure 2, where A, B and C represent subtrees and X
is a part of the binary coupling tree containing the root (or, equivalently, the
label 0).

Fig. 2. Binary coupling trees related by a rotation
X X

A B C A B C
A C B

The relation with binary coupling schemes is obvious. The leaf labels
1,2,...,n+ 1 refer to the representation labels j1, j2,...,jnt+1. An internal
node is no longer explicitly labelled, but it is implicitly labelled by the collec-
tion of leaves underneath it. For a given 3nj-coefficient with binary coupling
schemes T7 and T, and for every path from 7; to T there exists a sequence
of rotations transforming the corresponding binary coupling trees into each
other and vice versa. Clearly, from the sequence of rotations between the bi-
nary coupling trees, the path between the binary coupling schemes can be
reconstructed and hence no information is lost for determining the expres-
sion for the 3nj-coefficient. The problem is thus reduced to finding a shortest
sequence of rotations transforming one binary coupling tree into another.

A binary coupling tree can be given either explicitly as a graph, see Fig-

ure 1, or as a bracketing of the leaf labels. For example, the binary coupling
tree of Figure 1 could be represented as

((1,2),(3,(4,5)  or  ((2,1),((4,5),3)). (5.17)

Henceforth we shall use this notation for a binary coupling tree.

Let n > 1 be fixed, and consider the set of all binary coupling trees with
n + 1 leaves. Since our only basic operation is rotation, we shall consider
the rotation graph of binary coupling trees. This graph G, has as vertex set
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the set of all binary coupling trees with n 4+ 1 leaves, and there is an edge
between two vertices if and only if the corresponding binary coupling trees
are related through a single rotation. It follows that an optimal expression for
a 3nj-coefficient corresponds to finding a shortest path in G,, between the
two binary coupling trees corresponding to the two binary coupling schemes
in the 3nj-coefficient.

We shall now consider some examples, and deduce some general properties
of G,,. For n = 2 this graph is simply a triangle. In Figure 3 we give G2, and
use the convention (5.17) to label the corresponding binary coupling trees.
The next graph, G3, has order 15. This graph is shown in Figure 4, using the

Fig. 3. The graph G2

((1.2).3) (1(23))

((1.3).2)

bracket representation (5.17) for the binary coupling trees. Observe that the
two paths described in (5.8) and (5.10) correspond to two paths in G : (5.8)
corresponds to (((1,2),3),4) — ((1,2), (3,4)) — (1, (2, (3,4))); (5.10) corre-
sponds to (((1,2),3),4) — (((1,(2.3)),4) — (1, ((2,3),4)) — (1, (2, (3,4))).

Let us now consider some general properties of the graph G,,. An arbitrary
element of G,,, i.e. a binary coupling tree on n + 1 leaves, has n — 1 internal
edges (i.e. edges containing no leaf). Two rotations can be performed with
respect to each internal edge, thus every binary coupling tree is connected
by an edge to 2(n — 1) other binary coupling trees. In other words, G,, is a
regular graph of degree 2(n — 1). For example, G5 is regular of degree 4.

To determine the number of binary coupling trees on n + 1 leaves (or the
order |G,| of Gy,), consider first a binary coupling tree on n leaves (with
labels 1,...,n), and extend the root of this tree with an extra edge ending in
the leaf 0 (as in Figure 1). This tree has 2n—1 edges in total. Therefore, there
are 2n — 1 different ways of adding an extra edge ending with leaf label n + 1
to this tree, namely by attaching it to each consisting edge, see e.g. Figure 5.
Thus we have |G| = (2n — 1)|Gp—1|, and find

Gl = (20— DIl = (2n — 1)(2n — 3)---3 - 1. (5.18)

This implies that the order of G,, grows exponentially.

It is also easy to show that G, is a connected graph, i.e. for any two binary
coupling trees there exists at least one path between them.

The problem of determining the distance between two binary coupling
trees of G, (and thus of finding an optimal expression for the corresponding
3nj-coefficient) turns out to be very hard. In [15], [16], distance properties in
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Fig. 4. The graph G3

(3.(4(1,2))

(3.(L.(2.4))

((1,3),(24)

(2.3,41))
((1,4),(2.3)

Fig. 5. Five ways of attaching an extra leaf label 4 to a given binary coupling tree
on labels 1,2,3

O

G,, were studied. In particular, bounds for the diameter of G,, (this is the
maximal length of all shortest paths) were found :

Theorem 5.2. The diameter d(Gy) of G, satisfies
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1
1 log(n!) < d(G,) < n[log(n)] +n — 2[log(n)] + 1. (5.19)

Herein, [x] is the smallest integer larger than or equal to x > 0, and log =
log, .

This implies that in an optimal expression of a 3nj-coefficient in terms of
Racah coefficients, the number of Racah coefficients appearing in a term of
the expansion is of order nlog(n).

All the considerations of this subsection are applicable both to 3nj-
coefficients of su(2) and su(1,1).

5.5 Multivariable Jacobi polynomials associated with binary
coupling trees

Recall the definition of the Racah polynomial (4.26) and the Wilson poly-
nomial (4.32). Other polynomials of hypergeometric type can be obtained as
limits of Racah or Wilson polynomials [25].

For example, the continuous Hahn polynomials, denoted p,,(z;a,b, ¢, d),
are defined as [25]

m(a+c)m(a+d)m

m!
< T —m,m—l—a—l—b—i—c—I—d—l,a—i—ix_l )
342 CL—|—C,CL+d ) )

pm(x;a,b, ¢, d) =i
(5.20)

for their orthogonality (when Re(a,b,c,d) > 0, ¢ = a and d = b), see [25].
They can be obtained from the Wilson polynomials using the limit transi-
tion [25] :

. Wn((x —t)%a+it,b+it,c—it,d —it)
lim
t——o00 (2t)mm'

=pm(z;0,b,¢,d).  (5.21)

The classical Jacobi polynomials are defined by :

o a+1 -mm+a+G+1 1—2
PO () = @+ D m) 2F1< B prl 5 >; (5.22)

for a, 8 > —1, they are orthogonal over the interval [—1,1] for the weight
function (1 —z)*(1 +2)”.

We shall now deduce some properties of orthogonal polynomials directly
from the Biedenharn-Elliott identity for su(1,1), see (5.14),

k1,k2,k12 k127k3 k123 __ E k1,k2,k12 kl K k123 prk2,ks, K
Uk34,’€ k234 k4,k k34 Uk3,’€123,K ka,k k234~ ka,k234,k347 (523)

where U is an su(1,1) Racah coefficient.
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Theorem 5.3. The Wilson polynomials satisfy the following convolution iden-
tity :

mi_:j <j + m) ( (2k2)m (2k3); (2k1 + 2Kz + 2ks + j +m — 1), (5.24)

2o\ 1) @ke)i(Zha + 2ks + 1 — 1)i(2ka + 2ks + 20)j
x Ry(A\(m); 2ks — 1,2ks — 1, —j —m — 1,2k1 + 2ka + j +m — 1)
X Wintj—1((x1 — )% by + it, ko + ks + 1 — is + it,

ki —it, ko + ks + | +is — it)
x Wi((zy + xo — )% ko — ixy +it, kg — is + it, ko + ixy — it, ks +is — it)
= Wi ((z1 — t)z;]ﬁ +it ko —i(x1 + x2) +it, ky — it ko + i(x1 + x2) — it)
x Wi((z1 + z2 — )% k1 + ko +m +it,

ks — is +it, k1 + ko + m — it ks + is — it),

where j,m € N, ki, ko, ks, 21,22, 23,t ER and s =x1 + 22 + 3.

Proof. In the case of su(1,1), the summation range for K in (5.23) is from
ka+ks to min(ki2s —k1, kasa —k4). The summation variable K thus takes real
values, starting with ko+ks and increasing in steps of one. Substituting (4.41)
in (5.23) yields an identity between terminating balanced 4F3(1) series :

f F k‘l—‘rkg—‘rklg—1,k2+k‘,3+K—17k1+k2—k127k2+k‘3—K_ 1
E 44'3
% 2ko,k123+k1+ko+ksz—1,k1+ka+kz—Fk123 i

. F k1+K+ki123—1,K+ky+kosa—1,k1+K —ki23, K+ks—kasa | 1
453 b1+ K+ki—k, 2K k+ki+K+ks—1 ’

% A F ko+ks+K—1,ka+ks—K,kz+ka+kza—1,ks+ka—ksa 1
4173
ko+ks+ka—kaza,2ks,kaga+kot+ks+ka—1 ’

F ks+katksa—1,ki2+kz+ki2z—1,kz+ka—ksa,k12+ks—ki2s 1
41473
ki2+ks+ks—k,2k3,k+k12+ks+ks—1 ’

« .F kitko+ki2—1,k1+ke—ki2,ka+ksatkaza—1,ko+ksa—kasa 1
478 2ha ko +haHhga— K, K-tk ko +ksa—1 )

where f is a numerical factor that is easily calculated from (4.41). Renaming
the following positive integer differences as

m:]ﬁg—k‘l—k‘g,j:klgg—lﬁg—k‘gandl:K—kJQ—kg,

and performing appropriate transformations (2.10) on the balanced 4F5(1)’s,
yields that (When k123 — kl S k234 — k4) :



3nj-Coefficients and Orthogonal Polynomials of Hypergeometric Type 83

Jjtm

/ —U,l4+2ko4+2ks—1,—m,m+2k1+2k2—1
E [laFs , sl
—o 2k2,2k1+2ko+2ks+j+m—1,—j—m

% A F —m—j+l,m+j+i+2k1+2ka+2k3—1,k1+k+koza—1,k1+k—kasa 1
4 2k ky kst hs 1 ka+h— 1k ko ks+lHk—ka ’

% A F —LI4+2ko+2ks —1,ko+kasat+ksa—1,ka+koza—ksa |
44'3
2k2,k2+ks+kasa —ka,kozatkotkst+ka—1 ’

F —Jsjt2m+2k1+2ka+2kz —1,m+k1+ka+k—kza,m+ki+kot+kt+ksa—1 1
44'3
2m+42k1+2ka,m~+k1+kot+ks+kat+k—1m+ki+kot+ks+k—ka

—m,m~+2k1+2ko—1,k1+k+kazs—1,k1+k—kasa
X 4F3 1)
2k1,k1+ke+k—ksa,k1+ka+k+ksa—1

where, once again, f’ is a numerical factor that is easily calculated.
This last identity can be written in terms of Wilson and Racah polynomials
by putting

ix1 =k — koaa, iT2 = kosa — kaa, ix3 = k3a — Ky
and it = kg 4+ i(z1 + 22 + 3) — 1/2.
Note that all the renamings are invertible. Determination of the factor f’ now

yields the desired result. Since (5.24) is a rational identity in the parameters
ki, x; and t, it is valid for all values of these parameters.

From Theorem 5.3 we can easily rederive a convolution identity for con-
tinuous Hahn polynomials, using the limit transition (5.21) :

Corollary 5.1. The continuous Hahn polynomials satisfy the following con-
volution identity :

%j (J' + m) ( (2k2)m (2k3);(2k1 + 2k + 2ks +j +m — 1) (5.25)

m ) 2ks)i(2ks + 2ks + 1 — 1)1(2ka + 2k3 + 20);4m 1
x Ry(A(m):2ks —1,2ks —1,—j —m — 1,2k, + 2ks +j +m — 1)
X Pmtj—i(@1; k1, ko + ks +1—is, k1, ko + ks + 1 +is)
X pi(xa; ko, ks —i(s — 1), ko, ks +i(s — 1))
= pm(@1: k1, ko —i(z1 4+ 22), k1, ko + i(x1 + 22))
X pj(w1 + w25 k1 + ko +m, k3 —is, ki + ka +m, k3 +is),

=0

where j,m € N, ki, ko, ks, x1, 2, x3 € R and s =x1 + 22 + x3.

This corollary (and the next one) has many interpretations, see [26]. In
particular, using generalized eigenvectors of an operator X, € su(1,1) in
su(l,1) representations (rather than the eigenvectors of Jy as used here),
the continuous Hahn polynomials have an interpretation as Clebsch-Gordan
coefficients for su(1,1). Then Corollary 5.1 is the analog of (4.13), see also
Exercise 4 of this section.
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Finally, replacing x; by sz; in (5.25) and letting s tend to infinity yields
Corollary 5.2 (see also [26, Corollary 3.15], or [17],[47]) :

Corollary 5.2. The Jacobi polynomials satisfy the following convolution iden-
tity :

”’f <j —I—m) (2k2)m (2k3); (21 + 2k + 2k +j +m — 1),
m (2k3)i1(2ka + 2ks + 1 — 1);(2ka + 2ks + Ql)jer,l

X Ry(A(m);2ke — 1,2ks — 1,—j —m —1,2k; +2ka +j+m — 1)

_ _ _ _ 1—2 -2
y Pgﬁj,zkﬁzkﬁzz (1= 200)(1 = )L P2~ 1:25s =) < 13:1 - xz)

=0

_ m p(2k1—1,2ks—1) T2 — I
(@1 +22)" B, T+ X2

X‘Pj(2k1+2k‘2+2m,—1,2k3—1)(1 _ 2.’E1 _ 2x2).
This corollary can be written in a more symmetric (and unified) way, by
defining [17], [47] :

|
Sk?l,kz — _1 m m:
(@) =(=1) \/(le, 9kz, 2kt + 2ks + m — 1)

(5.26)
~ m p(2k1—1,2k2—1) T2 — 21 .
(1‘1 + 1‘2) % 7x2 T
Then corollary 5.2 reads (z1 +z2 +23=1) :
ki,k k12,k
Stramr—s (T1, 22) S T3l (21 + 2, 23) = (5.27)
ko—k1
Z U:;,ff,’f(lzsfg’—klfg—kg (x2vx3)5£3’—[21_1<($1»$2 + x3).
K=ka+k3

Formula (5.27) is easily remembered by considering two ways in which three
su(1l,1) representations can be coupled, as shown in Figure 6. Notice how the
left side of (5.27) follows from the tree on the left side of this figure. With each
non-leaf node (i.e. with each intermediate or final coupling) one associates an
S-polynomial. The first (resp. second) variable of this S-polynomial is the
sum of all the variables associated with the leaves in the left (resp. right)
subtree of the considered node. The upper parameters are determined by the
value of the representation labels of the left and right child (in that order). The
(positive integer) lower parameter is the difference between the value of the
coupled representation label and the consisting labels. The S-polynomials on
the right side of (5.27) are formed in the same way but working with the tree
on the right side of the figure. The recoupling coefficient appearing in (5.27) is
that associated with a recoupling of three representations as shown in Figure 6;
it can be seen as a manifestation of Rule 2, cfr. (5.5).
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ko ko
K K

kg k; k k ke ks
X, X, X X X, X3

Fig. 6. Two possible ways of coupling three representations

The S-polynomials also have the following property :
Sﬁ:’kg(xl,xg) = (—1)m5§3’k1($2,$1). (528)

This can be seen as a manifestation of Rule 1, (5.4).

The products of Jacobi polynomials in both the left and right side of (5.27)
are orthogonal [26] on the simplex determined by 1,22 > 0, 21 + 22 < s, for
the weight function

2k1—1_2ko—1 2ks—1
x5 ( .

w(xy,x2) = 7 §—x1 — x2)
So the two ways of taking tensor products of three su(1, 1) representations,
yield two 2-variable Jacobi polynomials orthogonal with respect to w(z1, z2),
and related to one another by Racah coefficients of su(1,1). This idea will be
generalized to (n + 1)-fold tensor products.
When considering orthogonal polynomials in n variables, one of the clas-

sical areas is the simplex T :

T ={zr eR"[0<zj and |z| =21 + - -- + z,, < s5}. (5.29)

Herein, s denotes some positive constant, and in almost all cases s is taken
to be equal to 1. The classical weight function in this case is :

R O (5.30)

where each k; > —1/2. In [13, Proposition 2.3.8] an explicit orthonormal basis
is given associated with the weight function (5.30) on the simplex (5.29). Such
a basis is not unique. In fact, with every binary coupling tree on n+1 leaves, a
different basis can be constructed. In this section, an n-variable orthonormal
polynomial will be constructed out of a product of n S-polynomials (5.26),
and associated with a binary coupling scheme of n + 1 representations of
su(1,1). It can be shown that this polynomial is orthogonal on the simplex
T? for the classical weight function.

Theorem 5.4. With every coupling of (n+1) su(1,1) representations labelled
by k1,...,knt1, i.e. with every binary coupling scheme with n internal nodes,
we associate a set of polynomials
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E Evyeroikin
Rl( )(x) = RElll,...,ln)H)(xh cey Tp)

in n variables orthogonal on the simplex T7 for the weight function
wh (@) = a7 (s — )P (5.31)
where each k; > 0. Ezplicitly the orthogonality reads :

s2lkl+2]1-1 n+1

5wm 1;[1 [(2K;). (5.32)

/ R (@) R (2)w® () do =

In principal the notation of the polynomial should contain a reference
to the binary coupling scheme it corresponds to. For the moment, we can
assume that the binary coupling scheme is fixed, and we do not mention it

in the notation of Rl(k) (x). When we want to emphasize the dependence of

Rl(k) (z) on the given binary coupling scheme T', we shall write Rl(];l(x) The
meaning of the subscript [ is related to the labelling of the internal nodes,
and will soon become apparent.

The association of a polynomial with a binary coupling scheme is an ex-
tension of the method described after Eq. (5.27). For a given binary coupling

scheme, the polynomial Rl(k) (z) consists of a product of S-polynomials, each
of these associated with a non-leaf node of the tree.

ki ko ks Ky ks

X]_ X2 X3 X4 X5

Fig. 7. Example binary coupling tree

Let us first describe an example. With the binary coupling scheme shown
in Figure 7 we associate the following polynomial :
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R($1,£2,$3,Jf4,x5)

_ qki,k2 k12,k3 ka,ks
- Sklz—kl—k2 (1‘1, xz)Skms—klz—ks (1‘1 + 22, x3)5k45—k4—k5 ('r4’ 'r5)

k123,kas5
><Sko—:’f123—lf45

kio—ki—k 2k1—1,2ko—1 T2 — T1
= C(Jfl + 1‘2) 12 L ka(:lzlk:lfk:; ) —
ZTo + 1

(1 + 22 + 23,24 + 25)

kyo— 2k19—1,2ks—1 T3 —T1 — T2
X (21 +x2+x3)k123 ki2—ks p(2k12 3 )(7)

k123 —ki2—k3 3 + x1 + To

kas—ky—ks p(2ka—1,2ks—1) [ L5 — T4
) Pk4r—k4—kr o
o T5 + T4

ko—k123—Fkas
X(1‘1+1‘2+1‘3+1‘4—|—x5) 0—k123—Kas

XP(2’€12371,2’€4571) T4 + Ty —T1 — T2 — T3
ko—ki123—kas T4+ x5+ 11 + 29 + 23 ’

X (:L'4 + x5

herein, C' is some numerical factor, that can be determined from (5.26).

In general, the S-polynomial, associated to a non-leaf node of the tree,
has : as (upper) parameters the representation labels of left and right child of
the node; as degree (the sub-index) the difference between the representation
label of the node and those of the children (this is a nonnegative integer); as
left (resp. right) argument the sum of all the variables associated with the
leaves in the left (resp. right) subtree of the considered node.

Such a polynomial R(x1,...,%,+1), defined as a product of S-polynomials
in this way, is homogeneous in the variables x1,...,z,4+1. So we can choose
the constraint :

T1+T2+ -+ Tpy1 = S, (5.33)

where s is some arbitrary, positive constant. Note that this constraint is
compatible with the definition of the weight function (5.31). The resulting
polynomial will be denoted by Rl(k) (x). The subscript [ in Rl(k) (x) stands for
the sequence of degrees of the S-polynomials, in a chosen order.

The proof of Theorem 5.4 can be given by an explicit change of vari-
ables [29]. It can be extended in the following way :

Theorem 5.5. Consider a binary coupling scheme, Ty, with fized values k;
and l; . Consider another binary coupling scheme Ty with the same fixed values
k; but varying values U}, such that |l| = |l'|. Then the polynomials Rl(qul (x)

can be written as a linear combination of polynomials Rl(,k )T2 (z) :

R} (x)= 3" CvRI, (@), (5.34)
=l

The connection coefficient Cp is equal to the 3nj-coefficient (Th,Ta) (which
is zero anyway if 1| # |U'|).
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So for two n-variable Jacobi polynomials corresponding to the same binary
coupling scheme, their inner product is given by (5.32). For two n-variable
Jacobi polynomials with different binary coupling schemes, the inner product
is essentially given by a 3nj-coefficient :

g2lkl+2)1|—1 ntl

/T i, (@) Ry, (20 (2)de = (0, 7o) Eg 3 [T k),
s i=1
(5.35)

where w(®) (z) is the classical weight function (5.31).

5.6 Notes and Exercises

The 3nj-coefficients have been considered mainly in the physics literature, but
only for particular n-values. The 9j-coefficients (more precisely, a particular
97 -coefficient, if one follows the terminology of these notes) appeared already
in Wigner’s paper [52], and were studied by Jahn and Hope [21]. They also
introduced 12j-coefficients. The idea of binary coupling in general appears
in the book of Biedenharn and Louck [7, Topic 12, volume 9], for the su(2)
case. Here we have shown that this technique can be applied to the su(1,1)
case as well. In this context, it should be mentioned that a powerful graphical
technique was developed by the Jucys school, in order to reduce and compute
3nj-coefficients [23]. Their technique, however, only applies to the su(2) case.

The Biedenharn-Elliott idendity [6][10] was originally just a curious iden-
tity, also useful to derive recurrence relations between Racah coefficients. Its
essential role in mathematical applications became clear only much later, see
e.g. [12], especially with the developments of quantum groups.

The technique of binary coupling trees was used in [11], and described
in [28]. Applications and implementations are given in [14]. A systematic study
of binary coupling trees, the graph G, , and optimal expressions for 3nj-
coefficients is found in [15], [16].

The convolution identities of section 5.5 find their background in [26].
Here, they are deduced differently, by formal substitutions in the Biedenharn-
Elliott identity. The multivariable orthogonal polynomials of this section were
analysed in [29]; some special cases appeared already in the literature, see
references in [29]. The relation between tensor products of positive discrete
series representations of su(1,1) and multivariable orthogonal polynomials is
also discussed in detail in the work of Rosengren [40].

Exercises

1. Use the technique of binary coupling to show that
152,912 __ _ 1 \Ji1tde+is+i—ji2—jes—lyri2.d1.d12 7 771,73,0
Js.J.jes Z( 1) Uj3,j’l Uj2 2JhJ23”
1

Rewrite this in the form
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2. Assume that (a,b,c) forms a triad. Show that

abx | _ 2¢

Z(2x+1){abc} = (-1)%, (5.37)
where the sum is over all (integer or half-integer) z which obey all trian-
gular conditions.

3. Let j1, jo, js and j4 be four su(2) representation labels. In the context

of angular momentum theory one defines the 9j-coefficient as :

Ji J2 Jiz <€((j1j3)j13(j2j4)j24)j e((j1j2)j12(j3j4)j34)j>
J3 Ja a4 p = —— - L . :
13 joa j V(212 + 1) (234 4+ 1)(2513 + 1) (224 + 1)

Apply the technique of binary recoupling trees to compute an expansion
of this coefficient in terms of Racah coefficients. Deduce that

Sy ohoh fedrt sl vl s

z pcb

Observe the similarities between (5.37) and (4.44), (4.43) and (5.36),
(5.38) and (5.13).

4. Verify that by choosing the parameters in Corollary 5.1 so that the con-
tinuous Hahn polynomials become the (discrete) Hahn polynomials, one
obtains a convolution identity for Hahn polynomials. Furthermore, check
that the identity thus obtained is equivalent with (4.13).
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1 Introduction

These lecture notes give an introduction to a recently developed method to ob-
tain asymptotics for orthogonal polynomials. The method is called “steepest
descent method for Riemann-Hilbert problems”. It is based on a characteri-
zation of orthogonal polynomials due to Fokas, Its, and Kitaev [15] in terms
of a Riemann-Hilbert problem combined with the steepest descent method
introduced by Deift and Zhou in [12] and further developed in [13, 11]. The
application to orthogonal polynomials was initiated in the seminal papers of
Bleher and Its [4] and Deift, Kriecherbauer, McLaughlin, Venakides and Zhou
[8, 9]. These works were motivated by the connection between asymptotics of
orthogonal polynomials and universality questions in random matrix theory
[7, 27]. An excellent overview can be found in the book of Percy Deift [7], see
also [10, 26]. Later developments related to orthogonal polynomials include
[2, 3, 5, 18, 20, 21, 22, 23, 34].

In this exposition we will focus on the paper [23] by Kuijlaars, McLaughlin,
Van Assche, and Vanlessen. That paper applies the Riemann-Hilbert tech-
nique to orthogonal polynomials on the interval [—1,1] with respect to a
modified Jacobi weight (1 — z)*(1 + z)?h(x) where h is a non-zero real an-
alytic function on [—1,1]. It should be noted that the earlier works [4, 8, 9]
dealt with orthogonal polynomials on the full real line. The fact that one
works on a finite interval has some technical advantages and disadvantages.
The disadvantage is that one has to pay special attention to the endpoints.
The main advantage is that no rescaling is needed on [—1,1], and that we
can work with orthogonal polynomials with respect to a fixed weight func-
tion, instead of orthogonal polynomials with respect to varying weights on R.
Another advantage is that the analysis simplifies considerably on the interval
[-1,1], if the parameters o and § in the modified Jacobi weight are :l:%. In
that case, there is no need for special endpoint analysis. The case a = § = %
will be worked out in detail in the first part of this paper (up to Section 12).

For general a, 3 > —1, the analysis requires the construction of a local
parametrix near the endpoints. These local parametrices are built out of mod-
ified Bessel functions of order o« and 3. For orthogonal polynomials on the
real line, one typically encounters a parametrix built out of Airy functions
[7, 8, 9]. The explicit construction of a local parametrix is a technical (but es-
sential and beautiful) part of the steepest descent method. This is explained in
Section 14. The asymptotic behavior of the orthogonal polynomials can then
be obtained in any region in the complex plane, including the interval (—1,1)
where the zeros are, and the endpoints +1. We will give here the main term in
the asymptotic expansion. It is possible to obtain a full asymptotic expansion,
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but for this we refer to [23]. We also refer to [23] for the asymptotics of the
recurrence coefficients.

We will not discuss here the relation with random matrices. For this we
refer to the papers [8] and [24] where the universality for the distribution of
eigenvalue spacings was obtained from the Riemann-Hilbert method.

To end this introduction we recall some basic facts from complex anal-
ysis that will be used frequently in what follows. First we recall Cauchy’s
formula, which is the basis of all complex analysis. It says that

0= 5 § 1) 4

21 s—z

whenever f is analytic in a domain €2, «y is a simple closed, positively oriented
curve in 2, encircling a domain €2y which also belongs to 2, and z € ().

A second basic fact is Liouville’s theorem, which says that a bounded
entire function is constant. An extension of Liouville’s theorem is the following.
If f is entire and f(z) = O(z™) as z — oo, then f is a polynomial of degree
at most n.

Exercise 1. If you have not seen this extension of Liouville’s theorem
before, (or if you forgot about it) try to prove it.

We also recall Morera’s theorem, which says that if f is continuous in
a domain 2 and satisfies fﬁ/ f(z)dz = 0 for all closed contours v in Q, then
f is analytic in Q.

We will also use some basic facts about isolated singularities of analytic
functions. In a basic course in complex analysis you learn that an isolated
singularity is either removable, a pole, or an essential singularity. Riemann’s
theorem on removable singularities says that if an analytic function is
bounded near an isolated singularity, then the singularity is removable. The
following is an extension of this result.

Exercise 2. Let a € Q. If f is analyticin Q\{a}, and lim(z—a)f(z) =0,

then a is a removable singularity of f.

2 Boundary values of analytic functions

We will deal with boundary values of analytic functions on curves. Suppose
is a curve, which could be an arc, or a closed contour, or a system of arcs and
contours. We will always consider oriented curves. The orientation induces
a +side and a —side on ~. By definition, the +side is on the left, while
traversing y according to its orientation, and the —side is on the right.

All curves we consider are smooth (C! or even analytic), but the curves
may have points of self-intersection or endpoints. At such points the +
and —sides are not defined. We use «° to denote 7y without points of self-
intersection and endpoints.
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Let f be an analytic function on C \ 7. The boundary values of f in
s € v° are defined by
fus)= lm f(), f(s)= lim f(2),

zZ—S8
z on +side z on —side

provided these limits exist. If these limits exist for every s € v°, and f
and f_ are continuous functions on °, then we say that f has continuous
boundary values on ~°. It is possible to study boundary values in other
senses, like LP-sense, see [7, 14], but here we will always consider boundary
values in the sense of continuous boundary values.

If the boundary values f; and f_ of f exists, and if we put v(s) = f1(s)—
f=(s), we see that f satisfies the following Riemann-Hilbert problem
(boundary value problem for analytic functions)

(RH1) f is analytic in C\ .
(RH2) fi(s) = f-(s) +v(s) for s € y°.
We say that v is the jump for f over ~°.

Suppose now that conversely, we are given v(s) for s € v°. Then we may
ask ourselves whether the above Riemann-Hilbert problem has a solution f,
and whether the solution is unique. It is easy to see that the solution cannot be
unique, since we can add an entire function to f and obtain another solution.
So we need to impose an extra condition to guarantee uniqueness. This is
typically an asymptotic condition, such as

(RH3) f(2) =0 as z — oo.

In this way we have normalized the Riemann-Hilbert problem at infinity. It
is also possible to normalize at other points, but we will only meet problems
where the normalization is at infinity.

It turns out that there is a unique solution if v is Hélder continuous on -y
and if « is a simple closed contour, or a finite disjoint union of simple closed
contours, see [17, 28]. Then there are no points of self-intersection or endpoints
so that v = v°. In the case of points of self-intersection or endpoints, we need
extra conditions at those points.

If v is a simple closed contour, oriented positively, and if v is Holder
continuous on <y, then it can be shown that

flz)= L% ﬂds (2.1)

27 S—z

is the unique solution of the Riemann-Hilbert problem (RH1), (RH2), (RH3).
Tt is called the Cauchy transform of v and we denote it also by C(v). We
will not go into the general existence theory here (for general theory, see e.g.
[17, 28]), but leave it as an (easy) exercise for the case of analytic v.

Exercise 3. Assume that v is analytic in a domain  and that v is a
simple closed contour in 2. Prove that the Cauchy transform of v satisfies
the Riemann-Hilbert problem (RH1), (RH2), (RH3).
[Hint: Use a deformation of v and Cauchy’s formula.]
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Exercise 4. Give an explicit solution of the Riemann-Hilbert problem
(RH1), (RH2), (RH3), for the case where the jump v is a rational function
with no poles on the simple closed contour ~.

[Hint: Use partial fraction decomposition of v.]

To establish uniqueness, one assumes as usual that there are two solu-
tions f; and fo. Then the difference ¢ = f; — fo will solve a homogeneous
Riemann-Hilbert problem with trivial jump g4 = g— on ~. Then it follows
from Morera’s theorem that ¢ is analytic on . Hence g is an entire function.
From the asymptotic condition (RH3) it follows that g(z) — 0 as z — oo,
and therefore, by Liouville’s theorem, g is identically zero.

We will use the above argument, based on Morera’s theorem, also in other
situations. We leave it as an exercise.

Exercise 5. Suppose that « is a curve, or a system of curves, and that f is
analytic on C\ . Let vy be an open subarc of v° so that f has continuous
boundary values f; and f_ on = that satisfy f; = f_ on ~g. Show that
f is analytic across o .

In the case that v has points of self-intersection or endpoints, extra con-
ditions are necessary at the points of v\ v°. We consider this for the case of
the interval [—1,1] in the following exercise.

Exercise 6.

(a) Suppose that v is the interval [—1,1] and v is a continuous function on
(—1,1). Also assume that the Riemann-Hilbert problem (RH1), (RH2),
(RH3) has a solution. Show that the solution is not unique.

(b) Show that there is a unique solution if we impose, in addition to (RH1),
(RH2), (RH3), the conditions that

lim(z — 1) f(z) =0, lim (24 1)f(z) = 0.

z—1 z——1

The next step is to go from an additive Riemann-Hilbert problem to a
multiplicative one. This means that instead of (RH2), we have a jump condi-
tion
(RH4) fi(s) = f-(s)v(s) for s € 4°.

In this case, the asymptotic condition is typically
(RH5) f(2) — 1 as z — oco.

If ~ is a simple closed contour, and if v is continuous and non-zero on +,
then we define the index (or winding number) of v by

. 1
indv = %A,yv(s).

This is % times the change in the argument of v(s) as we go along v once
in the positive direction. The index is an integer. If the index is zero, then we
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can take a continuous branch of the logarithm of v on 7, and obtain from
(RH4) the additive jump condition

(log f)+(s) = (log f)~(s) + logv(s), ~ s€n.

This has a solution as a Cauchy transform

log f(2) = 1 %IOgU(S)ds,
8!

211 s—z

provided logv is Holder continuous on . Then

f(2) = exp (ﬁ fi losgf(j) ds) (2.2)

solves the additive Riemann-Hilbert problem (RH1), (RH4), (RH5).

Exercise 7. How would you solve a Riemann-Hilbert problem with jump
condition

f(s)f-(s) = v(s)

for s on a simple closed contour ~y7

3 Matrix Riemann-Hilbert problems

The Riemann-Hilbert problems that are associated with orthogonal polyno-

mials are stated in a matrix form for 2 x 2 matrix valued analytic functions.
A matrix valued function R : C\ vy — C?*? is analytic if all four entries of

R are analytic functions on C\ «. Then a typical Riemann-Hilbert problem

for 2 x 2 matrices is the following

(mRH1) R:C)\~y — C?*? is analytic.

(mRH2) Ry (s) = R_(s)V(s) for s € 4°, where V : v° — C?*? is a given
matrix valued function on ~°.

(mRH3) R(z) — I as z — oo, where I denotes the 2 x 2 identity matrix.

Because of (mRH3) the problem is normalized at infinity. The matrix valued
function V' in (mRH2) is called the jump matrix. If 4° # ~, then addi-
tional conditions have to be imposed at the points of self-intersection and the
endpoints.

The existence theory of the matrix Riemann-Hilbert problem given
by (mRH1), (mRH2), (mRH3) is quite complicated, and we will not deal
with it. In the problems that we will meet, we know from the beginning that
there is a solution. We know the solution because it is built out of orthogonal
polynomials. See [6] for a systematic treatment of the general theory of matrix
Riemann-Hilbert problems.

Also, we will only meet Riemann-Hilbert problems where the jump matrix
V' satisfies
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detV(s) =1, s €x°. (3.1)

Then we can establish uniqueness of the Riemann-Hilbert problem (mRH1),
(mRH2), (mRH3) on a simple closed contour. The argument is as follows.
First we consider the scalar function det R : C\ v — C. It is analytic on
C\ v, and in view of (mRH2) and (3.1) we have (det R); = (det R)_ on ~.
Thus det R is an entire function. From (mRH3) it follows that det R(z) — 1
as z — 00, so that by Liouville’s theorem det R(z) =1 for every z € C\ 7.
Now suppose that R is another solution of (mRH1), (mRH2), (mRH3). Since
R(z) has determinant 1, we can take the inverse, and we consider X (z) =

R(2)[R(2)]7!. Then X is clearly analytic on C\ v, and for s € v,

X1(5) = Ry (s)[Ra(s)] 7" (5)V(s)[R-(s)V(s)] "

(s)R_(s) = X_(s).

R_
R_

Thus X is entire. Finally, we have X (z) — I as z — 00, so that by Liouville’s
theorem, we get X(z) = I for every z € C \ v, which shows that R = R.
Thus R is the unique solution of (mRH1), (mRH2), (mRH3).

While existence of the solution is not an issue for us, we do need a result on
the behavior of the solution R. We need to know that when V is close to the
identity matrix on v, then R is close to the identity matrix in the complex
plane. We will need this result only for simple closed contours v and it will be
enough for us to deal with jump matrices that are analytic in a neighborhood
of .

r}n order to specify the notion of closeness to the identity matrix, we need a
norm on matrices. We can take any matrix norm, but for definiteness we will
take the matrix infinity norm (maximum row sum) defined for 2 x 2 matrices
R by

||| = max (|Ry1| + [Rizl, [Ro1| + [Raz|) -

If R(z) is a matrix-valued function defined on a set €2, we define

[Rllo = sup[|R(z)],
z€Q

where for ||R(z)|| we use the infinity norm. If R(z) is analytic on a domain
2, then one may show that ||R(z)|| is subharmonic as a function of z. If R(z)
is also continuous on (2, then by the the maximum principle for subharmonic
functions, it assumes its maximum value on the boundary of Q.

With these preliminaries we can establish the following result. The follow-
ing elementary complex analysis proof is due to A.I. Aptekarev [2].

Theorem 3.1. Suppose v is a positively oriented simple closed contour and
Q is an open neighborhood of v. Then there exist constants C' and 6 > 0 such
that a solution R of the matriz Riemann-Hilbert problem (mRH1), (mRH2),
(mRH3) with a jump matriz V' that is analytic on Q with

IV —1I]jq <0,
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satisfies
[R(z) 1] <CIV = I]la (3.2)

for every z € C\ ~.

Proof. In the proof we use ext(y) and int(y) to denote the exterior and
interior of +, respectively. So, ext(vy) is the unbounded component of C\ 7,
and int(vy) is the bounded component. Together with ~, we also consider
two simple closed curves . and ~;, both homotopic to v in €, so that
Ye C QNext(y) and v; C QNint(y), see Figure 1.

Fig. 1. Ilustration for the proof of Theorem 3.1. The shaded region is the domain
2, which contains the simple closed curves v, 7., and ;.

We choose r > 0 so that
min (dist(z, ve), dist(z, 7)) > r for every z € 7, (3.3)

where dist(z,7.) and dist(z,;) denote the distances from z to the respective
curves.

We write A=V — 1. Since R = R_ + R_A, we may view R_A as an
additive jump for R on . By (2.1) and the asymptotic condition (mRH3)
we thus have

R(z)=1+ ﬁj{ st (3.4)

for z € C\ ~. The integral in (3.4) is taken entrywise.
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The idea of the proof is to show that for ||A||q small enough, we have
|IR-(s)|| <4 for every s € v. (Any other positive number than 4 would also
do.) If we can prove this, then it follows by straightforward estimation on
(3.4) that

76 - 11 = | 55 f 2y
~ 2ndist(z, ) K
4l(v)

_ -1 .
— 2nmdist(z,7) v lo (3.5)

where {(7y) is the length of ~. This then proves (3.2) for dist(z,v) > r with
constant
_ 40)

9w

To handle the case when z is close to 7y, we apply the same arguments to the
curves v, and ;. Suppose for example that z € ext(y). Then we define

B R in ext(y) Uint(y;)
T LRV inint(y) Next(y;)

Then ]:2+ = R_ on v so that R is analytic across . On ~; we have the
jump R+ = R_V. The same arguments we will give below that lead to
|R_(s)|| <4 for s €y will also show that ||[R_(s)|| <4 for s € v; (provided
||Allq is sufficiently small). Then an estimate similar to (3.5) shows that for

every z,
4l (7;)

R(2)— 1| < ——1
I172(2) (= 2mdist(z, v;)

IV —1Illo.
For z € ext(y), we have R(z) = R(z) and dist(z,v;) > r by (3.3), so that we
get (3.2) with a maybe different constant C'. The same arguments apply for
z € int(7). In that case we define R so that it has a jump on 7.

So it remains to prove that ||[R_(z)|| < 4 for every z € 7. In order to do
this we put

M = max ||R_(z)]].
zey

Since R_(z) are the continuous boundary values for R taken from ext(y),
and R is analytic in ext(y), including the point at infinity, we have by the
maximum principle for subharmonic functions, that

[R(2)]| < M, z € ext(y).

We deform v to 7. lying in Q Next(y). Then dist(z,7.) > r for every z € v
by (3.3). For z € int(y), we then have
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1 R(s)A
R(z)=1+ —7{ Mds.
2 v S—2Z2

Letting z go to v from within int(vy), we then find

R+ j{ zZ e,
27rz e S—Z
and so, since Ry = R_(I + A),
_ L [ R()A(s) -1
R_(z) = <I—|— i} sz ds | (I+ A(z)) ", z €7.

We take norms, and estimate, where we use that ||R(s)|| < M for s € ~.,

IRl < (145

Mlala) [+ a2y sen

with I(v.) the length of .. If [|A(z)|| < % then H(I—I—A H <1+

2||A(2)]|, which follows easily from estimating the Neumann series

(IT+A() =) (AR)".

k=0

So we assume & > 0 is small enough so that

1 Uve) 1
0 < 3 and Dy d(1+29) < 3
Then, if ||A|lq < ¢, we find for z € 7,
L(ve
IRl < (1+ 2 ars) (14-20)
27r

1(7e)
=(1420)+—"M51+26
(1+26) + < Mo (1 +20)
1
<2+ -M.
< -|-2
Taking the supremum for z € v, we get M < 2 + %M , which means that

M < 4. So we have proved our claim that ||R_(z)|| < 4 for every z € v,
which completes the proof of the theorem.

Exercise 8. Analyze the proof of Theorem 3.1 and show that we can
strengthen (3.2) to

1R(2) -

I < ——]|V -1

for every z € C\ .
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4 Riemann—Hilbert problem for orthogonal polynomials
on the real line

Fokas, Its, and Kitaev [15] found a characterization of orthogonal polynomials
in terms of a matrix Riemann-Hilbert problem.

We consider a weight function w on R, which is smooth and has sufficient
decay at £o00, so that all moments [ z*w(z)dz exist. The weight induces a
scalar product [ f(z)g(z)w(z)dz, and the Gram-Schmidt orthogonalization
process applied to the sequence of monomials 1, z,22,..., yields a sequence
of orthogonal polynomials 7,71, 7o, ..., that satisfy

/ﬂ'n(x)ﬂm(x)w(x) dx = hpdpm, h,, > 0.

We will choose the polynomials to be monic m,(z) = 2™ + --- . If we put

Tn = h;1/27 pn(x) = ’Ynﬂ'n(x)

then the polynomials p,, are the orthonormal polynomials, i.e.,

/pn(x)pm(x)w(x)dx = On,m-

The orthonormal polynomials satisfy a three-term recurrence

TPn (l‘) = an+1pn+1(x) + bnpn (l‘) + anpn—l(x)

with certain recurrence coefficients a,, and b,,. The monic form of the recur-
rence is
27 (2) = Ty 1 (2) + bpmp () + @271 ().
Fokas, Its, Kitaev [15] formulated the following Riemann-Hilbert problem
for a 2 x 2 matrix valued function Y : C\ R — C2*2,
(Y-RH1) Y is analytic in C\ R.

(Y-RH2) Yi(z) = Y_(x) (1)“’(1””)

(Y-RH3) Y(z) = (I +0 (%)) (zon Zon) as z — 00.

The asymptotic condition (Y-RH3) does not say that Y (z) tends to the iden-
tity matrix as z tends to infinity (unless n = 0), so the problem is not
normalized at infinity in the sense of (mRH3).

Theorem 4.1 (Fokas, Its, Kitaev). The Riemann-Hilbert problem (Y-
RH1)-(Y-RHS3) for Y has a unique solution given by

for x e R.

T (2) C(mpw)(z)
Y(z2)= (4.1)
cnTn-1(2) enC(mn_1w)(2)
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where w, and m,—1 are the monic orthogonal polynomials of degrees n and
n— 1, respectively, C(m;jw) is the Cauchy transform of mjw,

1 .
C(mjw)(z) = _/ Mdm,
2m Jp T —2
and ¢, 1s the constant
Cn = —2miy2_,.

Proof. Consider the first row of Y. The condition (Y-RH2) gives for the first
entry Y11
(Vi) (@) = (Vi)-(),  z€R.

Thus Y1; is an entire function. The asymptotic condition (Y-RH3) gives
Yii(z) = 2" + Oz 1) as z — 00.

By the extension of Liouville’s theorem, this implies that Yi; is a monic
polynomial of degree n. We call it P, .
Now we look at Yi2. The jump condition (Y-RH2) gives

(Y12)+(2) = (Y12) - (z) + (Y11) - (z)w().
We know already that Y;; = P,,, so that
(Yia) (&) = (Yia)_ (&) + Pa(@)w(a). (42)
The asymptotic condition (Y-RH3) implies
Yia(2) = O (z7"71) as z — 00. (4.3)
The conditions (4.2)—(4.3) constitute an additive scalar Riemann-Hilbert

problem for Yjs. Its solution is given by the Cauchy transform

Vis(2) = C(Pyw)(2) = —— /R Po(@wl@)

211 xr—z

Now in general the Cauchy transform tends to zero like 27! as z — oo,

and not like 27"~ as required in (4.3). We need extra conditions on the
polynomial P, to ensure that (4.3) is satisfied. We write

I _7521 zF n z"
r—z = 2kt D an(z - 2)’
Then
Via(z) = %/Pn(x)w(x) [—nzl fil P ]dx
i i 2"(x — 2)
n—1 1

-y U Py (z)2*w(z) dx} Z,% +0 ().

k=0
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k—1

In order to have (4.3) we need that the coefficient of 2~ vanishes for

k=0,....,n—1. Thus
/Pn(x)ka(x)dx =0, k=0,...,n—1.

This means that P, is the orthogonal polynomial, and since P, is monic,
we have P, = m,. Thus we have shown that the first row of Y is equal to
the expressions given in the equality (4.1). The equality for the second row is
shown in a similar way. The details are left as an exercise.

Exercise 9. Show that the second row of Y is equal to the expressions
given in (4.1).

Remark concerning the proof of Theorem 4.1 The above proof of
Theorem 4.1 is not fully rigorous in two respects. First, we did not check
that the jump condition (Y-RH2) is valid in the sense of continuous boundary
values, and second, we did not check that the asymptotic condition (Y-RH3)
holds uniformly as z — oo in €\ R. This is not immediate since R is an
unbounded contour.

Both of these questions are technical issues whose treatment falls outside
the scope of this introduction. Suitable smoothness and decay properties have
to be imposed on w. The reader is referred to [9, Appendix A] for a discussion
of these matters. There it is shown that it is enough that 2™w(x) belongs to
the Sobolev space H! for every n.

5 Riemann—Hilbert problem for orthogonal polynomials
n [—1,1]

We will study polynomials that are orthogonal with respect to weights on the
finite interval [—1,1]. In particular we will consider modified Jacobi weight

w(z) = (1 —z)*(1 4 2) h(z), z e (—1,1) (5.1)

where a, > —1 and h is positive on [—1,1] and analytic in a neighbor-
hood of [—1,1]. The weights (5.1) are a generalization of the Jacobi weights
which have h(z) = 1. In analogy with the case of the whole real line, the
Riemann-Hilbert problem that characterizes the orthogonal polynomials has
the following ingredients.

We look for a matrix valued function Y : C\ [~1,1] — C?X? that satisfies

(Y-RH1) Y is analytic in (C\ [—1,1].
(Y-RH2) Yi(x) =Y_(x) ) for z € (—1,1)

w(z
(Y-RH3) Y(2) = (I+O( )1> ( 2 z‘") as z — oo
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Note that we restrict ourselves in the jump condition (Y-RH2) to the open
interval (—1,1). The jump is not defined at the endpoints +1, since the
boundary values Yy are not defined there. If o or 8 (or both) is negative,
there is also a problem with the definition of w at the endpoints.
We can show, as for the case of orthogonal polynomials on the real line,
that
m™(z)  C(mw)(2)
Y(z) = (5.2)
cnTn-1(2) enC(mh_1w)(2)

is a solution of the Riemann-Hilbert problem, where now C' denotes the
Cauchy transform on [—1, 1], that is,

1 T )wl\xT
Clrpw)(z) = —— / m(@)w(@) 4

= 2mi 1 T—=z
However, this will not be the only solution. In order to ensure uniqueness we
need extra conditions at the endpoints 1. The endpoint conditions are

(Y-RH4) As z — 1, we have
1]lz—1]*\ .
(’)(1 z—la) if a <0,

Y(z) = 1log\z—1| . .
(2) O(llogz—1| if a =0,

11 .
(9(11) if a > 0.

(Y-RH5) As z — —1, we have

1]z +1%) .
O(l |z+1ﬁ> if 3 <0,

Yi(z) = 1log|z + 1]\ . .
(2) O(llogz+1| if5=0,

11 .
(9(11) if 6> 0.

In (Y-RH4)-(Y-RH5) the O conditions are to be taken entrywise, so the
condition (Y-RH4) in the case a@ < 0 means that

Yi1(2) =0(1)  Yia(z) = O(|z — 1]%)
Ya1(2) = O(1)  Yao(z) = O(|z — 1]%)

as z — 1. So Y71 and Y5; should remain bounded at z = 1, while Yio and
Yao are allowed to grow as z — 1, but not faster than O(]z — 1]%).

Now we can prove that Y given by (5.2) satisfies the boundary conditions
(Y-RH4)—(Y-RHS5), and that it is in fact the only solution to the Riemann-
Hilbert problem (Y-RH1)-(Y-RHS5). This is left to the reader as an exercise
(see also [23]).
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Exercise 10. Show that (5.2) satisfies the conditions (Y-RH4)—(Y-RH5). ‘

Exercise 11. Show that the Riemann-Hilbert problem (Y-RH1)-(Y-RH5)
for Y has (5.2) as its unique solution.

6 Basic idea of steepest descent method

The steepest descent method for Riemann-Hilbert problems consists of a se-
quence of explicit transformations, which in our case have the form

Y—T—S— R.

The ultimate goal is to arrive at a Riemann-Hilbert problem for R on a system
of contours v,
(R-RH1) R is analytic on C\ 7,
(R-RH2) R4(s) = R_(s)V(s) for s €,
(R-RH3) R(z) — I as z — o0,
in which the jump matrix V is close to the identity.
Note that Y depends on n through the asymptotic condition

o-(o)(: 1)

and so, to indicate the n-dependence, we may write ¥ = Y (). Also the
transformed functions 7', S, and R depend on n, say T =T, § = 8™
and R = R™ . The jump matrix V = V™ in (R-RH2) also depends on n.
The contour v, however, does not depend on n. The jump matrices that we
will find have analytic continuations to a neighborhood of +, which is also
independent of n, and we will have

V(")(s):I—i—(’)(l) as n — oo,
n

uniformly for s in a neighborhood of «y. Then, from Theorem 3.1, we can
conclude that
R(”)(z):I—i—O(%) as n — oo,

uniformly for z € C\ . Tracing back the steps Y s T 1 §() s R(M)
we find asymptotics for Y™ | valid uniformly in the complex plane. So, in
particular, since m, is the (1,1) entry of Y31, we find asymptotic formulas
for the orthogonal polynomials that are uniformly valid in every region of the
complex plane.

The steepest descent method for Riemann-Hilbert methods is an alterna-
tive to more classical asymptotic methods that have been developed for dif-

ferential equations or integral representations. The Jacobi polynomials pd
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that are orthogonal with respect to (1—z)%(1+2)? have an integral represen-
tation and they satisfy a second order differential equation. As a result their
asymptotic behavior as n — oo is very well-known, see [31]. The orthogonal
polynomials associated with the weights (5.1) do not have an integral repre-
sentation or a differential equation, and so asymptotic methods that are based
on these cannot be applied. The steepest descent method for Riemann-Hilbert
problems is the first method that is able to give full asymptotic expansions for
orthogonal polynomials in a number of cases where integral representations
and differential equations are not available.

It must be noted that other methods, based on potential theory and ap-
proximation theory, have also been used for asymptotics of orthogonal poly-
nomials [25, 30, 32]. These methods apply to weights with less smoothness,
but the results are not as strong as the ones we will present here.

7 First transformation ¥ — T
The first transformation uses the mapping
oz) =2+ (2 -1)Y2,  zeC\[-1,1].

That branch of the square root is chosen which is analytic in C\ [-1,1] and
which is positive for z > 1. Thus (22 — 1)'/? is negative for real z < —1.

Exercise 12. Show the following

(a) ¢ is a one-to-one map from C\ [—1, 1] onto the exterior of the unit disk.
() ¢(z) =224+ 0 (1) as 2 — .
(©) @1 (2)p_(2) =1 for z € (—1,1).

The first transformation is

T(z) = (2(; 20n> Y (2) <%0(ZO)" @(g)n) , (7.1)

Then straightforward calculations show that T satisfies the Riemann-
Hilbert problem

(T-RH1) T is analyticin C\ [— 1]
T-RH2) Ty (z) =T_(x) (9"+(”5) @_“{SQ) for z € (—1,1).

( ) T
(T-RH3) T(2) =1+ 0O (1) as z — .
(T-RH4)—(T-RH5) T has the same behavior as Y near 1.

Exercise 13. Verify that the jump condition (T-RH2) and the asymptotic
condition (T-RH3) hold.

The effect of the transformation Y — T is that the problem is normalized
at infinity, since T(z) — I as z — oo. This is good. What is not so good, is
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that the jump matrix for T is more complicated. The entries on the diagonal
have absolute value one, and so for large n, they are rapidly oscillating as x
varies over the interval (—1,1). The effect of the next transformation will be
to transform these oscillations into exponentially small terms.

Why did we choose to perform the transformation (7.1)? An easy answer
would be: because we will see later that it works. A second answer could be
based on a list of desirable properties that the function ¢ should have. The
honest answer is that already a lot is known about orthogonal polynomials
and their asymptotics, see, e.g., [16, 25, 29, 31, 33]. For example it is known
that

lim (m,(2))" = M, zeC\[-1,1] (7.2)
n—oo 2
where that branch of the nth root is chosen which behaves like z at infinity.
This is the nth root asymptotics of the polynomials 7, . It is intimately
connected with the weak convergence of zeros. The nth root asymptotics (7.2)
holds for a very large class of weights w on (—1,1). It is for example enough
that w > 0 almost everywhere on (—1,1).
A stronger kind of asymptotics is

o Z12(2) _ Do)
n—oo p(z)" D(z)

, (7.3)

which is valid uniformly for z € C\ [—1,1]. The strong asymptotics (7.3)
is valid for weights w satisfying the Szeg6 condition, that is,
1
log w(t)
——dt > —0.
1 V1 —1t2
The function D appearing in the right-hand side of (7.3) is known as the
Szeg6 function. It is analytic and non-zero on C\ [—1,1], and there it is a
finite limit R }
lim D(z) = D(o0) € (0, 00).

Z—00
Note that in what follows, we will use a different definition for the Szegd
function, and we will call it D, instead of D.

Since we want to recover the asymptotics (7.2)—(7.3) (and more) for the
modified Jacobi weights, we cannot avoid using the functions that appear
there. This explains why we perform the transformation (7.1). The (1,1)
entry of T' is
2", (2)

p(2)"
and this is a quantity which we like. We have peeled off the main part of
the asymptotics of 7, . By (7.3) we know that the limit of T11(z) exists as
n — oo, and the limit is expressed in terms of the Szeg6 function associated
with w. This indicates that the transformation Y +— 7T makes sense. It also
indicates that we will have to use the Szeg6 function in one of our future
transformations.

Tll(Z) =
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Exercise 14. Another idea would be to define

o= (0 0 (5.2

This would also lead to the (1,1) entry being %. Work out the

Riemann-Hilbert problem for 7'. What is the advantage of T over T'?

Exercise 15. The transformation

70 = (107 ) v (T 25)

would lead to the same (1,1) entry, but this transformation is a very bad
idea. Why?

8 Second transformation T — S

The second transformation 7" +— S is based on a factorization of the jump
matrix in (T-RH2)

(75 ) = (D) (3 5) ()
0 SO:QTL % :2n 1 _% 0 %<p;2n 1)

which can be verified by direct calculation.

Instead of making one jump across the interval (—1,1), we can now think
that we are making three jumps according to the above factorization. That is,
if we cross the interval (—1,1) from the upper half-plane into the lower half-

plane, we will first make the jump (1 1_2n (1)), then the jump ( 01 16)),
w Tw
0

. 1
and finally the jump (lwgn 1)

Now recall that w(xﬁuz (1—2)*(1+x)?h(x) is the modified Jacobi weight.
The extra factor h is positive on [—1,1] and analytic in a neighborhood of
[-1,1]. Then there is a neighborhood U of [—1,1] so that h is analytic on
U with positive real part, see Figure 2. All our future deformations will be
contained in U.

We will consider (1 — z)* as an analytic function on C \ [1,00) where
we take the branch which is positive for real z < 1. Similarly, we will view
(14 2)? as an analytic function on C \ (—oco, —1]. Then

w(z) = (1 - 2)*(1 + 2)°h(2)

is non-zero and analytic on U \ ((—oo, —1]U[1,00)), and it is an analytic
continuation of our weight w(x).
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U

Fig. 2. Neighborhood U of [—1,1] so that h is analytic with positive real part in
U.

. . 1 1
The two jump matrices (1 _on (1)> and <1 o=2n (D then have natural
w ¥+ wt—
extensions into the upper and lower half-planes, respectively, both given by

<L@1—2n (1)> . Note that for z away from the interval [—1, 1], we have |¢(2)| >
w

1, so that ( 1

1 (2)=2n (1)) is close to the identity matrix if n is large.
w

We open a lens-shaped region around (—1,1) as shown in Figure 3 of the
paper. The lens is assumed to be contained in the domain U. The upper and
lower lips of the lens are denoted by X; and X3 respectively. The interval
[—1,1] is denoted here by X5.

Then we define the second transformation 7°— S by

T outside the lens

T (_ 1 1_2n (1)) in the upper part of the lens

w? (8.1)

T (L;—% (1)) in the lower part of the lens.

The transformation results in jumps for S on the interior of the three curves
X1, X5 =[-1,1] and X5. It follows that S satisfies the following Riemann-
Hilbert problem

(S-RH1) S is analytic in C\ (X U[-1,1]U X3).
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Fig. 3. Opening of lens in domain U .

(SRH2) S, = S_ (_0l 16’) on (~1,1).

w

Sy=85_1|1 1,271(1) on X{ and 5.

(S-RH3) S(z) - I+0 (1) as z— o0,
(S-RH4) Conditions as z — 1:

e For a<0: | |
1|z—1|¢
S(z)-@(l z—1|a)'

e For a=0: | | | |
_ log|z — 1| log|z — 1
S(Z)_O(logz—1|log|z—1>'

e For o> 0:
o (1 1) as z — 1 outside the lens,
S(z) =
O <I§ : H:: }) as z — 1 inside the lens.
(S-RH5) Similar conditions as z — —1.

The endpoint condition (S-RH4) is rather awkward now, especially if a > 0,
where we distinguish between z — 1 from within the lens, or from outside
the lens. It turns out that they are necessary if we want a unique solution.
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Exercise 16. Show that the Riemann-Hilbert problem (S-RH1)-(S-RH5)
for S has a unique solution.

[Note: we already know that there is a solution, namely the one that we find
after transformations Y +— T +— S. One way to prove that there is no other
solution, is to show that these transformations are invertible. Another way
is to assume that there is another solution S and show that it must be equal
to the S we already have.]

The opening of the lens in the transformation 7"+ S is also a crucial step
in the papers [8, 9] by Deift et al., which deal with orthogonal polynomials on
the real line, see also [7]. It transforms the oscillatory diagonal terms in the

jump matrix for 7' into exponentially small off-diagonal terms in the jump

matrix for S. Indeed, in (S-RH2) we have a jump matrix < 1 (plfzn ?) on XY

w

and X3. Since |¢(z)| > 1 for z on X¢ and X9, the entry 2¢~2" in the jump
matrix tends to 0 exponentially fast. The convergence is uniform on compact
subsets of X and X, but it is not uniform near the endpoints +1.

2n

9 Special case a = (8 = —

N | =

For special values of o and 3, the subsequent analysis simplifies considerably.
These are the cases a = j:%, 6= j:%. We will treat the case a = g = —%,
so that

w(z) = (1—2%)"2h(z).

In this case, we open up the lens further so that Xy and X3 coincide along
two intervals [-1—4,—1] and [1,14 6], where ¢ > 0 is some positive number.

Fig. 4. Opening of lens in case a = = —
coincide on the intervals [—-1 — 4§, —1] and |

The upper and lower lips of the lens
1+9].

1
1.
L,

On the intervals (—1 —§,—1) and (1,1 +J) two jumps are combined. If
we calculate the total jump there, we have to be careful, since w has a jump
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on these intervals too. In fact, we have
wi(z) = —w_(z), forx > 1orz < —1 (with x € U),

which follows from the fact that a = § = —
d,—1) or (1,149),

( 1 o) ( 1 0) 1 0 s
1 . —2n 1 _—2n = 1 1 —2n =4
P ) \grem <w—, + m) prl

This means that S is analytic across (—1 —d,—1) and (1,1 + 6). The only
remaining jumps are on [—1, 1] and on a simple closed contour that we call ~.
We choose to orient v in the positive direction (counterclockwise). It means
that in the upper half-plane we have to reverse the orientation as shown in
Figure 5.

1. Then we calculate on (—1 —

Fig. 5. Closed contour v that encircles [—1,1]. S has jumps only on v and [—1,1].

It follows that in this special case S satisfies the following Riemann-Hilbert
problem.

(S-RH1) S is analytic in C\ ([-1,1]U~).

(S-RH2) S; — 5_ (_0_ ) on (-1.1)

1
)
S, =5_ (L@—% 1) on yN{Imz < 0} and
S, =5_ (_L;—% (1)) on yN{Imz > 0}.
(S-RH3) S(z) :l.uf—l—(’)(%) as z — 00.

(S-RH4) S(z)=0 Llz= 1‘:_ as z — 1.
1]z —1]

[N

(S-RH5) S(z)=0 ! |Z+1‘:_ as z — —1.
1lz+1

= N= N
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Exercise 17. If you do the analysis in this section for the case a = g = +%
then everything will be the same except for the endpoint conditions (S-RH4)

1
and (S-RH5). Show that they change to S(z) = O (|Z -1 1) as z — 1,

lz—1]"2 1
_1
and S(z) =0 (IZ i 12 1) as z — —1, respectively.

10 Model Riemann Hilbert problem

The jump matrix for S is uniformly close to the identity matrix on the simple
closed contour «. Only the jump on the interval [—1,1] is not close to the
identity. This suggests to look at the following model Riemann-Hilbert prob-
lem, where we ignore the jump on . We look for N : C\ [~1,1] — C?x2
satisfying
(N-RH1) N is analytic in C\ [-1,1].

0 wx)
N-RH2) Ni(z) = N_(x) <_% 0 ) for x € (—1,1).

( ) N
(N-RH3) N(z2) — I as z — o0.
( ) N

z
N-RH4 (2)=0 L |Z_1‘:f as z — 1.
1]z —1]

1

(N-RH5) N(z) =0 (1 =+ 1?) as z — —1.

=

1lz4+1]"2
The conditions (N-RH4) and (N-RH5) are specific for the weights under
consideration (i.e., modified Jacobi weights with o = 8 = —%) For more

general weights on [—1,1], the corresponding problem for N would include
the parts (N-RH1), (N-RH2) and (N-RH3), but (N-RH4) and (N-RH5) have
to be modified.

Exercise 18. Let N be given by

a(z)+a"1(2) a(z)—a"1(2)
2 21

N(z) =
a(z)—a"1(2) a(z)+a"1(2)
—21 2
where i
-1
a(z) = u
(z+1)1/4

Show that N satisfies parts (N-RH1), (N-RH2), and (N-RH3) with w(z) =1
(Legendre case). What would the conditions (N-RH4) and (N-RH5) be for
this case?

The solution to the Riemann-Hilbert problem (N-RH1)-(N-RH5) is con-
structed with the use of the Szeg6 function. The Szegd function associated
with a weight w on [—1,1] is a scalar function D : C\ [-1,1] — C such that
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(D-RH1) D is analytic and non-zero in C\ [-1,1].
(D-RH2) Dy(x)D_(x) = w(x) for z € (—1,1).
(D-RH3) the limit lim D(z) = D exists and is a positive real number.

Note that (D-RH1)—(D-RH3) is a multiplicative scalar Riemann-Hilbert prob-
lem. We have not specified any endpoint conditions, so we cannot expect a
unique solution. In general we want that |D| behaves like |w|'/? also near
the endpoints. So for a modified Jacobi weight we would add the endpoint
conditions

(D-RH4) D(z) = O(]z — 1|*/?) as z — 1,
(D-RH5) D(z) = O(|z +1]|%/2) as z — —1.

If the weight satisfies the Szeg6 condition
! log w(x)
11— 22
then the Szeg6 function exists and is given by
(2 =12 (Y logw(z) dx )
2 aVI—a22x—2)"

Exercise 19. Show that D(z) as given by (10.1) does indeed satisfy the
jump condition Dy D_ = w.

dr > —00

D(z) = exp ( (10.1)

Exercise 20. Show that the Szeg6 function for the pure Jacobi weight
w(z) = (1 —2)*(1 +2)? is given by

(z—1)(z + 1)\ "/
v - (S55)

with an appropriate branch of the square root.

Having D we can present the solution to the Riemann-Hilbert problem
for N as follows.

b0 aeta” () atz)=a(z) S0
N(z) = ( 0 L , (102)
D=/ | ale)ze @) a)ta'(2) 0 D(2)
where
(Z _ 1)1/4

a(z) = I (10.3)
Exercise 21. Check that the jump condition (N-RH2) and endpoint con-
ditions (N-RH4)—(N-RH5) are satisfied.

[Hint: The middle factor in the right-hand side of (10.2) appears as the
solution for the Riemann-Hilbert problem for N in case w = 1, see Exercise
18]
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Exercise 22. Show that det N(z) =1 for z € C\ [-1, 1].

11 Third transformation S — R

Now we can perform the final transformation S +— R in the case o = 3 = —%.
We define
R(z) = S(z)N71(2). (11.1)
Since S and N have the same jump across (—1,1) it is easy to see that
Ri(x) = R_(x) for x € (—1,1), so that R is analytic across (—1,1). Then
R is analytic in C\ v with possible singularities at £1. Since det N =1, we
have from (N-RH4)

A flz=1T |z =12
N (z)-(’)( 1 1

as z — 1. Thus

1]z —1|"2 |z =173 |z = 1|73
R(z)=0 ) o
@=0(i ) e (T

_oflF-E -1
NPT T AP (e

as z — 1. So all entries of R have an isolated singularity at z = 1 such that
Rij(z) = O (|z - 1\*%) as z — 1. This implies that z = 1 is a removable

singularity. Similarly it follows that z = —1 is a removable singularity.

Fig. 6. Closed contour . R has a jump on ~ only.

So R is analytic across the full interval [—1,1], and so only has a jump
on -, as shown in Figure 6. We have the following Riemann-Hilbert problem
for R.



192 Arno B.J. Kuijlaars

(R-RH1) R is analytic on C\ 7.
(R-RH2) R.i(s) = R_(s)V(s) where

1
N(s) <w%s)‘p(3)2n (1)> N=1(s) forseyn{Imz <0},
0
1

N(s) (_ _om 1) N~1(s) for s € yN{Imz > 0}.

Vis) = 1
w(s) o(s)

(R-RH3) R(z) — I as z — oo.

Observe that the jump matrix V(s) is close to the identity matrix if n is
large.

Exercise 23. Prove that V is analytic in a neighborhood €2 of =y, and that

|V —Io=0(e*") as n — oo.

for some constant ¢ > 0.

The Riemann-Hilbert problem for R is of the type discussed in Theorem
3.1. The problem is posed on a fixed contour 7 (independent of n) and the
jump matrix V' is analytic in a neighborhood of ~ where it is close to the
identity. It follows from Theorem 3.1 that

R(z) =1+ 0 (e~") (11.2)

uniformly for z in C\ 7. Tracing back the steps Y — T +— S — R we are
then able to find asymptotics for Y as n — oo, and in particular for its (1,1)
entry, which is the orthogonal polynomial 7, .

Exercise 24. The analysis of Sections 9-11 goes through for all cases where
the parameters o and [ satisfy {a, 5} C {—%, %} Work out the details for
a=0= %

What goes wrong if v = %?

12 Asymptotics for orthogonal polynomials (case

1
a:ﬁ:—E

We repeat that the above analysis is valid for a = g = —%, and according to

the last exercise, can be extended to the cases o, 3 = :I:%. Now we show how
to get asymptotics from (11.2) for the orthogonal polynomials and for related
quantities.

The easiest to obtain is asymptotics for z € C\ [-1,1]. For a given z €
C\ [-1,1], we can open the lens around [—1,1] so that z is in the exterior
of v. Then by (7.1), (8.1), (11.1), and (11.2),
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Y(2) = (20n 20n> () (¢(S)n so(zo)‘”>
- (%o )5 (9 L5)
(5 mee (75

- (20n 20n> (I+0 (7)) N(2) <<p(§)” s@(zo)”>

as n — oo. For the orthogonal polynomial 7, (z) = Y11(z) we get

m™(2) = (¢(zz)) [N11(2) (1+ 0O (7)) + Na1(2)O (e7") ] .

Since Ni; does not become zero in C\ [—1, 1], we get the strong asymptotic
formula

i (2) = (@) Ni(z) (140 (=) (12.1)

as n — 0o. For Njj(z) we have from (10.2) the explicit expression

Do a(z) +a(z)?
D(z) 2

Nii(z) = (12.2)

in terms of the Szegd function D associated with w and the function a(z) =

%. The formula (12.1) is valid uniformly for z in compact subsets of

C\ [-1,1].

\1£‘0r as}ymptotics on the interval [—1,1] we have to work somewhat harder,
the basic difference being that the transformation from 7' to S is non-trivial
now. We take z in the upper part of the lens. Then the transformations (7.1),
(8.1), and (11.1) yield
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o= (5 2)mo ( )

o D a(z)+<21_1(z) a(z)*zq_l(z)
o) (5 o)
a(z)—a"1(2)

a(z)+a”'(z)
2

—21

« (D(z)_l 0 ) ( O )
0 D(2)) \gmw) " elx)™")"
So for the first column of Y we have

_— b a(z)tol(z) alz)=a”l(z) oGy
"Y1i1(z o i #
-R
(2"Y21(2)> (z)( 0 Dool) a(x)=a='(2) a(z)+a” () D(2)
—21 2

w(z)p(2)"
Now we take x € [—1,1], and we let z tend to x from the upper part of the

lens. So we have to take the +boundary values of all quantities involved. It
is tedious, but straightforward, to check that for z € (—1,1),

o+(x) =2+ 1 — 22 =exp (iarccosz),

at(z) +ai'(z) _ 1

1. T
5 N BT exp (51 arccosT — ’LZ> ,
1 1. + T
ex — —=7%arccosx =,
2i V21 —22)F TP\ 2 1

D (z) = Vw(x) exp (—iv(z)),
where 9 (z) is a real-valued function, which is given by
W) = VIi—22 (! logw(t) dt
T o aVI—et—a’

in which the integral is a principal value integral. Putting this all together we
find for the orthogonal polynomial 7, (z) with = € [-1,1],
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T (z) = o w\(@)l()lm_ oy [Ru(x) cos ((n + %) arccosx + ¢(z) — %)

D2 L Rua(x) cos <(n _ %) arccos z + (z) — %)} . (12.3)

where
Rll(.ﬁ) =14+0 (e_c") s ng(.ﬁ) =0 (e—cn> . (124)

The asymptotic formula (12.3)—(12.4) is valid uniformly for x € [-1,1]. The
fact that this includes the endpoints +1 is special to the case a = ﬂ = —5
For more general o and 3, the formula (12.3) continues to hold on compact
subsets of the open interval (—1,1), but with error terms Ri1(z) =1+ O(2)
and Rya(z) = (9( ). Near the endpomtb +1, there is a different asymptotic
formula.

The formula (12.3) clearly displays the oscillatory behavior of 7, (x) on the

V2D TN
s R and it is
easy to check that this remains bounded as x — +1. The main oscillating term

is cos ((n+ 3) +¢(x) — Z) with corrections that are exponentially small as
n — 0o.

interval [—1,1]. The amplitude of the oscillations is

Exercise 25. The orthogonal polynomials for the weight (1 — xz)’% are

the Chebyshev polynomials of the first kind T, (z) with the property
T, (x) = cos(n arccos z), x € [-1,1].

The monic Chebyshev polynomials are

1

Tn(x) =
Compare this with the asymptotic formula (12.3). What are Ry; and Rjo
in this case?
[Hint: It may be shown that for a Jacobi weight (1 —z)%(1 + x)? one has

Doo = 2= and Y(x) = M arccosr — 5 .|

Exercise 26. The formula (12.3)—(12.4) is also valid for the case o = 3 = %
This may seem strange at first since then the amplitude of the oscillations

m is unbounded as x — +1. Still the formula (12.3) is valid

uniformly on the closed interval [—1,1]. How can this be explained?
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Exercise 27. Deduce from (12.1)—(12.4) that the coefficients a,, and b, in
the recurrence relation

T, (.13) = Tn+41 (l‘) + by, (37) + aiﬂ'n—l(x)

satisty

Lio@e™),  b=0(m. (12.5)

an:§

Remark related to exercise 27: Geronimo [19] made a thorough study
of orthogonal polynomials with recurrence coefficients that approach their
limits at an exponential rate. He showed that (12.5) holds, if and only if the
underlying orthogonality measure is a modified Jacobi weight (1 — )2 (1 +
2)¥2h(z), plus at most a finite number of discrete masspoints outside [—1,1].
I thank Jeff Geronimo for this remark.

13 Case of general a and (3

For the case of a modified Jacobi weight (1 — z)%(1 4 x)?h(z) with general
exponents «a, 3 > —1, we cannot do the transformation 7' — S as described
in Section 9. In general we have to stay with the transformation 7' — S as
in Section 8. So we are left with a Riemann-Hilbert problem on a system of
contours as shown in Figure 3.

We continue to use the Szegd function D(z) characterized by (D-RH1)-
(D-RH5), and the solution of the model Riemann-Hilbert problem

PN CEETRIERIEETRIE ) ST
e = (5 ) ,
Do a(z)—a"(2) a(z)+a"'(2) 0 D(Z)
—2i 2
1
with a(z) = E=17 . Note that N satisfies
(=+1)3
(N-RH1) N is analytic in C\ [-1,1].
0 w(x)
(N-RH2) Ny(z)=N_(z)| 1 0 for x € (—1,1).
w(x)

(N-RH3) N(z2) — I as z — o0.

The aim is again to prove that S is close to N if n is large. However,
the attempt to define R = SN~! and prove that R ~ I does not work. The
problem lies near the endpoints 41, as SN~! is not bounded near +1.

The way out of this is a local analysis near the endpoints +1. We are
going to construct a so-called local parametrix P in a disk {|z — 1] < 4}
centered at 1, where ¢ is a small, but fixed, positive number. The parametrix
should satisfy the following local Riemann-Hilbert problem

(P-RH1) P isanalyticin {|z—1| < §}\ X and continuous in {|z—1| < d}\X.
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(P-RH2) P has the same jumps as S on X' N {|z — 1| < d}.

(P-RH3) P = I—i—(’)(l))N as n — oo, uniformly on |z — 1| =94.
n

(P-RH4) P has the same behavior as S near 1.
Instead of an asymptotic condition, we now have in (P-RH3) a matching
condition. ~

Similarly, we need a parametrix P near —1 which should satisfy

-RH1) P is analytic in {|Z—|—1\ < 0}\ X and continuous in {|z+1| < §}\X.
-RH2) P has the same jumps as S on ¥ N {|z + 1| < d}.
-RH
-RH

"Ur"Ur

"Uz

(
(
( 3) P:<[+(’)<5)>Nasn—>oo,un1f0rmlyon |z 4+ 1] =90.
(P

4) P has the same behavior as S near —1.

The construction of a local parametrix is done in [7, 9] with the help of
Airy functions. Here we will need Bessel functions of order «. In the next
section, we will outline the construction of P. In the remaining part of this
section we will discuss how the transformation S +— R will be, assuming that

we can find P and P.
We define R by

S(z)N(2)~t if |z — 1| > 6 and |z + 1| > 4,
R(z) = ¢ S(2)P(2)7! if | — 1] < 4, (13.1)
S(z)P(z)~" if |z 4+ 1] < 4.

Then R is analytic outside the system of contours v shown in Figure 7.

M
+

Fig. 7. System of contours « so that R is analytic in C\~y. The system of contours
~ consists of two circles of radius d centered at +1, and two arcs joining these two
circles.
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R satisfies

(R-RH1) R is analytic on C\ ~.
(R-RH2) Ry = R_V on 7 where
PN =I1+0(%) for|z—1|=4,

1
n

PN1=1+0(%) for|z+1=9,

1
N (lwzn ‘1)) NI =40
’ on (Z1US)N{lz—1] >8]z +1| > 6}

1
(R-RH3) R(z)=1+0 ) ez 00
(R-RH4) R remains bounded at the four points of self-intersection of ~.

Now the jump matrices are I + O (%) uniformly on . The contour + is
not a simple closed contour as in Theorem 3.1, so we cannot use that theorem
directly. However, we can use the ideas in its proof to establish that we have

R(z)=I+0(%).

Exercise 28. Prove that

R(z)=T+0 (%) (13.2)

as n — oo, uniformly for z € C\ ~.

14 Construction of the local parametrix

The construction of the local parametrix P follows along a number of steps.
More details can be found in [23].

Step 1: Reduction to constant jumps

We put for z € U \ (—o0,1],

W(z) = ((z = )*(z + 1)%h(2)) ",

where the branch of the square root is taken which is positive for z > 1. We
seek P in the form .
_p) (W™ 0
pop (W2 0

In order to have (P-RH1), (P-RH2), and (P-RH4), we then get that P()

should satisfy

(P1-RH1) PM is analytic in {|z — 1| < d} \ ¥ and continuous in {|z — 1| <
o\ X.
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(P1-RH2) P = pWM (ealm; (1)) on XN {|z—1| <6},

Pt = p® ( 0 1) on (1—46,1),

-10
PJ(rl) =pW e_%“”: (1) on X§N{|z—1| <d}.

(P1-RH4) Conditions as z — 1:

_1la/2 _10‘/2
(1) = |2 =1 12 |
o If a<0,then PV(2)=0 (|z—1“/2 |z —1]2/2 )"
log |z — 1] log |z — 1]
_ W)= (o8 s
e If a >0, then

_1la/2 _1|—a/2
<z _ Ha/z Iz _ Ha/z) as z — 1 outside the lens,
PW(z) =
_1]—a/2 _1]—a/2
o <z 1] |z — 1

2 —1|o/2 |2 — 1|a/2) as z — 1 inside the lens.

For the moment we ignore the matching condition.

Step 2: Model Riemann-Hilbert problem

The constant jump problem we have for P(!) leads to a model problem for ¥,
defined in an auxiliary {-plane. The problem is posed on three semi-infinite
rays 71, 72, and 3, where 7, is the negative real axis, v; = {arg( = o},
and v3 = {arg( = —c}. Here o is some angle in (0, ), see Figure 8.

The Riemann-Hilbert problem for ¥ is:

(Z-RH1) ¥ is analytic in C\ (71 U2 Uns),
) () o

01 o

v, =v_ (_1 0) on vy,
1

WJr =v_ e—omi 1

(?-RH4) Conditions as { — 0:

C a/2 C a/2
e If a<0,then ¥(()=0 (Iga/z Ica/z) .

10 10
o If a=0,then ¥(¢)=0 (1o§ EI log E) '
) If o > 07 then

172 |¢] =/ ;
@ iclo/2 |¢|-o/2 as ¢ — 0 with |arg(| < o,

() = o |<‘7o¢/2 |<‘7o¢/2
(|<—a/2 ¢/

on 3.

)asC—>OWitha<argC|<7r.
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Y2

Fig. 8. Contours for the Riemann-Hilbert problem for ¥.

There is no asymptotic condition (¥-RH3) for ¥, so we cannot expect to
have a unique solution. Indeed, there are in fact many solutions. In the next
step we will construct one solution out of modified Bessel functions.

Step 3: Solution of model Riemann-Hilbert problem

The solution of the Riemann-Hilbert problem for ¥ will be built out of mod-
ified Bessel functions of order «, namely I, and K. These are solutions of
the modified Bessel differential equation

1 a?

The two functions I,(2¢'/?) and K, (2¢'/?) satisfy

//_1 a_2 _
Y <<1+4<)y—0.

We consider these functions for |arg(| < 7. On the negative real axis there
is a jump. In fact we have the connection formulas, see [1, 9.6.30-31],
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Ia(2<1/2)+ — eaﬂila(2<1/2)_
Ko (20Y2) ) = e ™ K (2¢Y/?) - — mil,(2¢Y/%)_

for ¢ on the negative real axis, oriented from left to right. We can put this in
matrix-vector form

(1a(262) £Ra(26), = ((26) £Ka(26%) (0 ).

Since the jump matrix is constant, it follows that the vector of derivatives
satisfies the same jumps, and also if we multiply this vector by 2mi(. This
has the effect of creating a matrix with determinant 1, due to the Wronskian
relation [1, 9.6.15]). Thus

1.(2¢'?) LKa(2¢1?)
2mi¢ 21 (2¢M?) —2¢M P K, (2¢1)
Ia(2cl/2) %Koc(zgl/z) Qi 1
= ) < 0 e—aﬂi)

2mi/2 1, (201/2) —2¢V2 K (2012

Now we have, as is easy to check,

e 1\ (1 0\/01\/ 10
0 e—onri - e—onri 1 ~10 e()mi 1)

This last product consists exactly of the three jump matrices in the Riemann-
Hilbert problem for ¥. It follows that if we define ¥ by

Uy (€) for |arg (| < o,
T(() = Uy (€) (_elam (1)) for o < arg( < m, (14.1)
WO(C) (e—inri ?) for —m < arg( < —o0,
where
1a(2¢'/?) TKa(2¢1?)
P(C) = : (14.2)

2mi¢' 2 1L,(2¢1/%) —2¢ 2K (2¢17)
then ¥ satisfies the jump condition (¥-RH2). Clearly, (?-RH1) is also satis-
fied. Because of the known behavior of the modified Bessel functions near 0,
see [1, 9.6.7-9], ¥ also has the behavior (¥-RH4) near 0.
Step 4: Construction of P(1)

Define for z € C\ (—o0, 1],



202 Arno B.J. Kuijlaars

£(2) = 7 loge(=)]* (14.3)

where we choose the principal branch of the logarithm. Since ¢4 (x)¢_(z) =
1 for x € (—1,1), we easily get that fi(x) = f_(x). So f is analytic in
C\ (—o0, —1]. The behavior near z =1 is

1 1 9 3

f(z):§(z—1)—ﬁ(z—1) +0((z — 1)) as z — 1.

So f is a conformal mapping of a neighborhood of 1 onto a neighborhood
of 0. We choose § > 0 sufficiently small so that ¢ = f(z) maps the disk
{]z — 1] < 6} conformally onto a convex neighborhood of 0 in the ¢-plane.
We still have some freedom in the precise location of the contours X; and
X5. Here we use this freedom to specify that X N {|z — 1| < ¢} should be
mapped by f to a part of the ray arg( = o (we choose any o € (0,7)), and
YsNA{]z — 1| < 6} to a part of the ray arg( = —o.

Then W(n2f(z)) satisfies the properties (P1-RH1), (P1-RH2), and (P1-
RH4) of the Riemann-Hilbert problem for P®). This would actually be the
case for any choice of conformal map ¢ = f(z), mapping z = 1 to { = 0,
and which is real and positive for z > 1. The specific choice of f is dictated
by the matching condition for P, which we will look at in a minute. This will
also explain the factor n?. But this will not be enough to be able to do the
matching. There is an additional freedom we have in multiplying ¥(n?f(2))
on the left by an analytic factor. So we put

PW(2) = E(2)¥(nf(2)), (14.4)

where F is an analytic 2 x 2 matrix valued function in {|z — 1| < 0}. It will
depend on n. The precise form of E will be given in the next subsection.

Exercise 29. Show that for any analytic factor E the definition (14.4) gives
a matrix valued function P() that satisfies the jump condition (P1-RH2)
and the condition (P1-RH4) near 1.

Step 5: The matching condition

The parametrix P we now have is
Pl = et (VOO 0 ) s

where we have not specified E yet. The conditions (P-RH1), (P-RH2), and
(P-RH4) are satisfied. We also have to take care of the matching condition

P(z) = <z+o (%)) N(z)  for|z—1|=4.

To achieve the matching, E(z) should be close to



Riemann-Hilbert Analysis for Orthogonal Polynomials 203

vy (VRO

9 1
0 W@<erW“ﬂ”]'

The idea is to replace ¥ here with an approximation ¥*. For fixed z with
|z — 1| = 4, the function ¥(¢) is evaluated at ¢ = n?f(z), which grows
as n — 00. So to figure out what approximation ¥* to use, we need large
¢ asymptotics of the modified Bessel functions and their derivatives. These
functions have a known asymptotic expansion, see [1, 9.7.1-4]. From this it
follows that

EERCEIZE 1 (1+0(C%)i+0( )
— | vVor —
v(Q) ( 0 \/g@m) V2 <z+0(<5) 1+O(<2)>

Now we ignore the O(¢™2) terms, and we put

. A=V 0 114\ (X 0
- (5 ) B2

and then define

Note that e~2"* = @(z)" for ¢ =n?f(z). Thus

=6 ("8 ) 35 (4 7)
(x/%f(Z)”4 0 > . (14.6)

0 \/2171'_77, (z)*l/4

The fact that the exponential factor ¢(2)"™ gets cancelled is the reason for the
choice of the mapping f and the factor n? in ¥(n?f(z)). With this choice for
E, it is easy to check that P satisfies the matching condition (P-RH3). We
leave it as an exercise to show that E is analytic in a full neighborhood of 1.
This completes the construction of the parametrix P in the neighborhood of
1.

A similar construction with modified Bessel functions of order § yields a
parametrix P in the neighborhood of —1.
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Exercise 30.

(a) Show that E4(z) = E_(x) for x € (1 —4,1), so that E is analytic
across (1 —4,1).
[Hint: On (1 —4,1) we have (fY/*), = i(f¥*)_, Wy W_ = w, and
0 w
(b) Show that thewisolated singularity of E at 1 is removable.
[Hint: Use that W(z)/D(z) is bounded and bounded away from zero
near z = 1]

15 Asymptotics for orthogonal polynomials (general
case)

Knowing that we can construct the local parametrices P and P we can go
back to Section 13 and conclude that R(z) = I+O(2) uniformly for z € C\~,
where + is the system of contours shown in Figure 7.

Then we can go back to our transformations ¥ — T — S — R, to
obtain asymptotics for Y, and in particular for the orthogonal polynomial
mn(z) = Y11(2). We summarize here the results. For z € C\[-1, 1], we obtain

Tu(2) = @(2?" g(oz") al2) +2a(z)_1 (1 +0 (%)) . (15.1)

The O(L) term is uniform for z in compact subsets of C\[—1,1]. The formula
is the same as the one (15.1) we found for the case « = 8 = —%, except for

the error term.
For z € (=14 4,1 —¢), we obtain

V2D

21 /w(x) (1 — x2)1/4

<cos <(n + %) arccosz + 1 (z) — 2) +0 <%)> . (15.2)

where 9 (z) = —arg D4 (z), compare also with (12.1).

() =

Exercise 31. Check that we obtain (15.2) from taking the sum of + and
— boundary values for the asymptotics (15.1) valid in C\ [-1,1].

Near the endpoints +1 the asymptotic formula for m,(z) involves Bessel
functions. For z in the upper part of the lens, inside the disk {|z — 1] < ¢},
the expression for Y'(z) involves a product of no less than thirteen matrices
(even after some simplifications). To summarize we have by (7.1), (8.1), and
(13.1),
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Y(z) = (20” 2‘1) R(2)P(2) (%g@(i)z” ‘f) (*0(3)” @(ZO),J . (153)

with (due to (14.5), (14.6), (10.2), and (14.1)),

P(z) = B(:)0(n’f(2)) (W("’)_l“’(”_" 0 )

0 W)
B W) 0 1 (1 =i\ [(Vemnf(z)/* 0
£ =6 ("7 ) 75 (G 1)( / zlmf(z)_m),

a(z)+a 1(2) a(z)—a"1(2)
2

2i D(z)~! 0
0 D) | a@r-a) atz)ta” () 0 D(z)

—21

b0 1,(2¢1/?) LKa(2¢"?) ( 1 0)
2miCM21,(2¢1/?) —2¢ 2K (2¢1/7) ) AT
We start to evaluate the product (15.3) at the right. Plugging in the for-
mula for P(z), we get

and

—n z 71
Y(2) = (20 2%) R(2)E(2)¥(n*f(2)) (W% W?z)) '

. 1 i . . . .
Since W (z) = w(z)'/2€2°™" in the region under consideration, we have

vier= (%) ) meECweE) ()

e

(W(Zz)l/2 w(zo)l/2> . (15.4)

Using the expression for ¥(¢), we get with ¢ = n2f(z),

2" 0 w(z)'/? 0
1.(2¢Y/?) 1 Ka(2¢'?) e—tami
= R(2)E(z) ' ( 1am> .
2mic 20}, (207) 2 2Ky (20) ) N0 e

At this point we see that the first column of Y'(z) can be expressed in terms
of I, and I/, only. It will not involve K, and K/ . Continuing now only with
the first column and focusing on the (1,1) entry, we get
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<7rn>EZ)) _ WR(Z)E(Z) ((1) 9 f(zz)l/2> (éz(é?l//?)) ’
(15.5)

where * denotes an unspecified entry. Looking now at the formula for E(z),
we see that we pick up an overall factor v2mnf(2)'/4. We get from (15.5)

m™(z)\ V2rnf ()4
( * ) 2”w( )1/2 2oc7rzR(Z)N(Z)

("5 wies) 72 () (i)

Next, we plug in the formula for N to obtain

a(z)+a"1(2) alz)—a"1(2)

<7Tn(z)) _ V2mnf(x)'/* V2mnf() T (Doo 0 ) 2 2
* 2m ()1/2 Tami 0 Dgol a(z)—a"(2) a(z)4+a"(2)

2

—21

0 P ) va\-i 1)\ (2¢72)) '
where we still have ¢ = n?f(z).

Now we choose x € (1—4,1] and let z — z from within the upper part of
the lens. The asymptotics for m,(z) will then involve the +boundary values

of all functions appearing in (15.6). First we note that f(z) = —(arccosz)?,
so that
FV im\/arccosx'
V2
We also get that
1/2 .
I,(2¢1/?) _, phami Jo(narccos )
i’ (2¢1/?) J! (narccosz) )’
where J, is the usual Bessel function. Note also that
at(z) +ai'(x) _exp (3iarccosz —i%)
2 \/5(1 — ;[;2)1
and
at(z) —ai'(z) _exp (—Liarccosz +iZ)
2i V2(1 — 22)7
so that
a(z )+a '(z) a(z)—a"'(2)
a(z)— ffl(z) a(z)-Hfl(Z)
—21
1 eéimrccos T—i% e—%iarccosm—i—i%
_ . S
\/5(1 B .132)% _ef§zarccosw+z e%zarccosa:fzz



Riemann-Hilbert Analysis for Orthogonal Polynomials 207

Finally we have that W (z) = v/w(z)e2°™ and D, (z) = \/w(z)e #®@)  so
that

W(Z) N e%awi—i—d}(m)i.

D(z)

We get from (15.6)

() s (3 )

1 - 1 x
eztarccosz—if  ,—gziarccosz+if
X 1
—e”2

_1; 5 s 1. sp—i T
tarccos z+1i 7 ealarccosz—iy

y ezamiti(x)i 0 1 (1 —i\ (Ja(narccosz)
0 e—zomi—v@)i | 5\ —i 1 J! (narccosz)
B \/Tn arccos T (@) (Doo 0 )
o Jw(z) (1 — 22)1/4 0 —iDZ}!

y (cos(@ (x)) sin<<1<x>>> (Jam w>) , (15.7)

cos(Ca(x)) sin(Ca(x)) ) \J4(narccosz)

where

1 1 1 1
G(z) = 5 arccos + e + (), Co(x) = —7 arccos + e + ().

Exercise 32. Check that the formula for m,(x) remains bounded as z — 1.

[Hint: First note that (7% has a limit for z — 1. Next, we should
1

combine with the Bessel functions J, (n arccosz) and J., (n arccosz).
i ( ) and J( )

Since Jo(2) ~ g (2)” as 2 — 0, we get that Jolnarccoss) pas a limit

T(at1) \2 Vw(z)

N arccos x . .
¥, which is unbounded as

as x — 1. Finally, we should control Ja o)
x — 1 (unless a = 0). However it gets multiplied by sin (i (z) and sin (a(x).
It may be shown that (;(z) = O(v/1—x) as « — 1 for j = 1,2, and this is

J! (narccos )

enough to show that sin (; (x)W remains bounded as well.]

Exercise 33. Show that, uniformly for 6 in compact subsets of C,

lim — (2” tat ﬁ) on <cos %) — C(h) (%)a J.(0),  (15.8)

n—oo NN n

where the constant C(h) is given by

C(h) = exp <% /11 logh(\:;)li—l;)fh(l)dx> .
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The limit (15.8) is the so-called Mehler-Heine formula, which is well-known
for Jacobi polynomials, that is, for h = 1, see, e.g., [1, 22.15.1] or [31]. From
(15.8) one obtains the asymptotics of the largest zeros of 7, . Indeed, if 1 >
xin) > xén) > .- denote the zeros of 7, , numbered in decreasing order, then
(15.8) and Hurwitz'’s theorem imply that, for every v € N,

lim 2n? (1 - xg")) =2,
n—oo ’

where 0 < jo,1 < Ja,2 <+ < Ja, < --- are the positive zeros of the Bessel
function J, . This property is well-known for Jacobi polynomials [1, 22.16.1].
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1 Introduction

These lecture notes give an introduction to a recently developed method to ob-
tain asymptotics for orthogonal polynomials. The method is called “steepest
descent method for Riemann-Hilbert problems”. It is based on a characteri-
zation of orthogonal polynomials due to Fokas, Its, and Kitaev [15] in terms
of a Riemann-Hilbert problem combined with the steepest descent method
introduced by Deift and Zhou in [12] and further developed in [13, 11]. The
application to orthogonal polynomials was initiated in the seminal papers of
Bleher and Its [4] and Deift, Kriecherbauer, McLaughlin, Venakides and Zhou
[8, 9]. These works were motivated by the connection between asymptotics of
orthogonal polynomials and universality questions in random matrix theory
[7, 27]. An excellent overview can be found in the book of Percy Deift [7], see
also [10, 26]. Later developments related to orthogonal polynomials include
[2, 3, 5, 18, 20, 21, 22, 23, 34].

In this exposition we will focus on the paper [23] by Kuijlaars, McLaughlin,
Van Assche, and Vanlessen. That paper applies the Riemann-Hilbert tech-
nique to orthogonal polynomials on the interval [—1,1] with respect to a
modified Jacobi weight (1 — z)*(1 + z)?h(x) where h is a non-zero real an-
alytic function on [—1,1]. It should be noted that the earlier works [4, 8, 9]
dealt with orthogonal polynomials on the full real line. The fact that one
works on a finite interval has some technical advantages and disadvantages.
The disadvantage is that one has to pay special attention to the endpoints.
The main advantage is that no rescaling is needed on [—1,1], and that we
can work with orthogonal polynomials with respect to a fixed weight func-
tion, instead of orthogonal polynomials with respect to varying weights on R.
Another advantage is that the analysis simplifies considerably on the interval
[-1,1], if the parameters o and § in the modified Jacobi weight are :l:%. In
that case, there is no need for special endpoint analysis. The case a = § = %
will be worked out in detail in the first part of this paper (up to Section 12).

For general a, 3 > —1, the analysis requires the construction of a local
parametrix near the endpoints. These local parametrices are built out of mod-
ified Bessel functions of order o« and 3. For orthogonal polynomials on the
real line, one typically encounters a parametrix built out of Airy functions
[7, 8, 9]. The explicit construction of a local parametrix is a technical (but es-
sential and beautiful) part of the steepest descent method. This is explained in
Section 14. The asymptotic behavior of the orthogonal polynomials can then
be obtained in any region in the complex plane, including the interval (—1,1)
where the zeros are, and the endpoints +1. We will give here the main term in
the asymptotic expansion. It is possible to obtain a full asymptotic expansion,
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but for this we refer to [23]. We also refer to [23] for the asymptotics of the
recurrence coefficients.

We will not discuss here the relation with random matrices. For this we
refer to the papers [8] and [24] where the universality for the distribution of
eigenvalue spacings was obtained from the Riemann-Hilbert method.

To end this introduction we recall some basic facts from complex anal-
ysis that will be used frequently in what follows. First we recall Cauchy’s
formula, which is the basis of all complex analysis. It says that

0= 5 § 1) 4

21 s—z

whenever f is analytic in a domain €2, «y is a simple closed, positively oriented
curve in 2, encircling a domain €2y which also belongs to 2, and z € ().

A second basic fact is Liouville’s theorem, which says that a bounded
entire function is constant. An extension of Liouville’s theorem is the following.
If f is entire and f(z) = O(z™) as z — oo, then f is a polynomial of degree
at most n.

Exercise 1. If you have not seen this extension of Liouville’s theorem
before, (or if you forgot about it) try to prove it.

We also recall Morera’s theorem, which says that if f is continuous in
a domain 2 and satisfies fﬁ/ f(z)dz = 0 for all closed contours v in Q, then
f is analytic in Q.

We will also use some basic facts about isolated singularities of analytic
functions. In a basic course in complex analysis you learn that an isolated
singularity is either removable, a pole, or an essential singularity. Riemann’s
theorem on removable singularities says that if an analytic function is
bounded near an isolated singularity, then the singularity is removable. The
following is an extension of this result.

Exercise 2. Let a € Q. If f is analyticin Q\{a}, and lim(z—a)f(z) =0,

then a is a removable singularity of f.

2 Boundary values of analytic functions

We will deal with boundary values of analytic functions on curves. Suppose
is a curve, which could be an arc, or a closed contour, or a system of arcs and
contours. We will always consider oriented curves. The orientation induces
a +side and a —side on ~. By definition, the +side is on the left, while
traversing y according to its orientation, and the —side is on the right.

All curves we consider are smooth (C! or even analytic), but the curves
may have points of self-intersection or endpoints. At such points the +
and —sides are not defined. We use «° to denote 7y without points of self-
intersection and endpoints.
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Let f be an analytic function on C \ 7. The boundary values of f in
s € v° are defined by
fus)= lm f(), f(s)= lim f(2),

zZ—S8
z on +side z on —side

provided these limits exist. If these limits exist for every s € v°, and f
and f_ are continuous functions on °, then we say that f has continuous
boundary values on ~°. It is possible to study boundary values in other
senses, like LP-sense, see [7, 14], but here we will always consider boundary
values in the sense of continuous boundary values.

If the boundary values f; and f_ of f exists, and if we put v(s) = f1(s)—
f=(s), we see that f satisfies the following Riemann-Hilbert problem
(boundary value problem for analytic functions)

(RH1) f is analytic in C\ .
(RH2) fi(s) = f-(s) +v(s) for s € y°.
We say that v is the jump for f over ~°.

Suppose now that conversely, we are given v(s) for s € v°. Then we may
ask ourselves whether the above Riemann-Hilbert problem has a solution f,
and whether the solution is unique. It is easy to see that the solution cannot be
unique, since we can add an entire function to f and obtain another solution.
So we need to impose an extra condition to guarantee uniqueness. This is
typically an asymptotic condition, such as

(RH3) f(2) =0 as z — oo.

In this way we have normalized the Riemann-Hilbert problem at infinity. It
is also possible to normalize at other points, but we will only meet problems
where the normalization is at infinity.

It turns out that there is a unique solution if v is Hélder continuous on -y
and if « is a simple closed contour, or a finite disjoint union of simple closed
contours, see [17, 28]. Then there are no points of self-intersection or endpoints
so that v = v°. In the case of points of self-intersection or endpoints, we need
extra conditions at those points.

If v is a simple closed contour, oriented positively, and if v is Holder
continuous on <y, then it can be shown that

flz)= L% ﬂds (2.1)

27 S—z

is the unique solution of the Riemann-Hilbert problem (RH1), (RH2), (RH3).
Tt is called the Cauchy transform of v and we denote it also by C(v). We
will not go into the general existence theory here (for general theory, see e.g.
[17, 28]), but leave it as an (easy) exercise for the case of analytic v.

Exercise 3. Assume that v is analytic in a domain  and that v is a
simple closed contour in 2. Prove that the Cauchy transform of v satisfies
the Riemann-Hilbert problem (RH1), (RH2), (RH3).
[Hint: Use a deformation of v and Cauchy’s formula.]
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Exercise 4. Give an explicit solution of the Riemann-Hilbert problem
(RH1), (RH2), (RH3), for the case where the jump v is a rational function
with no poles on the simple closed contour ~.

[Hint: Use partial fraction decomposition of v.]

To establish uniqueness, one assumes as usual that there are two solu-
tions f; and fo. Then the difference ¢ = f; — fo will solve a homogeneous
Riemann-Hilbert problem with trivial jump g4 = g— on ~. Then it follows
from Morera’s theorem that ¢ is analytic on . Hence g is an entire function.
From the asymptotic condition (RH3) it follows that g(z) — 0 as z — oo,
and therefore, by Liouville’s theorem, g is identically zero.

We will use the above argument, based on Morera’s theorem, also in other
situations. We leave it as an exercise.

Exercise 5. Suppose that « is a curve, or a system of curves, and that f is
analytic on C\ . Let vy be an open subarc of v° so that f has continuous
boundary values f; and f_ on = that satisfy f; = f_ on ~g. Show that
f is analytic across o .

In the case that v has points of self-intersection or endpoints, extra con-
ditions are necessary at the points of v\ v°. We consider this for the case of
the interval [—1,1] in the following exercise.

Exercise 6.

(a) Suppose that v is the interval [—1,1] and v is a continuous function on
(—1,1). Also assume that the Riemann-Hilbert problem (RH1), (RH2),
(RH3) has a solution. Show that the solution is not unique.

(b) Show that there is a unique solution if we impose, in addition to (RH1),
(RH2), (RH3), the conditions that

lim(z — 1) f(z) =0, lim (24 1)f(z) = 0.

z—1 z——1

The next step is to go from an additive Riemann-Hilbert problem to a
multiplicative one. This means that instead of (RH2), we have a jump condi-
tion
(RH4) fi(s) = f-(s)v(s) for s € 4°.

In this case, the asymptotic condition is typically
(RH5) f(2) — 1 as z — oco.

If ~ is a simple closed contour, and if v is continuous and non-zero on +,
then we define the index (or winding number) of v by

. 1
indv = %A,yv(s).

This is % times the change in the argument of v(s) as we go along v once
in the positive direction. The index is an integer. If the index is zero, then we
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can take a continuous branch of the logarithm of v on 7, and obtain from
(RH4) the additive jump condition

(log f)+(s) = (log f)~(s) + logv(s), ~ s€n.

This has a solution as a Cauchy transform

log f(2) = 1 %IOgU(S)ds,
8!

211 s—z

provided logv is Holder continuous on . Then

f(2) = exp (ﬁ fi losgf(j) ds) (2.2)

solves the additive Riemann-Hilbert problem (RH1), (RH4), (RH5).

Exercise 7. How would you solve a Riemann-Hilbert problem with jump
condition

f(s)f-(s) = v(s)

for s on a simple closed contour ~y7

3 Matrix Riemann-Hilbert problems

The Riemann-Hilbert problems that are associated with orthogonal polyno-

mials are stated in a matrix form for 2 x 2 matrix valued analytic functions.
A matrix valued function R : C\ vy — C?*? is analytic if all four entries of

R are analytic functions on C\ «. Then a typical Riemann-Hilbert problem

for 2 x 2 matrices is the following

(mRH1) R:C)\~y — C?*? is analytic.

(mRH2) Ry (s) = R_(s)V(s) for s € 4°, where V : v° — C?*? is a given
matrix valued function on ~°.

(mRH3) R(z) — I as z — oo, where I denotes the 2 x 2 identity matrix.

Because of (mRH3) the problem is normalized at infinity. The matrix valued
function V' in (mRH2) is called the jump matrix. If 4° # ~, then addi-
tional conditions have to be imposed at the points of self-intersection and the
endpoints.

The existence theory of the matrix Riemann-Hilbert problem given
by (mRH1), (mRH2), (mRH3) is quite complicated, and we will not deal
with it. In the problems that we will meet, we know from the beginning that
there is a solution. We know the solution because it is built out of orthogonal
polynomials. See [6] for a systematic treatment of the general theory of matrix
Riemann-Hilbert problems.

Also, we will only meet Riemann-Hilbert problems where the jump matrix
V' satisfies
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detV(s) =1, s €x°. (3.1)

Then we can establish uniqueness of the Riemann-Hilbert problem (mRH1),
(mRH2), (mRH3) on a simple closed contour. The argument is as follows.
First we consider the scalar function det R : C\ v — C. It is analytic on
C\ v, and in view of (mRH2) and (3.1) we have (det R); = (det R)_ on ~.
Thus det R is an entire function. From (mRH3) it follows that det R(z) — 1
as z — 00, so that by Liouville’s theorem det R(z) =1 for every z € C\ 7.
Now suppose that R is another solution of (mRH1), (mRH2), (mRH3). Since
R(z) has determinant 1, we can take the inverse, and we consider X (z) =

R(2)[R(2)]7!. Then X is clearly analytic on C\ v, and for s € v,

X1(5) = Ry (s)[Ra(s)] 7" (5)V(s)[R-(s)V(s)] "

(s)R_(s) = X_(s).

R_
R_

Thus X is entire. Finally, we have X (z) — I as z — 00, so that by Liouville’s
theorem, we get X(z) = I for every z € C \ v, which shows that R = R.
Thus R is the unique solution of (mRH1), (mRH2), (mRH3).

While existence of the solution is not an issue for us, we do need a result on
the behavior of the solution R. We need to know that when V is close to the
identity matrix on v, then R is close to the identity matrix in the complex
plane. We will need this result only for simple closed contours v and it will be
enough for us to deal with jump matrices that are analytic in a neighborhood
of .

r}n order to specify the notion of closeness to the identity matrix, we need a
norm on matrices. We can take any matrix norm, but for definiteness we will
take the matrix infinity norm (maximum row sum) defined for 2 x 2 matrices
R by

||| = max (|Ry1| + [Rizl, [Ro1| + [Raz|) -

If R(z) is a matrix-valued function defined on a set €2, we define

[Rllo = sup[|R(z)],
z€Q

where for ||R(z)|| we use the infinity norm. If R(z) is analytic on a domain
2, then one may show that ||R(z)|| is subharmonic as a function of z. If R(z)
is also continuous on (2, then by the the maximum principle for subharmonic
functions, it assumes its maximum value on the boundary of Q.

With these preliminaries we can establish the following result. The follow-
ing elementary complex analysis proof is due to A.I. Aptekarev [2].

Theorem 3.1. Suppose v is a positively oriented simple closed contour and
Q is an open neighborhood of v. Then there exist constants C' and 6 > 0 such
that a solution R of the matriz Riemann-Hilbert problem (mRH1), (mRH2),
(mRH3) with a jump matriz V' that is analytic on Q with

IV —1I]jq <0,
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satisfies
[R(z) 1] <CIV = I]la (3.2)

for every z € C\ ~.

Proof. In the proof we use ext(y) and int(y) to denote the exterior and
interior of +, respectively. So, ext(vy) is the unbounded component of C\ 7,
and int(vy) is the bounded component. Together with ~, we also consider
two simple closed curves . and ~;, both homotopic to v in €, so that
Ye C QNext(y) and v; C QNint(y), see Figure 1.

Fig. 1. Ilustration for the proof of Theorem 3.1. The shaded region is the domain
2, which contains the simple closed curves v, 7., and ;.

We choose r > 0 so that
min (dist(z, ve), dist(z, 7)) > r for every z € 7, (3.3)

where dist(z,7.) and dist(z,;) denote the distances from z to the respective
curves.

We write A=V — 1. Since R = R_ + R_A, we may view R_A as an
additive jump for R on . By (2.1) and the asymptotic condition (mRH3)
we thus have

R(z)=1+ ﬁj{ st (3.4)

for z € C\ ~. The integral in (3.4) is taken entrywise.
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The idea of the proof is to show that for ||A||q small enough, we have
|IR-(s)|| <4 for every s € v. (Any other positive number than 4 would also
do.) If we can prove this, then it follows by straightforward estimation on
(3.4) that

76 - 11 = | 55 f 2y
~ 2ndist(z, ) K
4l(v)

_ -1 .
— 2nmdist(z,7) v lo (3.5)

where {(7y) is the length of ~. This then proves (3.2) for dist(z,v) > r with
constant
_ 40)

9w

To handle the case when z is close to 7y, we apply the same arguments to the
curves v, and ;. Suppose for example that z € ext(y). Then we define

B R in ext(y) Uint(y;)
T LRV inint(y) Next(y;)

Then ]:2+ = R_ on v so that R is analytic across . On ~; we have the
jump R+ = R_V. The same arguments we will give below that lead to
|R_(s)|| <4 for s €y will also show that ||[R_(s)|| <4 for s € v; (provided
||Allq is sufficiently small). Then an estimate similar to (3.5) shows that for

every z,
4l (7;)

R(2)— 1| < ——1
I172(2) (= 2mdist(z, v;)

IV —1Illo.
For z € ext(y), we have R(z) = R(z) and dist(z,v;) > r by (3.3), so that we
get (3.2) with a maybe different constant C'. The same arguments apply for
z € int(7). In that case we define R so that it has a jump on 7.

So it remains to prove that ||[R_(z)|| < 4 for every z € 7. In order to do
this we put

M = max ||R_(z)]].
zey

Since R_(z) are the continuous boundary values for R taken from ext(y),
and R is analytic in ext(y), including the point at infinity, we have by the
maximum principle for subharmonic functions, that

[R(2)]| < M, z € ext(y).

We deform v to 7. lying in Q Next(y). Then dist(z,7.) > r for every z € v
by (3.3). For z € int(y), we then have
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1 R(s)A
R(z)=1+ —7{ Mds.
2 v S—2Z2

Letting z go to v from within int(vy), we then find

R+ j{ zZ e,
27rz e S—Z
and so, since Ry = R_(I + A),
_ L [ R()A(s) -1
R_(z) = <I—|— i} sz ds | (I+ A(z)) ", z €7.

We take norms, and estimate, where we use that ||R(s)|| < M for s € ~.,

IRl < (145

Mlala) [+ a2y sen

with I(v.) the length of .. If [|A(z)|| < % then H(I—I—A H <1+

2||A(2)]|, which follows easily from estimating the Neumann series

(IT+A() =) (AR)".

k=0

So we assume & > 0 is small enough so that

1 Uve) 1
0 < 3 and Dy d(1+29) < 3
Then, if ||A|lq < ¢, we find for z € 7,
L(ve
IRl < (1+ 2 ars) (14-20)
27r

1(7e)
=(1420)+—"M51+26
(1+26) + < Mo (1 +20)
1
<2+ -M.
< -|-2
Taking the supremum for z € v, we get M < 2 + %M , which means that

M < 4. So we have proved our claim that ||R_(z)|| < 4 for every z € v,
which completes the proof of the theorem.

Exercise 8. Analyze the proof of Theorem 3.1 and show that we can
strengthen (3.2) to

1R(2) -

I < ——]|V -1

for every z € C\ .
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4 Riemann—Hilbert problem for orthogonal polynomials
on the real line

Fokas, Its, and Kitaev [15] found a characterization of orthogonal polynomials
in terms of a matrix Riemann-Hilbert problem.

We consider a weight function w on R, which is smooth and has sufficient
decay at £o00, so that all moments [ z*w(z)dz exist. The weight induces a
scalar product [ f(z)g(z)w(z)dz, and the Gram-Schmidt orthogonalization
process applied to the sequence of monomials 1, z,22,..., yields a sequence
of orthogonal polynomials 7,71, 7o, ..., that satisfy

/ﬂ'n(x)ﬂm(x)w(x) dx = hpdpm, h,, > 0.

We will choose the polynomials to be monic m,(z) = 2™ + --- . If we put

Tn = h;1/27 pn(x) = ’Ynﬂ'n(x)

then the polynomials p,, are the orthonormal polynomials, i.e.,

/pn(x)pm(x)w(x)dx = On,m-

The orthonormal polynomials satisfy a three-term recurrence

TPn (l‘) = an+1pn+1(x) + bnpn (l‘) + anpn—l(x)

with certain recurrence coefficients a,, and b,,. The monic form of the recur-
rence is
27 (2) = Ty 1 (2) + bpmp () + @271 ().
Fokas, Its, Kitaev [15] formulated the following Riemann-Hilbert problem
for a 2 x 2 matrix valued function Y : C\ R — C2*2,
(Y-RH1) Y is analytic in C\ R.

(Y-RH2) Yi(z) = Y_(x) (1)“’(1””)

(Y-RH3) Y(z) = (I +0 (%)) (zon Zon) as z — 00.

The asymptotic condition (Y-RH3) does not say that Y (z) tends to the iden-
tity matrix as z tends to infinity (unless n = 0), so the problem is not
normalized at infinity in the sense of (mRH3).

Theorem 4.1 (Fokas, Its, Kitaev). The Riemann-Hilbert problem (Y-
RH1)-(Y-RHS3) for Y has a unique solution given by

for x e R.

T (2) C(mpw)(z)
Y(z2)= (4.1)
cnTn-1(2) enC(mn_1w)(2)
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where w, and m,—1 are the monic orthogonal polynomials of degrees n and
n— 1, respectively, C(m;jw) is the Cauchy transform of mjw,

1 .
C(mjw)(z) = _/ Mdm,
2m Jp T —2
and ¢, 1s the constant
Cn = —2miy2_,.

Proof. Consider the first row of Y. The condition (Y-RH2) gives for the first
entry Y11
(Vi) (@) = (Vi)-(),  z€R.

Thus Y1; is an entire function. The asymptotic condition (Y-RH3) gives
Yii(z) = 2" + Oz 1) as z — 00.

By the extension of Liouville’s theorem, this implies that Yi; is a monic
polynomial of degree n. We call it P, .
Now we look at Yi2. The jump condition (Y-RH2) gives

(Y12)+(2) = (Y12) - (z) + (Y11) - (z)w().
We know already that Y;; = P,,, so that
(Yia) (&) = (Yia)_ (&) + Pa(@)w(a). (42)
The asymptotic condition (Y-RH3) implies
Yia(2) = O (z7"71) as z — 00. (4.3)
The conditions (4.2)—(4.3) constitute an additive scalar Riemann-Hilbert

problem for Yjs. Its solution is given by the Cauchy transform

Vis(2) = C(Pyw)(2) = —— /R Po(@wl@)

211 xr—z

Now in general the Cauchy transform tends to zero like 27! as z — oo,

and not like 27"~ as required in (4.3). We need extra conditions on the
polynomial P, to ensure that (4.3) is satisfied. We write

I _7521 zF n z"
r—z = 2kt D an(z - 2)’
Then
Via(z) = %/Pn(x)w(x) [—nzl fil P ]dx
i i 2"(x — 2)
n—1 1

-y U Py (z)2*w(z) dx} Z,% +0 ().

k=0
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k—1

In order to have (4.3) we need that the coefficient of 2~ vanishes for

k=0,....,n—1. Thus
/Pn(x)ka(x)dx =0, k=0,...,n—1.

This means that P, is the orthogonal polynomial, and since P, is monic,
we have P, = m,. Thus we have shown that the first row of Y is equal to
the expressions given in the equality (4.1). The equality for the second row is
shown in a similar way. The details are left as an exercise.

Exercise 9. Show that the second row of Y is equal to the expressions
given in (4.1).

Remark concerning the proof of Theorem 4.1 The above proof of
Theorem 4.1 is not fully rigorous in two respects. First, we did not check
that the jump condition (Y-RH2) is valid in the sense of continuous boundary
values, and second, we did not check that the asymptotic condition (Y-RH3)
holds uniformly as z — oo in €\ R. This is not immediate since R is an
unbounded contour.

Both of these questions are technical issues whose treatment falls outside
the scope of this introduction. Suitable smoothness and decay properties have
to be imposed on w. The reader is referred to [9, Appendix A] for a discussion
of these matters. There it is shown that it is enough that 2™w(x) belongs to
the Sobolev space H! for every n.

5 Riemann—Hilbert problem for orthogonal polynomials
n [—1,1]

We will study polynomials that are orthogonal with respect to weights on the
finite interval [—1,1]. In particular we will consider modified Jacobi weight

w(z) = (1 —z)*(1 4 2) h(z), z e (—1,1) (5.1)

where a, > —1 and h is positive on [—1,1] and analytic in a neighbor-
hood of [—1,1]. The weights (5.1) are a generalization of the Jacobi weights
which have h(z) = 1. In analogy with the case of the whole real line, the
Riemann-Hilbert problem that characterizes the orthogonal polynomials has
the following ingredients.

We look for a matrix valued function Y : C\ [~1,1] — C?X? that satisfies

(Y-RH1) Y is analytic in (C\ [—1,1].
(Y-RH2) Yi(x) =Y_(x) ) for z € (—1,1)

w(z
(Y-RH3) Y(2) = (I+O( )1> ( 2 z‘") as z — oo
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Note that we restrict ourselves in the jump condition (Y-RH2) to the open
interval (—1,1). The jump is not defined at the endpoints +1, since the
boundary values Yy are not defined there. If o or 8 (or both) is negative,
there is also a problem with the definition of w at the endpoints.
We can show, as for the case of orthogonal polynomials on the real line,
that
m™(z)  C(mw)(2)
Y(z) = (5.2)
cnTn-1(2) enC(mh_1w)(2)

is a solution of the Riemann-Hilbert problem, where now C' denotes the
Cauchy transform on [—1, 1], that is,

1 T )wl\xT
Clrpw)(z) = —— / m(@)w(@) 4

= 2mi 1 T—=z
However, this will not be the only solution. In order to ensure uniqueness we
need extra conditions at the endpoints 1. The endpoint conditions are

(Y-RH4) As z — 1, we have
1]lz—1]*\ .
(’)(1 z—la) if a <0,

Y(z) = 1log\z—1| . .
(2) O(llogz—1| if a =0,

11 .
(9(11) if a > 0.

(Y-RH5) As z — —1, we have

1]z +1%) .
O(l |z+1ﬁ> if 3 <0,

Yi(z) = 1log|z + 1]\ . .
(2) O(llogz+1| if5=0,

11 .
(9(11) if 6> 0.

In (Y-RH4)-(Y-RH5) the O conditions are to be taken entrywise, so the
condition (Y-RH4) in the case a@ < 0 means that

Yi1(2) =0(1)  Yia(z) = O(|z — 1]%)
Ya1(2) = O(1)  Yao(z) = O(|z — 1]%)

as z — 1. So Y71 and Y5; should remain bounded at z = 1, while Yio and
Yao are allowed to grow as z — 1, but not faster than O(]z — 1]%).

Now we can prove that Y given by (5.2) satisfies the boundary conditions
(Y-RH4)—(Y-RHS5), and that it is in fact the only solution to the Riemann-
Hilbert problem (Y-RH1)-(Y-RHS5). This is left to the reader as an exercise
(see also [23]).
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Exercise 10. Show that (5.2) satisfies the conditions (Y-RH4)—(Y-RH5). ‘

Exercise 11. Show that the Riemann-Hilbert problem (Y-RH1)-(Y-RH5)
for Y has (5.2) as its unique solution.

6 Basic idea of steepest descent method

The steepest descent method for Riemann-Hilbert problems consists of a se-
quence of explicit transformations, which in our case have the form

Y—T—S— R.

The ultimate goal is to arrive at a Riemann-Hilbert problem for R on a system
of contours v,
(R-RH1) R is analytic on C\ 7,
(R-RH2) R4(s) = R_(s)V(s) for s €,
(R-RH3) R(z) — I as z — o0,
in which the jump matrix V is close to the identity.
Note that Y depends on n through the asymptotic condition

o-(o)(: 1)

and so, to indicate the n-dependence, we may write ¥ = Y (). Also the
transformed functions 7', S, and R depend on n, say T =T, § = 8™
and R = R™ . The jump matrix V = V™ in (R-RH2) also depends on n.
The contour v, however, does not depend on n. The jump matrices that we
will find have analytic continuations to a neighborhood of +, which is also
independent of n, and we will have

V(")(s):I—i—(’)(l) as n — oo,
n

uniformly for s in a neighborhood of «y. Then, from Theorem 3.1, we can
conclude that
R(”)(z):I—i—O(%) as n — oo,

uniformly for z € C\ . Tracing back the steps Y s T 1 §() s R(M)
we find asymptotics for Y™ | valid uniformly in the complex plane. So, in
particular, since m, is the (1,1) entry of Y31, we find asymptotic formulas
for the orthogonal polynomials that are uniformly valid in every region of the
complex plane.

The steepest descent method for Riemann-Hilbert methods is an alterna-
tive to more classical asymptotic methods that have been developed for dif-

ferential equations or integral representations. The Jacobi polynomials pd
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that are orthogonal with respect to (1—z)%(1+2)? have an integral represen-
tation and they satisfy a second order differential equation. As a result their
asymptotic behavior as n — oo is very well-known, see [31]. The orthogonal
polynomials associated with the weights (5.1) do not have an integral repre-
sentation or a differential equation, and so asymptotic methods that are based
on these cannot be applied. The steepest descent method for Riemann-Hilbert
problems is the first method that is able to give full asymptotic expansions for
orthogonal polynomials in a number of cases where integral representations
and differential equations are not available.

It must be noted that other methods, based on potential theory and ap-
proximation theory, have also been used for asymptotics of orthogonal poly-
nomials [25, 30, 32]. These methods apply to weights with less smoothness,
but the results are not as strong as the ones we will present here.

7 First transformation ¥ — T
The first transformation uses the mapping
oz) =2+ (2 -1)Y2,  zeC\[-1,1].

That branch of the square root is chosen which is analytic in C\ [-1,1] and
which is positive for z > 1. Thus (22 — 1)'/? is negative for real z < —1.

Exercise 12. Show the following

(a) ¢ is a one-to-one map from C\ [—1, 1] onto the exterior of the unit disk.
() ¢(z) =224+ 0 (1) as 2 — .
(©) @1 (2)p_(2) =1 for z € (—1,1).

The first transformation is

T(z) = (2(; 20n> Y (2) <%0(ZO)" @(g)n) , (7.1)

Then straightforward calculations show that T satisfies the Riemann-
Hilbert problem

(T-RH1) T is analyticin C\ [— 1]
T-RH2) Ty (z) =T_(x) (9"+(”5) @_“{SQ) for z € (—1,1).

( ) T
(T-RH3) T(2) =1+ 0O (1) as z — .
(T-RH4)—(T-RH5) T has the same behavior as Y near 1.

Exercise 13. Verify that the jump condition (T-RH2) and the asymptotic
condition (T-RH3) hold.

The effect of the transformation Y — T is that the problem is normalized
at infinity, since T(z) — I as z — oo. This is good. What is not so good, is
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that the jump matrix for T is more complicated. The entries on the diagonal
have absolute value one, and so for large n, they are rapidly oscillating as x
varies over the interval (—1,1). The effect of the next transformation will be
to transform these oscillations into exponentially small terms.

Why did we choose to perform the transformation (7.1)? An easy answer
would be: because we will see later that it works. A second answer could be
based on a list of desirable properties that the function ¢ should have. The
honest answer is that already a lot is known about orthogonal polynomials
and their asymptotics, see, e.g., [16, 25, 29, 31, 33]. For example it is known
that

lim (m,(2))" = M, zeC\[-1,1] (7.2)
n—oo 2
where that branch of the nth root is chosen which behaves like z at infinity.
This is the nth root asymptotics of the polynomials 7, . It is intimately
connected with the weak convergence of zeros. The nth root asymptotics (7.2)
holds for a very large class of weights w on (—1,1). It is for example enough
that w > 0 almost everywhere on (—1,1).
A stronger kind of asymptotics is

o Z12(2) _ Do)
n—oo p(z)" D(z)

, (7.3)

which is valid uniformly for z € C\ [—1,1]. The strong asymptotics (7.3)
is valid for weights w satisfying the Szeg6 condition, that is,
1
log w(t)
——dt > —0.
1 V1 —1t2
The function D appearing in the right-hand side of (7.3) is known as the
Szeg6 function. It is analytic and non-zero on C\ [—1,1], and there it is a
finite limit R }
lim D(z) = D(o0) € (0, 00).

Z—00
Note that in what follows, we will use a different definition for the Szegd
function, and we will call it D, instead of D.

Since we want to recover the asymptotics (7.2)—(7.3) (and more) for the
modified Jacobi weights, we cannot avoid using the functions that appear
there. This explains why we perform the transformation (7.1). The (1,1)
entry of T' is
2", (2)

p(2)"
and this is a quantity which we like. We have peeled off the main part of
the asymptotics of 7, . By (7.3) we know that the limit of T11(z) exists as
n — oo, and the limit is expressed in terms of the Szeg6 function associated
with w. This indicates that the transformation Y +— 7T makes sense. It also
indicates that we will have to use the Szeg6 function in one of our future
transformations.

Tll(Z) =
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Exercise 14. Another idea would be to define

o= (0 0 (5.2

This would also lead to the (1,1) entry being %. Work out the

Riemann-Hilbert problem for 7'. What is the advantage of T over T'?

Exercise 15. The transformation

70 = (107 ) v (T 25)

would lead to the same (1,1) entry, but this transformation is a very bad
idea. Why?

8 Second transformation T — S

The second transformation 7" +— S is based on a factorization of the jump
matrix in (T-RH2)

(75 ) = (D) (3 5) ()
0 SO:QTL % :2n 1 _% 0 %<p;2n 1)

which can be verified by direct calculation.

Instead of making one jump across the interval (—1,1), we can now think
that we are making three jumps according to the above factorization. That is,
if we cross the interval (—1,1) from the upper half-plane into the lower half-

plane, we will first make the jump (1 1_2n (1)), then the jump ( 01 16)),
w Tw
0

. 1
and finally the jump (lwgn 1)

Now recall that w(xﬁuz (1—2)*(1+x)?h(x) is the modified Jacobi weight.
The extra factor h is positive on [—1,1] and analytic in a neighborhood of
[-1,1]. Then there is a neighborhood U of [—1,1] so that h is analytic on
U with positive real part, see Figure 2. All our future deformations will be
contained in U.

We will consider (1 — z)* as an analytic function on C \ [1,00) where
we take the branch which is positive for real z < 1. Similarly, we will view
(14 2)? as an analytic function on C \ (—oco, —1]. Then

w(z) = (1 - 2)*(1 + 2)°h(2)

is non-zero and analytic on U \ ((—oo, —1]U[1,00)), and it is an analytic
continuation of our weight w(x).
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U

Fig. 2. Neighborhood U of [—1,1] so that h is analytic with positive real part in
U.

. . 1 1
The two jump matrices (1 _on (1)> and <1 o=2n (D then have natural
w ¥+ wt—
extensions into the upper and lower half-planes, respectively, both given by

<L@1—2n (1)> . Note that for z away from the interval [—1, 1], we have |¢(2)| >
w

1, so that ( 1

1 (2)=2n (1)) is close to the identity matrix if n is large.
w

We open a lens-shaped region around (—1,1) as shown in Figure 3 of the
paper. The lens is assumed to be contained in the domain U. The upper and
lower lips of the lens are denoted by X; and X3 respectively. The interval
[—1,1] is denoted here by X5.

Then we define the second transformation 7°— S by

T outside the lens

T (_ 1 1_2n (1)) in the upper part of the lens

w? (8.1)

T (L;—% (1)) in the lower part of the lens.

The transformation results in jumps for S on the interior of the three curves
X1, X5 =[-1,1] and X5. It follows that S satisfies the following Riemann-
Hilbert problem

(S-RH1) S is analytic in C\ (X U[-1,1]U X3).
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Fig. 3. Opening of lens in domain U .

(SRH2) S, = S_ (_0l 16’) on (~1,1).

w

Sy=85_1|1 1,271(1) on X{ and 5.

(S-RH3) S(z) - I+0 (1) as z— o0,
(S-RH4) Conditions as z — 1:

e For a<0: | |
1|z—1|¢
S(z)-@(l z—1|a)'

e For a=0: | | | |
_ log|z — 1| log|z — 1
S(Z)_O(logz—1|log|z—1>'

e For o> 0:
o (1 1) as z — 1 outside the lens,
S(z) =
O <I§ : H:: }) as z — 1 inside the lens.
(S-RH5) Similar conditions as z — —1.

The endpoint condition (S-RH4) is rather awkward now, especially if a > 0,
where we distinguish between z — 1 from within the lens, or from outside
the lens. It turns out that they are necessary if we want a unique solution.
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Exercise 16. Show that the Riemann-Hilbert problem (S-RH1)-(S-RH5)
for S has a unique solution.

[Note: we already know that there is a solution, namely the one that we find
after transformations Y +— T +— S. One way to prove that there is no other
solution, is to show that these transformations are invertible. Another way
is to assume that there is another solution S and show that it must be equal
to the S we already have.]

The opening of the lens in the transformation 7"+ S is also a crucial step
in the papers [8, 9] by Deift et al., which deal with orthogonal polynomials on
the real line, see also [7]. It transforms the oscillatory diagonal terms in the

jump matrix for 7' into exponentially small off-diagonal terms in the jump

matrix for S. Indeed, in (S-RH2) we have a jump matrix < 1 (plfzn ?) on XY

w

and X3. Since |¢(z)| > 1 for z on X¢ and X9, the entry 2¢~2" in the jump
matrix tends to 0 exponentially fast. The convergence is uniform on compact
subsets of X and X, but it is not uniform near the endpoints +1.

2n

9 Special case a = (8 = —

N | =

For special values of o and 3, the subsequent analysis simplifies considerably.
These are the cases a = j:%, 6= j:%. We will treat the case a = g = —%,
so that

w(z) = (1—2%)"2h(z).

In this case, we open up the lens further so that Xy and X3 coincide along
two intervals [-1—4,—1] and [1,14 6], where ¢ > 0 is some positive number.

Fig. 4. Opening of lens in case a = = —
coincide on the intervals [—-1 — 4§, —1] and |

The upper and lower lips of the lens
1+9].

1
1.
L,

On the intervals (—1 —§,—1) and (1,1 +J) two jumps are combined. If
we calculate the total jump there, we have to be careful, since w has a jump
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on these intervals too. In fact, we have
wi(z) = —w_(z), forx > 1orz < —1 (with x € U),

which follows from the fact that a = § = —
d,—1) or (1,149),

( 1 o) ( 1 0) 1 0 s
1 . —2n 1 _—2n = 1 1 —2n =4
P ) \grem <w—, + m) prl

This means that S is analytic across (—1 —d,—1) and (1,1 + 6). The only
remaining jumps are on [—1, 1] and on a simple closed contour that we call ~.
We choose to orient v in the positive direction (counterclockwise). It means
that in the upper half-plane we have to reverse the orientation as shown in
Figure 5.

1. Then we calculate on (—1 —

Fig. 5. Closed contour v that encircles [—1,1]. S has jumps only on v and [—1,1].

It follows that in this special case S satisfies the following Riemann-Hilbert
problem.

(S-RH1) S is analytic in C\ ([-1,1]U~).

(S-RH2) S; — 5_ (_0_ ) on (-1.1)

1
)
S, =5_ (L@—% 1) on yN{Imz < 0} and
S, =5_ (_L;—% (1)) on yN{Imz > 0}.
(S-RH3) S(z) :l.uf—l—(’)(%) as z — 00.

(S-RH4) S(z)=0 Llz= 1‘:_ as z — 1.
1]z —1]

[N

(S-RH5) S(z)=0 ! |Z+1‘:_ as z — —1.
1lz+1

= N= N
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Exercise 17. If you do the analysis in this section for the case a = g = +%
then everything will be the same except for the endpoint conditions (S-RH4)

1
and (S-RH5). Show that they change to S(z) = O (|Z -1 1) as z — 1,

lz—1]"2 1
_1
and S(z) =0 (IZ i 12 1) as z — —1, respectively.

10 Model Riemann Hilbert problem

The jump matrix for S is uniformly close to the identity matrix on the simple
closed contour «. Only the jump on the interval [—1,1] is not close to the
identity. This suggests to look at the following model Riemann-Hilbert prob-
lem, where we ignore the jump on . We look for N : C\ [~1,1] — C?x2
satisfying
(N-RH1) N is analytic in C\ [-1,1].

0 wx)
N-RH2) Ni(z) = N_(x) <_% 0 ) for x € (—1,1).

( ) N
(N-RH3) N(z2) — I as z — o0.
( ) N

z
N-RH4 (2)=0 L |Z_1‘:f as z — 1.
1]z —1]

1

(N-RH5) N(z) =0 (1 =+ 1?) as z — —1.

=

1lz4+1]"2
The conditions (N-RH4) and (N-RH5) are specific for the weights under
consideration (i.e., modified Jacobi weights with o = 8 = —%) For more

general weights on [—1,1], the corresponding problem for N would include
the parts (N-RH1), (N-RH2) and (N-RH3), but (N-RH4) and (N-RH5) have
to be modified.

Exercise 18. Let N be given by

a(z)+a"1(2) a(z)—a"1(2)
2 21

N(z) =
a(z)—a"1(2) a(z)+a"1(2)
—21 2
where i
-1
a(z) = u
(z+1)1/4

Show that N satisfies parts (N-RH1), (N-RH2), and (N-RH3) with w(z) =1
(Legendre case). What would the conditions (N-RH4) and (N-RH5) be for
this case?

The solution to the Riemann-Hilbert problem (N-RH1)-(N-RH5) is con-
structed with the use of the Szeg6 function. The Szegd function associated
with a weight w on [—1,1] is a scalar function D : C\ [-1,1] — C such that
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(D-RH1) D is analytic and non-zero in C\ [-1,1].
(D-RH2) Dy(x)D_(x) = w(x) for z € (—1,1).
(D-RH3) the limit lim D(z) = D exists and is a positive real number.

Note that (D-RH1)—(D-RH3) is a multiplicative scalar Riemann-Hilbert prob-
lem. We have not specified any endpoint conditions, so we cannot expect a
unique solution. In general we want that |D| behaves like |w|'/? also near
the endpoints. So for a modified Jacobi weight we would add the endpoint
conditions

(D-RH4) D(z) = O(]z — 1|*/?) as z — 1,
(D-RH5) D(z) = O(|z +1]|%/2) as z — —1.

If the weight satisfies the Szeg6 condition
! log w(x)
11— 22
then the Szeg6 function exists and is given by
(2 =12 (Y logw(z) dx )
2 aVI—a22x—2)"

Exercise 19. Show that D(z) as given by (10.1) does indeed satisfy the
jump condition Dy D_ = w.

dr > —00

D(z) = exp ( (10.1)

Exercise 20. Show that the Szeg6 function for the pure Jacobi weight
w(z) = (1 —2)*(1 +2)? is given by

(z—1)(z + 1)\ "/
v - (S55)

with an appropriate branch of the square root.

Having D we can present the solution to the Riemann-Hilbert problem
for N as follows.

b0 aeta” () atz)=a(z) S0
N(z) = ( 0 L , (102)
D=/ | ale)ze @) a)ta'(2) 0 D(2)
where
(Z _ 1)1/4

a(z) = I (10.3)
Exercise 21. Check that the jump condition (N-RH2) and endpoint con-
ditions (N-RH4)—(N-RH5) are satisfied.

[Hint: The middle factor in the right-hand side of (10.2) appears as the
solution for the Riemann-Hilbert problem for N in case w = 1, see Exercise
18]
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Exercise 22. Show that det N(z) =1 for z € C\ [-1, 1].

11 Third transformation S — R

Now we can perform the final transformation S +— R in the case o = 3 = —%.
We define
R(z) = S(z)N71(2). (11.1)
Since S and N have the same jump across (—1,1) it is easy to see that
Ri(x) = R_(x) for x € (—1,1), so that R is analytic across (—1,1). Then
R is analytic in C\ v with possible singularities at £1. Since det N =1, we
have from (N-RH4)

A flz=1T |z =12
N (z)-(’)( 1 1

as z — 1. Thus

1]z —1|"2 |z =173 |z = 1|73
R(z)=0 ) o
@=0(i ) e (T

_oflF-E -1
NPT T AP (e

as z — 1. So all entries of R have an isolated singularity at z = 1 such that
Rij(z) = O (|z - 1\*%) as z — 1. This implies that z = 1 is a removable

singularity. Similarly it follows that z = —1 is a removable singularity.

Fig. 6. Closed contour . R has a jump on ~ only.

So R is analytic across the full interval [—1,1], and so only has a jump
on -, as shown in Figure 6. We have the following Riemann-Hilbert problem
for R.
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(R-RH1) R is analytic on C\ 7.
(R-RH2) R.i(s) = R_(s)V(s) where

1
N(s) <w%s)‘p(3)2n (1)> N=1(s) forseyn{Imz <0},
0
1

N(s) (_ _om 1) N~1(s) for s € yN{Imz > 0}.

Vis) = 1
w(s) o(s)

(R-RH3) R(z) — I as z — oo.

Observe that the jump matrix V(s) is close to the identity matrix if n is
large.

Exercise 23. Prove that V is analytic in a neighborhood €2 of =y, and that

|V —Io=0(e*") as n — oo.

for some constant ¢ > 0.

The Riemann-Hilbert problem for R is of the type discussed in Theorem
3.1. The problem is posed on a fixed contour 7 (independent of n) and the
jump matrix V' is analytic in a neighborhood of ~ where it is close to the
identity. It follows from Theorem 3.1 that

R(z) =1+ 0 (e~") (11.2)

uniformly for z in C\ 7. Tracing back the steps Y — T +— S — R we are
then able to find asymptotics for Y as n — oo, and in particular for its (1,1)
entry, which is the orthogonal polynomial 7, .

Exercise 24. The analysis of Sections 9-11 goes through for all cases where
the parameters o and [ satisfy {a, 5} C {—%, %} Work out the details for
a=0= %

What goes wrong if v = %?

12 Asymptotics for orthogonal polynomials (case

1
a:ﬁ:—E

We repeat that the above analysis is valid for a = g = —%, and according to

the last exercise, can be extended to the cases o, 3 = :I:%. Now we show how
to get asymptotics from (11.2) for the orthogonal polynomials and for related
quantities.

The easiest to obtain is asymptotics for z € C\ [-1,1]. For a given z €
C\ [-1,1], we can open the lens around [—1,1] so that z is in the exterior
of v. Then by (7.1), (8.1), (11.1), and (11.2),
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Y(2) = (20n 20n> () (¢(S)n so(zo)‘”>
- (%o )5 (9 L5)
(5 mee (75

- (20n 20n> (I+0 (7)) N(2) <<p(§)” s@(zo)”>

as n — oo. For the orthogonal polynomial 7, (z) = Y11(z) we get

m™(2) = (¢(zz)) [N11(2) (1+ 0O (7)) + Na1(2)O (e7") ] .

Since Ni; does not become zero in C\ [—1, 1], we get the strong asymptotic
formula

i (2) = (@) Ni(z) (140 (=) (12.1)

as n — 0o. For Njj(z) we have from (10.2) the explicit expression

Do a(z) +a(z)?
D(z) 2

Nii(z) = (12.2)

in terms of the Szegd function D associated with w and the function a(z) =

%. The formula (12.1) is valid uniformly for z in compact subsets of

C\ [-1,1].

\1£‘0r as}ymptotics on the interval [—1,1] we have to work somewhat harder,
the basic difference being that the transformation from 7' to S is non-trivial
now. We take z in the upper part of the lens. Then the transformations (7.1),
(8.1), and (11.1) yield
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o= (5 2)mo ( )

o D a(z)+<21_1(z) a(z)*zq_l(z)
o) (5 o)
a(z)—a"1(2)

a(z)+a”'(z)
2

—21

« (D(z)_l 0 ) ( O )
0 D(2)) \gmw) " elx)™")"
So for the first column of Y we have

_— b a(z)tol(z) alz)=a”l(z) oGy
"Y1i1(z o i #
-R
(2"Y21(2)> (z)( 0 Dool) a(x)=a='(2) a(z)+a” () D(2)
—21 2

w(z)p(2)"
Now we take x € [—1,1], and we let z tend to x from the upper part of the

lens. So we have to take the +boundary values of all quantities involved. It
is tedious, but straightforward, to check that for z € (—1,1),

o+(x) =2+ 1 — 22 =exp (iarccosz),

at(z) +ai'(z) _ 1

1. T
5 N BT exp (51 arccosT — ’LZ> ,
1 1. + T
ex — —=7%arccosx =,
2i V21 —22)F TP\ 2 1

D (z) = Vw(x) exp (—iv(z)),
where 9 (z) is a real-valued function, which is given by
W) = VIi—22 (! logw(t) dt
T o aVI—et—a’

in which the integral is a principal value integral. Putting this all together we
find for the orthogonal polynomial 7, (z) with = € [-1,1],
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T (z) = o w\(@)l()lm_ oy [Ru(x) cos ((n + %) arccosx + ¢(z) — %)

D2 L Rua(x) cos <(n _ %) arccos z + (z) — %)} . (12.3)

where
Rll(.ﬁ) =14+0 (e_c") s ng(.ﬁ) =0 (e—cn> . (124)

The asymptotic formula (12.3)—(12.4) is valid uniformly for x € [-1,1]. The
fact that this includes the endpoints +1 is special to the case a = ﬂ = —5
For more general o and 3, the formula (12.3) continues to hold on compact
subsets of the open interval (—1,1), but with error terms Ri1(z) =1+ O(2)
and Rya(z) = (9( ). Near the endpomtb +1, there is a different asymptotic
formula.

The formula (12.3) clearly displays the oscillatory behavior of 7, (x) on the

V2D TN
s R and it is
easy to check that this remains bounded as x — +1. The main oscillating term

is cos ((n+ 3) +¢(x) — Z) with corrections that are exponentially small as
n — 0o.

interval [—1,1]. The amplitude of the oscillations is

Exercise 25. The orthogonal polynomials for the weight (1 — xz)’% are

the Chebyshev polynomials of the first kind T, (z) with the property
T, (x) = cos(n arccos z), x € [-1,1].

The monic Chebyshev polynomials are

1

Tn(x) =
Compare this with the asymptotic formula (12.3). What are Ry; and Rjo
in this case?
[Hint: It may be shown that for a Jacobi weight (1 —z)%(1 + x)? one has

Doo = 2= and Y(x) = M arccosr — 5 .|

Exercise 26. The formula (12.3)—(12.4) is also valid for the case o = 3 = %
This may seem strange at first since then the amplitude of the oscillations

m is unbounded as x — +1. Still the formula (12.3) is valid

uniformly on the closed interval [—1,1]. How can this be explained?
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Exercise 27. Deduce from (12.1)—(12.4) that the coefficients a,, and b, in
the recurrence relation

T, (.13) = Tn+41 (l‘) + by, (37) + aiﬂ'n—l(x)

satisty

Lio@e™),  b=0(m. (12.5)

an:§

Remark related to exercise 27: Geronimo [19] made a thorough study
of orthogonal polynomials with recurrence coefficients that approach their
limits at an exponential rate. He showed that (12.5) holds, if and only if the
underlying orthogonality measure is a modified Jacobi weight (1 — )2 (1 +
2)¥2h(z), plus at most a finite number of discrete masspoints outside [—1,1].
I thank Jeff Geronimo for this remark.

13 Case of general a and (3

For the case of a modified Jacobi weight (1 — z)%(1 4 x)?h(z) with general
exponents «a, 3 > —1, we cannot do the transformation 7' — S as described
in Section 9. In general we have to stay with the transformation 7' — S as
in Section 8. So we are left with a Riemann-Hilbert problem on a system of
contours as shown in Figure 3.

We continue to use the Szegd function D(z) characterized by (D-RH1)-
(D-RH5), and the solution of the model Riemann-Hilbert problem

PN CEETRIERIEETRIE ) ST
e = (5 ) ,
Do a(z)—a"(2) a(z)+a"'(2) 0 D(Z)
—2i 2
1
with a(z) = E=17 . Note that N satisfies
(=+1)3
(N-RH1) N is analytic in C\ [-1,1].
0 w(x)
(N-RH2) Ny(z)=N_(z)| 1 0 for x € (—1,1).
w(x)

(N-RH3) N(z2) — I as z — o0.

The aim is again to prove that S is close to N if n is large. However,
the attempt to define R = SN~! and prove that R ~ I does not work. The
problem lies near the endpoints 41, as SN~! is not bounded near +1.

The way out of this is a local analysis near the endpoints +1. We are
going to construct a so-called local parametrix P in a disk {|z — 1] < 4}
centered at 1, where ¢ is a small, but fixed, positive number. The parametrix
should satisfy the following local Riemann-Hilbert problem

(P-RH1) P isanalyticin {|z—1| < §}\ X and continuous in {|z—1| < d}\X.
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(P-RH2) P has the same jumps as S on X' N {|z — 1| < d}.

(P-RH3) P = I—i—(’)(l))N as n — oo, uniformly on |z — 1| =94.
n

(P-RH4) P has the same behavior as S near 1.
Instead of an asymptotic condition, we now have in (P-RH3) a matching
condition. ~

Similarly, we need a parametrix P near —1 which should satisfy

-RH1) P is analytic in {|Z—|—1\ < 0}\ X and continuous in {|z+1| < §}\X.
-RH2) P has the same jumps as S on ¥ N {|z + 1| < d}.
-RH
-RH

"Ur"Ur

"Uz

(
(
( 3) P:<[+(’)<5)>Nasn—>oo,un1f0rmlyon |z 4+ 1] =90.
(P

4) P has the same behavior as S near —1.

The construction of a local parametrix is done in [7, 9] with the help of
Airy functions. Here we will need Bessel functions of order «. In the next
section, we will outline the construction of P. In the remaining part of this
section we will discuss how the transformation S +— R will be, assuming that

we can find P and P.
We define R by

S(z)N(2)~t if |z — 1| > 6 and |z + 1| > 4,
R(z) = ¢ S(2)P(2)7! if | — 1] < 4, (13.1)
S(z)P(z)~" if |z 4+ 1] < 4.

Then R is analytic outside the system of contours v shown in Figure 7.

M
+

Fig. 7. System of contours « so that R is analytic in C\~y. The system of contours
~ consists of two circles of radius d centered at +1, and two arcs joining these two
circles.
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R satisfies

(R-RH1) R is analytic on C\ ~.
(R-RH2) Ry = R_V on 7 where
PN =I1+0(%) for|z—1|=4,

1
n

PN1=1+0(%) for|z+1=9,

1
N (lwzn ‘1)) NI =40
’ on (Z1US)N{lz—1] >8]z +1| > 6}

1
(R-RH3) R(z)=1+0 ) ez 00
(R-RH4) R remains bounded at the four points of self-intersection of ~.

Now the jump matrices are I + O (%) uniformly on . The contour + is
not a simple closed contour as in Theorem 3.1, so we cannot use that theorem
directly. However, we can use the ideas in its proof to establish that we have

R(z)=I+0(%).

Exercise 28. Prove that

R(z)=T+0 (%) (13.2)

as n — oo, uniformly for z € C\ ~.

14 Construction of the local parametrix

The construction of the local parametrix P follows along a number of steps.
More details can be found in [23].

Step 1: Reduction to constant jumps

We put for z € U \ (—o0,1],

W(z) = ((z = )*(z + 1)%h(2)) ",

where the branch of the square root is taken which is positive for z > 1. We
seek P in the form .
_p) (W™ 0
pop (W2 0

In order to have (P-RH1), (P-RH2), and (P-RH4), we then get that P()

should satisfy

(P1-RH1) PM is analytic in {|z — 1| < d} \ ¥ and continuous in {|z — 1| <
o\ X.
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(P1-RH2) P = pWM (ealm; (1)) on XN {|z—1| <6},

Pt = p® ( 0 1) on (1—46,1),

-10
PJ(rl) =pW e_%“”: (1) on X§N{|z—1| <d}.

(P1-RH4) Conditions as z — 1:

_1la/2 _10‘/2
(1) = |2 =1 12 |
o If a<0,then PV(2)=0 (|z—1“/2 |z —1]2/2 )"
log |z — 1] log |z — 1]
_ W)= (o8 s
e If a >0, then

_1la/2 _1|—a/2
<z _ Ha/z Iz _ Ha/z) as z — 1 outside the lens,
PW(z) =
_1]—a/2 _1]—a/2
o <z 1] |z — 1

2 —1|o/2 |2 — 1|a/2) as z — 1 inside the lens.

For the moment we ignore the matching condition.

Step 2: Model Riemann-Hilbert problem

The constant jump problem we have for P(!) leads to a model problem for ¥,
defined in an auxiliary {-plane. The problem is posed on three semi-infinite
rays 71, 72, and 3, where 7, is the negative real axis, v; = {arg( = o},
and v3 = {arg( = —c}. Here o is some angle in (0, ), see Figure 8.

The Riemann-Hilbert problem for ¥ is:

(Z-RH1) ¥ is analytic in C\ (71 U2 Uns),
) () o

01 o

v, =v_ (_1 0) on vy,
1

WJr =v_ e—omi 1

(?-RH4) Conditions as { — 0:

C a/2 C a/2
e If a<0,then ¥(()=0 (Iga/z Ica/z) .

10 10
o If a=0,then ¥(¢)=0 (1o§ EI log E) '
) If o > 07 then

172 |¢] =/ ;
@ iclo/2 |¢|-o/2 as ¢ — 0 with |arg(| < o,

() = o |<‘7o¢/2 |<‘7o¢/2
(|<—a/2 ¢/

on 3.

)asC—>OWitha<argC|<7r.
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Y2

Fig. 8. Contours for the Riemann-Hilbert problem for ¥.

There is no asymptotic condition (¥-RH3) for ¥, so we cannot expect to
have a unique solution. Indeed, there are in fact many solutions. In the next
step we will construct one solution out of modified Bessel functions.

Step 3: Solution of model Riemann-Hilbert problem

The solution of the Riemann-Hilbert problem for ¥ will be built out of mod-
ified Bessel functions of order «, namely I, and K. These are solutions of
the modified Bessel differential equation

1 a?

The two functions I,(2¢'/?) and K, (2¢'/?) satisfy

//_1 a_2 _
Y <<1+4<)y—0.

We consider these functions for |arg(| < 7. On the negative real axis there
is a jump. In fact we have the connection formulas, see [1, 9.6.30-31],
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Ia(2<1/2)+ — eaﬂila(2<1/2)_
Ko (20Y2) ) = e ™ K (2¢Y/?) - — mil,(2¢Y/%)_

for ¢ on the negative real axis, oriented from left to right. We can put this in
matrix-vector form

(1a(262) £Ra(26), = ((26) £Ka(26%) (0 ).

Since the jump matrix is constant, it follows that the vector of derivatives
satisfies the same jumps, and also if we multiply this vector by 2mi(. This
has the effect of creating a matrix with determinant 1, due to the Wronskian
relation [1, 9.6.15]). Thus

1.(2¢'?) LKa(2¢1?)
2mi¢ 21 (2¢M?) —2¢M P K, (2¢1)
Ia(2cl/2) %Koc(zgl/z) Qi 1
= ) < 0 e—aﬂi)

2mi/2 1, (201/2) —2¢V2 K (2012

Now we have, as is easy to check,

e 1\ (1 0\/01\/ 10
0 e—onri - e—onri 1 ~10 e()mi 1)

This last product consists exactly of the three jump matrices in the Riemann-
Hilbert problem for ¥. It follows that if we define ¥ by

Uy (€) for |arg (| < o,
T(() = Uy (€) (_elam (1)) for o < arg( < m, (14.1)
WO(C) (e—inri ?) for —m < arg( < —o0,
where
1a(2¢'/?) TKa(2¢1?)
P(C) = : (14.2)

2mi¢' 2 1L,(2¢1/%) —2¢ 2K (2¢17)
then ¥ satisfies the jump condition (¥-RH2). Clearly, (?-RH1) is also satis-
fied. Because of the known behavior of the modified Bessel functions near 0,
see [1, 9.6.7-9], ¥ also has the behavior (¥-RH4) near 0.
Step 4: Construction of P(1)

Define for z € C\ (—o0, 1],
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£(2) = 7 loge(=)]* (14.3)

where we choose the principal branch of the logarithm. Since ¢4 (x)¢_(z) =
1 for x € (—1,1), we easily get that fi(x) = f_(x). So f is analytic in
C\ (—o0, —1]. The behavior near z =1 is

1 1 9 3

f(z):§(z—1)—ﬁ(z—1) +0((z — 1)) as z — 1.

So f is a conformal mapping of a neighborhood of 1 onto a neighborhood
of 0. We choose § > 0 sufficiently small so that ¢ = f(z) maps the disk
{]z — 1] < 6} conformally onto a convex neighborhood of 0 in the ¢-plane.
We still have some freedom in the precise location of the contours X; and
X5. Here we use this freedom to specify that X N {|z — 1| < ¢} should be
mapped by f to a part of the ray arg( = o (we choose any o € (0,7)), and
YsNA{]z — 1| < 6} to a part of the ray arg( = —o.

Then W(n2f(z)) satisfies the properties (P1-RH1), (P1-RH2), and (P1-
RH4) of the Riemann-Hilbert problem for P®). This would actually be the
case for any choice of conformal map ¢ = f(z), mapping z = 1 to { = 0,
and which is real and positive for z > 1. The specific choice of f is dictated
by the matching condition for P, which we will look at in a minute. This will
also explain the factor n?. But this will not be enough to be able to do the
matching. There is an additional freedom we have in multiplying ¥(n?f(2))
on the left by an analytic factor. So we put

PW(2) = E(2)¥(nf(2)), (14.4)

where F is an analytic 2 x 2 matrix valued function in {|z — 1| < 0}. It will
depend on n. The precise form of E will be given in the next subsection.

Exercise 29. Show that for any analytic factor E the definition (14.4) gives
a matrix valued function P() that satisfies the jump condition (P1-RH2)
and the condition (P1-RH4) near 1.

Step 5: The matching condition

The parametrix P we now have is
Pl = et (VOO 0 ) s

where we have not specified E yet. The conditions (P-RH1), (P-RH2), and
(P-RH4) are satisfied. We also have to take care of the matching condition

P(z) = <z+o (%)) N(z)  for|z—1|=4.

To achieve the matching, E(z) should be close to
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vy (VRO

9 1
0 W@<erW“ﬂ”]'

The idea is to replace ¥ here with an approximation ¥*. For fixed z with
|z — 1| = 4, the function ¥(¢) is evaluated at ¢ = n?f(z), which grows
as n — 00. So to figure out what approximation ¥* to use, we need large
¢ asymptotics of the modified Bessel functions and their derivatives. These
functions have a known asymptotic expansion, see [1, 9.7.1-4]. From this it
follows that

EERCEIZE 1 (1+0(C%)i+0( )
— | vVor —
v(Q) ( 0 \/g@m) V2 <z+0(<5) 1+O(<2)>

Now we ignore the O(¢™2) terms, and we put

. A=V 0 114\ (X 0
- (5 ) B2

and then define

Note that e~2"* = @(z)" for ¢ =n?f(z). Thus

=6 ("8 ) 35 (4 7)
(x/%f(Z)”4 0 > . (14.6)

0 \/2171'_77, (z)*l/4

The fact that the exponential factor ¢(2)"™ gets cancelled is the reason for the
choice of the mapping f and the factor n? in ¥(n?f(z)). With this choice for
E, it is easy to check that P satisfies the matching condition (P-RH3). We
leave it as an exercise to show that E is analytic in a full neighborhood of 1.
This completes the construction of the parametrix P in the neighborhood of
1.

A similar construction with modified Bessel functions of order § yields a
parametrix P in the neighborhood of —1.
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Exercise 30.

(a) Show that E4(z) = E_(x) for x € (1 —4,1), so that E is analytic
across (1 —4,1).
[Hint: On (1 —4,1) we have (fY/*), = i(f¥*)_, Wy W_ = w, and
0 w
(b) Show that thewisolated singularity of E at 1 is removable.
[Hint: Use that W(z)/D(z) is bounded and bounded away from zero
near z = 1]

15 Asymptotics for orthogonal polynomials (general
case)

Knowing that we can construct the local parametrices P and P we can go
back to Section 13 and conclude that R(z) = I+O(2) uniformly for z € C\~,
where + is the system of contours shown in Figure 7.

Then we can go back to our transformations ¥ — T — S — R, to
obtain asymptotics for Y, and in particular for the orthogonal polynomial
mn(z) = Y11(2). We summarize here the results. For z € C\[-1, 1], we obtain

Tu(2) = @(2?" g(oz") al2) +2a(z)_1 (1 +0 (%)) . (15.1)

The O(L) term is uniform for z in compact subsets of C\[—1,1]. The formula
is the same as the one (15.1) we found for the case « = 8 = —%, except for

the error term.
For z € (=14 4,1 —¢), we obtain

V2D

21 /w(x) (1 — x2)1/4

<cos <(n + %) arccosz + 1 (z) — 2) +0 <%)> . (15.2)

where 9 (z) = —arg D4 (z), compare also with (12.1).

() =

Exercise 31. Check that we obtain (15.2) from taking the sum of + and
— boundary values for the asymptotics (15.1) valid in C\ [-1,1].

Near the endpoints +1 the asymptotic formula for m,(z) involves Bessel
functions. For z in the upper part of the lens, inside the disk {|z — 1] < ¢},
the expression for Y'(z) involves a product of no less than thirteen matrices
(even after some simplifications). To summarize we have by (7.1), (8.1), and
(13.1),
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Y(z) = (20” 2‘1) R(2)P(2) (%g@(i)z” ‘f) (*0(3)” @(ZO),J . (153)

with (due to (14.5), (14.6), (10.2), and (14.1)),

P(z) = B(:)0(n’f(2)) (W("’)_l“’(”_" 0 )

0 W)
B W) 0 1 (1 =i\ [(Vemnf(z)/* 0
£ =6 ("7 ) 75 (G 1)( / zlmf(z)_m),

a(z)+a 1(2) a(z)—a"1(2)
2

2i D(z)~! 0
0 D) | a@r-a) atz)ta” () 0 D(z)

—21

b0 1,(2¢1/?) LKa(2¢"?) ( 1 0)
2miCM21,(2¢1/?) —2¢ 2K (2¢1/7) ) AT
We start to evaluate the product (15.3) at the right. Plugging in the for-
mula for P(z), we get

and

—n z 71
Y(2) = (20 2%) R(2)E(2)¥(n*f(2)) (W% W?z)) '

. 1 i . . . .
Since W (z) = w(z)'/2€2°™" in the region under consideration, we have

vier= (%) ) meECweE) ()

e

(W(Zz)l/2 w(zo)l/2> . (15.4)

Using the expression for ¥(¢), we get with ¢ = n2f(z),

2" 0 w(z)'/? 0
1.(2¢Y/?) 1 Ka(2¢'?) e—tami
= R(2)E(z) ' ( 1am> .
2mic 20}, (207) 2 2Ky (20) ) N0 e

At this point we see that the first column of Y'(z) can be expressed in terms
of I, and I/, only. It will not involve K, and K/ . Continuing now only with
the first column and focusing on the (1,1) entry, we get



206 Arno B.J. Kuijlaars

<7rn>EZ)) _ WR(Z)E(Z) ((1) 9 f(zz)l/2> (éz(é?l//?)) ’
(15.5)

where * denotes an unspecified entry. Looking now at the formula for E(z),
we see that we pick up an overall factor v2mnf(2)'/4. We get from (15.5)

m™(z)\ V2rnf ()4
( * ) 2”w( )1/2 2oc7rzR(Z)N(Z)

("5 wies) 72 () (i)

Next, we plug in the formula for N to obtain

a(z)+a"1(2) alz)—a"1(2)

<7Tn(z)) _ V2mnf(x)'/* V2mnf() T (Doo 0 ) 2 2
* 2m ()1/2 Tami 0 Dgol a(z)—a"(2) a(z)4+a"(2)

2

—21

0 P ) va\-i 1)\ (2¢72)) '
where we still have ¢ = n?f(z).

Now we choose x € (1—4,1] and let z — z from within the upper part of
the lens. The asymptotics for m,(z) will then involve the +boundary values

of all functions appearing in (15.6). First we note that f(z) = —(arccosz)?,
so that
FV im\/arccosx'
V2
We also get that
1/2 .
I,(2¢1/?) _, phami Jo(narccos )
i’ (2¢1/?) J! (narccosz) )’
where J, is the usual Bessel function. Note also that
at(z) +ai'(x) _exp (3iarccosz —i%)
2 \/5(1 — ;[;2)1
and
at(z) —ai'(z) _exp (—Liarccosz +iZ)
2i V2(1 — 22)7
so that
a(z )+a '(z) a(z)—a"'(2)
a(z)— ffl(z) a(z)-Hfl(Z)
—21
1 eéimrccos T—i% e—%iarccosm—i—i%
_ . S
\/5(1 B .132)% _ef§zarccosw+z e%zarccosa:fzz
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Finally we have that W (z) = v/w(z)e2°™ and D, (z) = \/w(z)e #®@)  so
that

W(Z) N e%awi—i—d}(m)i.

D(z)

We get from (15.6)

() s (3 )

1 - 1 x
eztarccosz—if  ,—gziarccosz+if
X 1
—e”2

_1; 5 s 1. sp—i T
tarccos z+1i 7 ealarccosz—iy

y ezamiti(x)i 0 1 (1 —i\ (Ja(narccosz)
0 e—zomi—v@)i | 5\ —i 1 J! (narccosz)
B \/Tn arccos T (@) (Doo 0 )
o Jw(z) (1 — 22)1/4 0 —iDZ}!

y (cos(@ (x)) sin<<1<x>>> (Jam w>) , (15.7)

cos(Ca(x)) sin(Ca(x)) ) \J4(narccosz)

where

1 1 1 1
G(z) = 5 arccos + e + (), Co(x) = —7 arccos + e + ().

Exercise 32. Check that the formula for m,(x) remains bounded as z — 1.

[Hint: First note that (7% has a limit for z — 1. Next, we should
1

combine with the Bessel functions J, (n arccosz) and J., (n arccosz).
i ( ) and J( )

Since Jo(2) ~ g (2)” as 2 — 0, we get that Jolnarccoss) pas a limit

T(at1) \2 Vw(z)

N arccos x . .
¥, which is unbounded as

as x — 1. Finally, we should control Ja o)
x — 1 (unless a = 0). However it gets multiplied by sin (i (z) and sin (a(x).
It may be shown that (;(z) = O(v/1—x) as « — 1 for j = 1,2, and this is

J! (narccos )

enough to show that sin (; (x)W remains bounded as well.]

Exercise 33. Show that, uniformly for 6 in compact subsets of C,

lim — (2” tat ﬁ) on <cos %) — C(h) (%)a J.(0),  (15.8)

n—oo NN n

where the constant C(h) is given by

C(h) = exp <% /11 logh(\:;)li—l;)fh(l)dx> .
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The limit (15.8) is the so-called Mehler-Heine formula, which is well-known
for Jacobi polynomials, that is, for h = 1, see, e.g., [1, 22.15.1] or [31]. From
(15.8) one obtains the asymptotics of the largest zeros of 7, . Indeed, if 1 >
xin) > xén) > .- denote the zeros of 7, , numbered in decreasing order, then
(15.8) and Hurwitz'’s theorem imply that, for every v € N,

lim 2n? (1 - xg")) =2,
n—oo ’

where 0 < jo,1 < Ja,2 <+ < Ja, < --- are the positive zeros of the Bessel
function J, . This property is well-known for Jacobi polynomials [1, 22.16.1].
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1 Introduction

These lecture notes give an introduction to a recently developed method to ob-
tain asymptotics for orthogonal polynomials. The method is called “steepest
descent method for Riemann-Hilbert problems”. It is based on a characteri-
zation of orthogonal polynomials due to Fokas, Its, and Kitaev [15] in terms
of a Riemann-Hilbert problem combined with the steepest descent method
introduced by Deift and Zhou in [12] and further developed in [13, 11]. The
application to orthogonal polynomials was initiated in the seminal papers of
Bleher and Its [4] and Deift, Kriecherbauer, McLaughlin, Venakides and Zhou
[8, 9]. These works were motivated by the connection between asymptotics of
orthogonal polynomials and universality questions in random matrix theory
[7, 27]. An excellent overview can be found in the book of Percy Deift [7], see
also [10, 26]. Later developments related to orthogonal polynomials include
[2, 3, 5, 18, 20, 21, 22, 23, 34].

In this exposition we will focus on the paper [23] by Kuijlaars, McLaughlin,
Van Assche, and Vanlessen. That paper applies the Riemann-Hilbert tech-
nique to orthogonal polynomials on the interval [—1,1] with respect to a
modified Jacobi weight (1 — z)*(1 + z)?h(x) where h is a non-zero real an-
alytic function on [—1,1]. It should be noted that the earlier works [4, 8, 9]
dealt with orthogonal polynomials on the full real line. The fact that one
works on a finite interval has some technical advantages and disadvantages.
The disadvantage is that one has to pay special attention to the endpoints.
The main advantage is that no rescaling is needed on [—1,1], and that we
can work with orthogonal polynomials with respect to a fixed weight func-
tion, instead of orthogonal polynomials with respect to varying weights on R.
Another advantage is that the analysis simplifies considerably on the interval
[-1,1], if the parameters o and § in the modified Jacobi weight are :l:%. In
that case, there is no need for special endpoint analysis. The case a = § = %
will be worked out in detail in the first part of this paper (up to Section 12).

For general a, 3 > —1, the analysis requires the construction of a local
parametrix near the endpoints. These local parametrices are built out of mod-
ified Bessel functions of order o« and 3. For orthogonal polynomials on the
real line, one typically encounters a parametrix built out of Airy functions
[7, 8, 9]. The explicit construction of a local parametrix is a technical (but es-
sential and beautiful) part of the steepest descent method. This is explained in
Section 14. The asymptotic behavior of the orthogonal polynomials can then
be obtained in any region in the complex plane, including the interval (—1,1)
where the zeros are, and the endpoints +1. We will give here the main term in
the asymptotic expansion. It is possible to obtain a full asymptotic expansion,
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but for this we refer to [23]. We also refer to [23] for the asymptotics of the
recurrence coefficients.

We will not discuss here the relation with random matrices. For this we
refer to the papers [8] and [24] where the universality for the distribution of
eigenvalue spacings was obtained from the Riemann-Hilbert method.

To end this introduction we recall some basic facts from complex anal-
ysis that will be used frequently in what follows. First we recall Cauchy’s
formula, which is the basis of all complex analysis. It says that

0= 5 § 1) 4

21 s—z

whenever f is analytic in a domain €2, «y is a simple closed, positively oriented
curve in 2, encircling a domain €2y which also belongs to 2, and z € ().

A second basic fact is Liouville’s theorem, which says that a bounded
entire function is constant. An extension of Liouville’s theorem is the following.
If f is entire and f(z) = O(z™) as z — oo, then f is a polynomial of degree
at most n.

Exercise 1. If you have not seen this extension of Liouville’s theorem
before, (or if you forgot about it) try to prove it.

We also recall Morera’s theorem, which says that if f is continuous in
a domain 2 and satisfies fﬁ/ f(z)dz = 0 for all closed contours v in Q, then
f is analytic in Q.

We will also use some basic facts about isolated singularities of analytic
functions. In a basic course in complex analysis you learn that an isolated
singularity is either removable, a pole, or an essential singularity. Riemann’s
theorem on removable singularities says that if an analytic function is
bounded near an isolated singularity, then the singularity is removable. The
following is an extension of this result.

Exercise 2. Let a € Q. If f is analyticin Q\{a}, and lim(z—a)f(z) =0,

then a is a removable singularity of f.

2 Boundary values of analytic functions

We will deal with boundary values of analytic functions on curves. Suppose
is a curve, which could be an arc, or a closed contour, or a system of arcs and
contours. We will always consider oriented curves. The orientation induces
a +side and a —side on ~. By definition, the +side is on the left, while
traversing y according to its orientation, and the —side is on the right.

All curves we consider are smooth (C! or even analytic), but the curves
may have points of self-intersection or endpoints. At such points the +
and —sides are not defined. We use «° to denote 7y without points of self-
intersection and endpoints.
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Let f be an analytic function on C \ 7. The boundary values of f in
s € v° are defined by
fus)= lm f(), f(s)= lim f(2),

zZ—S8
z on +side z on —side

provided these limits exist. If these limits exist for every s € v°, and f
and f_ are continuous functions on °, then we say that f has continuous
boundary values on ~°. It is possible to study boundary values in other
senses, like LP-sense, see [7, 14], but here we will always consider boundary
values in the sense of continuous boundary values.

If the boundary values f; and f_ of f exists, and if we put v(s) = f1(s)—
f=(s), we see that f satisfies the following Riemann-Hilbert problem
(boundary value problem for analytic functions)

(RH1) f is analytic in C\ .
(RH2) fi(s) = f-(s) +v(s) for s € y°.
We say that v is the jump for f over ~°.

Suppose now that conversely, we are given v(s) for s € v°. Then we may
ask ourselves whether the above Riemann-Hilbert problem has a solution f,
and whether the solution is unique. It is easy to see that the solution cannot be
unique, since we can add an entire function to f and obtain another solution.
So we need to impose an extra condition to guarantee uniqueness. This is
typically an asymptotic condition, such as

(RH3) f(2) =0 as z — oo.

In this way we have normalized the Riemann-Hilbert problem at infinity. It
is also possible to normalize at other points, but we will only meet problems
where the normalization is at infinity.

It turns out that there is a unique solution if v is Hélder continuous on -y
and if « is a simple closed contour, or a finite disjoint union of simple closed
contours, see [17, 28]. Then there are no points of self-intersection or endpoints
so that v = v°. In the case of points of self-intersection or endpoints, we need
extra conditions at those points.

If v is a simple closed contour, oriented positively, and if v is Holder
continuous on <y, then it can be shown that

flz)= L% ﬂds (2.1)

27 S—z

is the unique solution of the Riemann-Hilbert problem (RH1), (RH2), (RH3).
Tt is called the Cauchy transform of v and we denote it also by C(v). We
will not go into the general existence theory here (for general theory, see e.g.
[17, 28]), but leave it as an (easy) exercise for the case of analytic v.

Exercise 3. Assume that v is analytic in a domain  and that v is a
simple closed contour in 2. Prove that the Cauchy transform of v satisfies
the Riemann-Hilbert problem (RH1), (RH2), (RH3).
[Hint: Use a deformation of v and Cauchy’s formula.]




Riemann-Hilbert Analysis for Orthogonal Polynomials 171

Exercise 4. Give an explicit solution of the Riemann-Hilbert problem
(RH1), (RH2), (RH3), for the case where the jump v is a rational function
with no poles on the simple closed contour ~.

[Hint: Use partial fraction decomposition of v.]

To establish uniqueness, one assumes as usual that there are two solu-
tions f; and fo. Then the difference ¢ = f; — fo will solve a homogeneous
Riemann-Hilbert problem with trivial jump g4 = g— on ~. Then it follows
from Morera’s theorem that ¢ is analytic on . Hence g is an entire function.
From the asymptotic condition (RH3) it follows that g(z) — 0 as z — oo,
and therefore, by Liouville’s theorem, g is identically zero.

We will use the above argument, based on Morera’s theorem, also in other
situations. We leave it as an exercise.

Exercise 5. Suppose that « is a curve, or a system of curves, and that f is
analytic on C\ . Let vy be an open subarc of v° so that f has continuous
boundary values f; and f_ on = that satisfy f; = f_ on ~g. Show that
f is analytic across o .

In the case that v has points of self-intersection or endpoints, extra con-
ditions are necessary at the points of v\ v°. We consider this for the case of
the interval [—1,1] in the following exercise.

Exercise 6.

(a) Suppose that v is the interval [—1,1] and v is a continuous function on
(—1,1). Also assume that the Riemann-Hilbert problem (RH1), (RH2),
(RH3) has a solution. Show that the solution is not unique.

(b) Show that there is a unique solution if we impose, in addition to (RH1),
(RH2), (RH3), the conditions that

lim(z — 1) f(z) =0, lim (24 1)f(z) = 0.

z—1 z——1

The next step is to go from an additive Riemann-Hilbert problem to a
multiplicative one. This means that instead of (RH2), we have a jump condi-
tion
(RH4) fi(s) = f-(s)v(s) for s € 4°.

In this case, the asymptotic condition is typically
(RH5) f(2) — 1 as z — oco.

If ~ is a simple closed contour, and if v is continuous and non-zero on +,
then we define the index (or winding number) of v by

. 1
indv = %A,yv(s).

This is % times the change in the argument of v(s) as we go along v once
in the positive direction. The index is an integer. If the index is zero, then we
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can take a continuous branch of the logarithm of v on 7, and obtain from
(RH4) the additive jump condition

(log f)+(s) = (log f)~(s) + logv(s), ~ s€n.

This has a solution as a Cauchy transform

log f(2) = 1 %IOgU(S)ds,
8!

211 s—z

provided logv is Holder continuous on . Then

f(2) = exp (ﬁ fi losgf(j) ds) (2.2)

solves the additive Riemann-Hilbert problem (RH1), (RH4), (RH5).

Exercise 7. How would you solve a Riemann-Hilbert problem with jump
condition

f(s)f-(s) = v(s)

for s on a simple closed contour ~y7

3 Matrix Riemann-Hilbert problems

The Riemann-Hilbert problems that are associated with orthogonal polyno-

mials are stated in a matrix form for 2 x 2 matrix valued analytic functions.
A matrix valued function R : C\ vy — C?*? is analytic if all four entries of

R are analytic functions on C\ «. Then a typical Riemann-Hilbert problem

for 2 x 2 matrices is the following

(mRH1) R:C)\~y — C?*? is analytic.

(mRH2) Ry (s) = R_(s)V(s) for s € 4°, where V : v° — C?*? is a given
matrix valued function on ~°.

(mRH3) R(z) — I as z — oo, where I denotes the 2 x 2 identity matrix.

Because of (mRH3) the problem is normalized at infinity. The matrix valued
function V' in (mRH2) is called the jump matrix. If 4° # ~, then addi-
tional conditions have to be imposed at the points of self-intersection and the
endpoints.

The existence theory of the matrix Riemann-Hilbert problem given
by (mRH1), (mRH2), (mRH3) is quite complicated, and we will not deal
with it. In the problems that we will meet, we know from the beginning that
there is a solution. We know the solution because it is built out of orthogonal
polynomials. See [6] for a systematic treatment of the general theory of matrix
Riemann-Hilbert problems.

Also, we will only meet Riemann-Hilbert problems where the jump matrix
V' satisfies
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detV(s) =1, s €x°. (3.1)

Then we can establish uniqueness of the Riemann-Hilbert problem (mRH1),
(mRH2), (mRH3) on a simple closed contour. The argument is as follows.
First we consider the scalar function det R : C\ v — C. It is analytic on
C\ v, and in view of (mRH2) and (3.1) we have (det R); = (det R)_ on ~.
Thus det R is an entire function. From (mRH3) it follows that det R(z) — 1
as z — 00, so that by Liouville’s theorem det R(z) =1 for every z € C\ 7.
Now suppose that R is another solution of (mRH1), (mRH2), (mRH3). Since
R(z) has determinant 1, we can take the inverse, and we consider X (z) =

R(2)[R(2)]7!. Then X is clearly analytic on C\ v, and for s € v,

X1(5) = Ry (s)[Ra(s)] 7" (5)V(s)[R-(s)V(s)] "

(s)R_(s) = X_(s).

R_
R_

Thus X is entire. Finally, we have X (z) — I as z — 00, so that by Liouville’s
theorem, we get X(z) = I for every z € C \ v, which shows that R = R.
Thus R is the unique solution of (mRH1), (mRH2), (mRH3).

While existence of the solution is not an issue for us, we do need a result on
the behavior of the solution R. We need to know that when V is close to the
identity matrix on v, then R is close to the identity matrix in the complex
plane. We will need this result only for simple closed contours v and it will be
enough for us to deal with jump matrices that are analytic in a neighborhood
of .

r}n order to specify the notion of closeness to the identity matrix, we need a
norm on matrices. We can take any matrix norm, but for definiteness we will
take the matrix infinity norm (maximum row sum) defined for 2 x 2 matrices
R by

||| = max (|Ry1| + [Rizl, [Ro1| + [Raz|) -

If R(z) is a matrix-valued function defined on a set €2, we define

[Rllo = sup[|R(z)],
z€Q

where for ||R(z)|| we use the infinity norm. If R(z) is analytic on a domain
2, then one may show that ||R(z)|| is subharmonic as a function of z. If R(z)
is also continuous on (2, then by the the maximum principle for subharmonic
functions, it assumes its maximum value on the boundary of Q.

With these preliminaries we can establish the following result. The follow-
ing elementary complex analysis proof is due to A.I. Aptekarev [2].

Theorem 3.1. Suppose v is a positively oriented simple closed contour and
Q is an open neighborhood of v. Then there exist constants C' and 6 > 0 such
that a solution R of the matriz Riemann-Hilbert problem (mRH1), (mRH2),
(mRH3) with a jump matriz V' that is analytic on Q with

IV —1I]jq <0,



174 Arno B.J. Kuijlaars

satisfies
[R(z) 1] <CIV = I]la (3.2)

for every z € C\ ~.

Proof. In the proof we use ext(y) and int(y) to denote the exterior and
interior of +, respectively. So, ext(vy) is the unbounded component of C\ 7,
and int(vy) is the bounded component. Together with ~, we also consider
two simple closed curves . and ~;, both homotopic to v in €, so that
Ye C QNext(y) and v; C QNint(y), see Figure 1.

Fig. 1. Ilustration for the proof of Theorem 3.1. The shaded region is the domain
2, which contains the simple closed curves v, 7., and ;.

We choose r > 0 so that
min (dist(z, ve), dist(z, 7)) > r for every z € 7, (3.3)

where dist(z,7.) and dist(z,;) denote the distances from z to the respective
curves.

We write A=V — 1. Since R = R_ + R_A, we may view R_A as an
additive jump for R on . By (2.1) and the asymptotic condition (mRH3)
we thus have

R(z)=1+ ﬁj{ st (3.4)

for z € C\ ~. The integral in (3.4) is taken entrywise.
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The idea of the proof is to show that for ||A||q small enough, we have
|IR-(s)|| <4 for every s € v. (Any other positive number than 4 would also
do.) If we can prove this, then it follows by straightforward estimation on
(3.4) that

76 - 11 = | 55 f 2y
~ 2ndist(z, ) K
4l(v)

_ -1 .
— 2nmdist(z,7) v lo (3.5)

where {(7y) is the length of ~. This then proves (3.2) for dist(z,v) > r with
constant
_ 40)

9w

To handle the case when z is close to 7y, we apply the same arguments to the
curves v, and ;. Suppose for example that z € ext(y). Then we define

B R in ext(y) Uint(y;)
T LRV inint(y) Next(y;)

Then ]:2+ = R_ on v so that R is analytic across . On ~; we have the
jump R+ = R_V. The same arguments we will give below that lead to
|R_(s)|| <4 for s €y will also show that ||[R_(s)|| <4 for s € v; (provided
||Allq is sufficiently small). Then an estimate similar to (3.5) shows that for

every z,
4l (7;)

R(2)— 1| < ——1
I172(2) (= 2mdist(z, v;)

IV —1Illo.
For z € ext(y), we have R(z) = R(z) and dist(z,v;) > r by (3.3), so that we
get (3.2) with a maybe different constant C'. The same arguments apply for
z € int(7). In that case we define R so that it has a jump on 7.

So it remains to prove that ||[R_(z)|| < 4 for every z € 7. In order to do
this we put

M = max ||R_(z)]].
zey

Since R_(z) are the continuous boundary values for R taken from ext(y),
and R is analytic in ext(y), including the point at infinity, we have by the
maximum principle for subharmonic functions, that

[R(2)]| < M, z € ext(y).

We deform v to 7. lying in Q Next(y). Then dist(z,7.) > r for every z € v
by (3.3). For z € int(y), we then have
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1 R(s)A
R(z)=1+ —7{ Mds.
2 v S—2Z2

Letting z go to v from within int(vy), we then find

R+ j{ zZ e,
27rz e S—Z
and so, since Ry = R_(I + A),
_ L [ R()A(s) -1
R_(z) = <I—|— i} sz ds | (I+ A(z)) ", z €7.

We take norms, and estimate, where we use that ||R(s)|| < M for s € ~.,

IRl < (145

Mlala) [+ a2y sen

with I(v.) the length of .. If [|A(z)|| < % then H(I—I—A H <1+

2||A(2)]|, which follows easily from estimating the Neumann series

(IT+A() =) (AR)".

k=0

So we assume & > 0 is small enough so that

1 Uve) 1
0 < 3 and Dy d(1+29) < 3
Then, if ||A|lq < ¢, we find for z € 7,
L(ve
IRl < (1+ 2 ars) (14-20)
27r

1(7e)
=(1420)+—"M51+26
(1+26) + < Mo (1 +20)
1
<2+ -M.
< -|-2
Taking the supremum for z € v, we get M < 2 + %M , which means that

M < 4. So we have proved our claim that ||R_(z)|| < 4 for every z € v,
which completes the proof of the theorem.

Exercise 8. Analyze the proof of Theorem 3.1 and show that we can
strengthen (3.2) to

1R(2) -

I < ——]|V -1

for every z € C\ .
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4 Riemann—Hilbert problem for orthogonal polynomials
on the real line

Fokas, Its, and Kitaev [15] found a characterization of orthogonal polynomials
in terms of a matrix Riemann-Hilbert problem.

We consider a weight function w on R, which is smooth and has sufficient
decay at £o00, so that all moments [ z*w(z)dz exist. The weight induces a
scalar product [ f(z)g(z)w(z)dz, and the Gram-Schmidt orthogonalization
process applied to the sequence of monomials 1, z,22,..., yields a sequence
of orthogonal polynomials 7,71, 7o, ..., that satisfy

/ﬂ'n(x)ﬂm(x)w(x) dx = hpdpm, h,, > 0.

We will choose the polynomials to be monic m,(z) = 2™ + --- . If we put

Tn = h;1/27 pn(x) = ’Ynﬂ'n(x)

then the polynomials p,, are the orthonormal polynomials, i.e.,

/pn(x)pm(x)w(x)dx = On,m-

The orthonormal polynomials satisfy a three-term recurrence

TPn (l‘) = an+1pn+1(x) + bnpn (l‘) + anpn—l(x)

with certain recurrence coefficients a,, and b,,. The monic form of the recur-
rence is
27 (2) = Ty 1 (2) + bpmp () + @271 ().
Fokas, Its, Kitaev [15] formulated the following Riemann-Hilbert problem
for a 2 x 2 matrix valued function Y : C\ R — C2*2,
(Y-RH1) Y is analytic in C\ R.

(Y-RH2) Yi(z) = Y_(x) (1)“’(1””)

(Y-RH3) Y(z) = (I +0 (%)) (zon Zon) as z — 00.

The asymptotic condition (Y-RH3) does not say that Y (z) tends to the iden-
tity matrix as z tends to infinity (unless n = 0), so the problem is not
normalized at infinity in the sense of (mRH3).

Theorem 4.1 (Fokas, Its, Kitaev). The Riemann-Hilbert problem (Y-
RH1)-(Y-RHS3) for Y has a unique solution given by

for x e R.

T (2) C(mpw)(z)
Y(z2)= (4.1)
cnTn-1(2) enC(mn_1w)(2)
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where w, and m,—1 are the monic orthogonal polynomials of degrees n and
n— 1, respectively, C(m;jw) is the Cauchy transform of mjw,

1 .
C(mjw)(z) = _/ Mdm,
2m Jp T —2
and ¢, 1s the constant
Cn = —2miy2_,.

Proof. Consider the first row of Y. The condition (Y-RH2) gives for the first
entry Y11
(Vi) (@) = (Vi)-(),  z€R.

Thus Y1; is an entire function. The asymptotic condition (Y-RH3) gives
Yii(z) = 2" + Oz 1) as z — 00.

By the extension of Liouville’s theorem, this implies that Yi; is a monic
polynomial of degree n. We call it P, .
Now we look at Yi2. The jump condition (Y-RH2) gives

(Y12)+(2) = (Y12) - (z) + (Y11) - (z)w().
We know already that Y;; = P,,, so that
(Yia) (&) = (Yia)_ (&) + Pa(@)w(a). (42)
The asymptotic condition (Y-RH3) implies
Yia(2) = O (z7"71) as z — 00. (4.3)
The conditions (4.2)—(4.3) constitute an additive scalar Riemann-Hilbert

problem for Yjs. Its solution is given by the Cauchy transform

Vis(2) = C(Pyw)(2) = —— /R Po(@wl@)

211 xr—z

Now in general the Cauchy transform tends to zero like 27! as z — oo,

and not like 27"~ as required in (4.3). We need extra conditions on the
polynomial P, to ensure that (4.3) is satisfied. We write

I _7521 zF n z"
r—z = 2kt D an(z - 2)’
Then
Via(z) = %/Pn(x)w(x) [—nzl fil P ]dx
i i 2"(x — 2)
n—1 1

-y U Py (z)2*w(z) dx} Z,% +0 ().

k=0
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k—1

In order to have (4.3) we need that the coefficient of 2~ vanishes for

k=0,....,n—1. Thus
/Pn(x)ka(x)dx =0, k=0,...,n—1.

This means that P, is the orthogonal polynomial, and since P, is monic,
we have P, = m,. Thus we have shown that the first row of Y is equal to
the expressions given in the equality (4.1). The equality for the second row is
shown in a similar way. The details are left as an exercise.

Exercise 9. Show that the second row of Y is equal to the expressions
given in (4.1).

Remark concerning the proof of Theorem 4.1 The above proof of
Theorem 4.1 is not fully rigorous in two respects. First, we did not check
that the jump condition (Y-RH2) is valid in the sense of continuous boundary
values, and second, we did not check that the asymptotic condition (Y-RH3)
holds uniformly as z — oo in €\ R. This is not immediate since R is an
unbounded contour.

Both of these questions are technical issues whose treatment falls outside
the scope of this introduction. Suitable smoothness and decay properties have
to be imposed on w. The reader is referred to [9, Appendix A] for a discussion
of these matters. There it is shown that it is enough that 2™w(x) belongs to
the Sobolev space H! for every n.

5 Riemann—Hilbert problem for orthogonal polynomials
n [—1,1]

We will study polynomials that are orthogonal with respect to weights on the
finite interval [—1,1]. In particular we will consider modified Jacobi weight

w(z) = (1 —z)*(1 4 2) h(z), z e (—1,1) (5.1)

where a, > —1 and h is positive on [—1,1] and analytic in a neighbor-
hood of [—1,1]. The weights (5.1) are a generalization of the Jacobi weights
which have h(z) = 1. In analogy with the case of the whole real line, the
Riemann-Hilbert problem that characterizes the orthogonal polynomials has
the following ingredients.

We look for a matrix valued function Y : C\ [~1,1] — C?X? that satisfies

(Y-RH1) Y is analytic in (C\ [—1,1].
(Y-RH2) Yi(x) =Y_(x) ) for z € (—1,1)

w(z
(Y-RH3) Y(2) = (I+O( )1> ( 2 z‘") as z — oo
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Note that we restrict ourselves in the jump condition (Y-RH2) to the open
interval (—1,1). The jump is not defined at the endpoints +1, since the
boundary values Yy are not defined there. If o or 8 (or both) is negative,
there is also a problem with the definition of w at the endpoints.
We can show, as for the case of orthogonal polynomials on the real line,
that
m™(z)  C(mw)(2)
Y(z) = (5.2)
cnTn-1(2) enC(mh_1w)(2)

is a solution of the Riemann-Hilbert problem, where now C' denotes the
Cauchy transform on [—1, 1], that is,

1 T )wl\xT
Clrpw)(z) = —— / m(@)w(@) 4

= 2mi 1 T—=z
However, this will not be the only solution. In order to ensure uniqueness we
need extra conditions at the endpoints 1. The endpoint conditions are

(Y-RH4) As z — 1, we have
1]lz—1]*\ .
(’)(1 z—la) if a <0,

Y(z) = 1log\z—1| . .
(2) O(llogz—1| if a =0,

11 .
(9(11) if a > 0.

(Y-RH5) As z — —1, we have

1]z +1%) .
O(l |z+1ﬁ> if 3 <0,

Yi(z) = 1log|z + 1]\ . .
(2) O(llogz+1| if5=0,

11 .
(9(11) if 6> 0.

In (Y-RH4)-(Y-RH5) the O conditions are to be taken entrywise, so the
condition (Y-RH4) in the case a@ < 0 means that

Yi1(2) =0(1)  Yia(z) = O(|z — 1]%)
Ya1(2) = O(1)  Yao(z) = O(|z — 1]%)

as z — 1. So Y71 and Y5; should remain bounded at z = 1, while Yio and
Yao are allowed to grow as z — 1, but not faster than O(]z — 1]%).

Now we can prove that Y given by (5.2) satisfies the boundary conditions
(Y-RH4)—(Y-RHS5), and that it is in fact the only solution to the Riemann-
Hilbert problem (Y-RH1)-(Y-RHS5). This is left to the reader as an exercise
(see also [23]).
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Exercise 10. Show that (5.2) satisfies the conditions (Y-RH4)—(Y-RH5). ‘

Exercise 11. Show that the Riemann-Hilbert problem (Y-RH1)-(Y-RH5)
for Y has (5.2) as its unique solution.

6 Basic idea of steepest descent method

The steepest descent method for Riemann-Hilbert problems consists of a se-
quence of explicit transformations, which in our case have the form

Y—T—S— R.

The ultimate goal is to arrive at a Riemann-Hilbert problem for R on a system
of contours v,
(R-RH1) R is analytic on C\ 7,
(R-RH2) R4(s) = R_(s)V(s) for s €,
(R-RH3) R(z) — I as z — o0,
in which the jump matrix V is close to the identity.
Note that Y depends on n through the asymptotic condition

o-(o)(: 1)

and so, to indicate the n-dependence, we may write ¥ = Y (). Also the
transformed functions 7', S, and R depend on n, say T =T, § = 8™
and R = R™ . The jump matrix V = V™ in (R-RH2) also depends on n.
The contour v, however, does not depend on n. The jump matrices that we
will find have analytic continuations to a neighborhood of +, which is also
independent of n, and we will have

V(")(s):I—i—(’)(l) as n — oo,
n

uniformly for s in a neighborhood of «y. Then, from Theorem 3.1, we can
conclude that
R(”)(z):I—i—O(%) as n — oo,

uniformly for z € C\ . Tracing back the steps Y s T 1 §() s R(M)
we find asymptotics for Y™ | valid uniformly in the complex plane. So, in
particular, since m, is the (1,1) entry of Y31, we find asymptotic formulas
for the orthogonal polynomials that are uniformly valid in every region of the
complex plane.

The steepest descent method for Riemann-Hilbert methods is an alterna-
tive to more classical asymptotic methods that have been developed for dif-

ferential equations or integral representations. The Jacobi polynomials pd
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that are orthogonal with respect to (1—z)%(1+2)? have an integral represen-
tation and they satisfy a second order differential equation. As a result their
asymptotic behavior as n — oo is very well-known, see [31]. The orthogonal
polynomials associated with the weights (5.1) do not have an integral repre-
sentation or a differential equation, and so asymptotic methods that are based
on these cannot be applied. The steepest descent method for Riemann-Hilbert
problems is the first method that is able to give full asymptotic expansions for
orthogonal polynomials in a number of cases where integral representations
and differential equations are not available.

It must be noted that other methods, based on potential theory and ap-
proximation theory, have also been used for asymptotics of orthogonal poly-
nomials [25, 30, 32]. These methods apply to weights with less smoothness,
but the results are not as strong as the ones we will present here.

7 First transformation ¥ — T
The first transformation uses the mapping
oz) =2+ (2 -1)Y2,  zeC\[-1,1].

That branch of the square root is chosen which is analytic in C\ [-1,1] and
which is positive for z > 1. Thus (22 — 1)'/? is negative for real z < —1.

Exercise 12. Show the following

(a) ¢ is a one-to-one map from C\ [—1, 1] onto the exterior of the unit disk.
() ¢(z) =224+ 0 (1) as 2 — .
(©) @1 (2)p_(2) =1 for z € (—1,1).

The first transformation is

T(z) = (2(; 20n> Y (2) <%0(ZO)" @(g)n) , (7.1)

Then straightforward calculations show that T satisfies the Riemann-
Hilbert problem

(T-RH1) T is analyticin C\ [— 1]
T-RH2) Ty (z) =T_(x) (9"+(”5) @_“{SQ) for z € (—1,1).

( ) T
(T-RH3) T(2) =1+ 0O (1) as z — .
(T-RH4)—(T-RH5) T has the same behavior as Y near 1.

Exercise 13. Verify that the jump condition (T-RH2) and the asymptotic
condition (T-RH3) hold.

The effect of the transformation Y — T is that the problem is normalized
at infinity, since T(z) — I as z — oo. This is good. What is not so good, is
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that the jump matrix for T is more complicated. The entries on the diagonal
have absolute value one, and so for large n, they are rapidly oscillating as x
varies over the interval (—1,1). The effect of the next transformation will be
to transform these oscillations into exponentially small terms.

Why did we choose to perform the transformation (7.1)? An easy answer
would be: because we will see later that it works. A second answer could be
based on a list of desirable properties that the function ¢ should have. The
honest answer is that already a lot is known about orthogonal polynomials
and their asymptotics, see, e.g., [16, 25, 29, 31, 33]. For example it is known
that

lim (m,(2))" = M, zeC\[-1,1] (7.2)
n—oo 2
where that branch of the nth root is chosen which behaves like z at infinity.
This is the nth root asymptotics of the polynomials 7, . It is intimately
connected with the weak convergence of zeros. The nth root asymptotics (7.2)
holds for a very large class of weights w on (—1,1). It is for example enough
that w > 0 almost everywhere on (—1,1).
A stronger kind of asymptotics is

o Z12(2) _ Do)
n—oo p(z)" D(z)

, (7.3)

which is valid uniformly for z € C\ [—1,1]. The strong asymptotics (7.3)
is valid for weights w satisfying the Szeg6 condition, that is,
1
log w(t)
——dt > —0.
1 V1 —1t2
The function D appearing in the right-hand side of (7.3) is known as the
Szeg6 function. It is analytic and non-zero on C\ [—1,1], and there it is a
finite limit R }
lim D(z) = D(o0) € (0, 00).

Z—00
Note that in what follows, we will use a different definition for the Szegd
function, and we will call it D, instead of D.

Since we want to recover the asymptotics (7.2)—(7.3) (and more) for the
modified Jacobi weights, we cannot avoid using the functions that appear
there. This explains why we perform the transformation (7.1). The (1,1)
entry of T' is
2", (2)

p(2)"
and this is a quantity which we like. We have peeled off the main part of
the asymptotics of 7, . By (7.3) we know that the limit of T11(z) exists as
n — oo, and the limit is expressed in terms of the Szeg6 function associated
with w. This indicates that the transformation Y +— 7T makes sense. It also
indicates that we will have to use the Szeg6 function in one of our future
transformations.

Tll(Z) =



184 Arno B.J. Kuijlaars

Exercise 14. Another idea would be to define

o= (0 0 (5.2

This would also lead to the (1,1) entry being %. Work out the

Riemann-Hilbert problem for 7'. What is the advantage of T over T'?

Exercise 15. The transformation

70 = (107 ) v (T 25)

would lead to the same (1,1) entry, but this transformation is a very bad
idea. Why?

8 Second transformation T — S

The second transformation 7" +— S is based on a factorization of the jump
matrix in (T-RH2)

(75 ) = (D) (3 5) ()
0 SO:QTL % :2n 1 _% 0 %<p;2n 1)

which can be verified by direct calculation.

Instead of making one jump across the interval (—1,1), we can now think
that we are making three jumps according to the above factorization. That is,
if we cross the interval (—1,1) from the upper half-plane into the lower half-

plane, we will first make the jump (1 1_2n (1)), then the jump ( 01 16)),
w Tw
0

. 1
and finally the jump (lwgn 1)

Now recall that w(xﬁuz (1—2)*(1+x)?h(x) is the modified Jacobi weight.
The extra factor h is positive on [—1,1] and analytic in a neighborhood of
[-1,1]. Then there is a neighborhood U of [—1,1] so that h is analytic on
U with positive real part, see Figure 2. All our future deformations will be
contained in U.

We will consider (1 — z)* as an analytic function on C \ [1,00) where
we take the branch which is positive for real z < 1. Similarly, we will view
(14 2)? as an analytic function on C \ (—oco, —1]. Then

w(z) = (1 - 2)*(1 + 2)°h(2)

is non-zero and analytic on U \ ((—oo, —1]U[1,00)), and it is an analytic
continuation of our weight w(x).
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U

Fig. 2. Neighborhood U of [—1,1] so that h is analytic with positive real part in
U.

. . 1 1
The two jump matrices (1 _on (1)> and <1 o=2n (D then have natural
w ¥+ wt—
extensions into the upper and lower half-planes, respectively, both given by

<L@1—2n (1)> . Note that for z away from the interval [—1, 1], we have |¢(2)| >
w

1, so that ( 1

1 (2)=2n (1)) is close to the identity matrix if n is large.
w

We open a lens-shaped region around (—1,1) as shown in Figure 3 of the
paper. The lens is assumed to be contained in the domain U. The upper and
lower lips of the lens are denoted by X; and X3 respectively. The interval
[—1,1] is denoted here by X5.

Then we define the second transformation 7°— S by

T outside the lens

T (_ 1 1_2n (1)) in the upper part of the lens

w? (8.1)

T (L;—% (1)) in the lower part of the lens.

The transformation results in jumps for S on the interior of the three curves
X1, X5 =[-1,1] and X5. It follows that S satisfies the following Riemann-
Hilbert problem

(S-RH1) S is analytic in C\ (X U[-1,1]U X3).
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Fig. 3. Opening of lens in domain U .

(SRH2) S, = S_ (_0l 16’) on (~1,1).

w

Sy=85_1|1 1,271(1) on X{ and 5.

(S-RH3) S(z) - I+0 (1) as z— o0,
(S-RH4) Conditions as z — 1:

e For a<0: | |
1|z—1|¢
S(z)-@(l z—1|a)'

e For a=0: | | | |
_ log|z — 1| log|z — 1
S(Z)_O(logz—1|log|z—1>'

e For o> 0:
o (1 1) as z — 1 outside the lens,
S(z) =
O <I§ : H:: }) as z — 1 inside the lens.
(S-RH5) Similar conditions as z — —1.

The endpoint condition (S-RH4) is rather awkward now, especially if a > 0,
where we distinguish between z — 1 from within the lens, or from outside
the lens. It turns out that they are necessary if we want a unique solution.
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Exercise 16. Show that the Riemann-Hilbert problem (S-RH1)-(S-RH5)
for S has a unique solution.

[Note: we already know that there is a solution, namely the one that we find
after transformations Y +— T +— S. One way to prove that there is no other
solution, is to show that these transformations are invertible. Another way
is to assume that there is another solution S and show that it must be equal
to the S we already have.]

The opening of the lens in the transformation 7"+ S is also a crucial step
in the papers [8, 9] by Deift et al., which deal with orthogonal polynomials on
the real line, see also [7]. It transforms the oscillatory diagonal terms in the

jump matrix for 7' into exponentially small off-diagonal terms in the jump

matrix for S. Indeed, in (S-RH2) we have a jump matrix < 1 (plfzn ?) on XY

w

and X3. Since |¢(z)| > 1 for z on X¢ and X9, the entry 2¢~2" in the jump
matrix tends to 0 exponentially fast. The convergence is uniform on compact
subsets of X and X, but it is not uniform near the endpoints +1.

2n

9 Special case a = (8 = —

N | =

For special values of o and 3, the subsequent analysis simplifies considerably.
These are the cases a = j:%, 6= j:%. We will treat the case a = g = —%,
so that

w(z) = (1—2%)"2h(z).

In this case, we open up the lens further so that Xy and X3 coincide along
two intervals [-1—4,—1] and [1,14 6], where ¢ > 0 is some positive number.

Fig. 4. Opening of lens in case a = = —
coincide on the intervals [—-1 — 4§, —1] and |

The upper and lower lips of the lens
1+9].

1
1.
L,

On the intervals (—1 —§,—1) and (1,1 +J) two jumps are combined. If
we calculate the total jump there, we have to be careful, since w has a jump
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on these intervals too. In fact, we have
wi(z) = —w_(z), forx > 1orz < —1 (with x € U),

which follows from the fact that a = § = —
d,—1) or (1,149),

( 1 o) ( 1 0) 1 0 s
1 . —2n 1 _—2n = 1 1 —2n =4
P ) \grem <w—, + m) prl

This means that S is analytic across (—1 —d,—1) and (1,1 + 6). The only
remaining jumps are on [—1, 1] and on a simple closed contour that we call ~.
We choose to orient v in the positive direction (counterclockwise). It means
that in the upper half-plane we have to reverse the orientation as shown in
Figure 5.

1. Then we calculate on (—1 —

Fig. 5. Closed contour v that encircles [—1,1]. S has jumps only on v and [—1,1].

It follows that in this special case S satisfies the following Riemann-Hilbert
problem.

(S-RH1) S is analytic in C\ ([-1,1]U~).

(S-RH2) S; — 5_ (_0_ ) on (-1.1)

1
)
S, =5_ (L@—% 1) on yN{Imz < 0} and
S, =5_ (_L;—% (1)) on yN{Imz > 0}.
(S-RH3) S(z) :l.uf—l—(’)(%) as z — 00.

(S-RH4) S(z)=0 Llz= 1‘:_ as z — 1.
1]z —1]

[N

(S-RH5) S(z)=0 ! |Z+1‘:_ as z — —1.
1lz+1

= N= N
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Exercise 17. If you do the analysis in this section for the case a = g = +%
then everything will be the same except for the endpoint conditions (S-RH4)

1
and (S-RH5). Show that they change to S(z) = O (|Z -1 1) as z — 1,

lz—1]"2 1
_1
and S(z) =0 (IZ i 12 1) as z — —1, respectively.

10 Model Riemann Hilbert problem

The jump matrix for S is uniformly close to the identity matrix on the simple
closed contour «. Only the jump on the interval [—1,1] is not close to the
identity. This suggests to look at the following model Riemann-Hilbert prob-
lem, where we ignore the jump on . We look for N : C\ [~1,1] — C?x2
satisfying
(N-RH1) N is analytic in C\ [-1,1].

0 wx)
N-RH2) Ni(z) = N_(x) <_% 0 ) for x € (—1,1).

( ) N
(N-RH3) N(z2) — I as z — o0.
( ) N

z
N-RH4 (2)=0 L |Z_1‘:f as z — 1.
1]z —1]

1

(N-RH5) N(z) =0 (1 =+ 1?) as z — —1.

=

1lz4+1]"2
The conditions (N-RH4) and (N-RH5) are specific for the weights under
consideration (i.e., modified Jacobi weights with o = 8 = —%) For more

general weights on [—1,1], the corresponding problem for N would include
the parts (N-RH1), (N-RH2) and (N-RH3), but (N-RH4) and (N-RH5) have
to be modified.

Exercise 18. Let N be given by

a(z)+a"1(2) a(z)—a"1(2)
2 21

N(z) =
a(z)—a"1(2) a(z)+a"1(2)
—21 2
where i
-1
a(z) = u
(z+1)1/4

Show that N satisfies parts (N-RH1), (N-RH2), and (N-RH3) with w(z) =1
(Legendre case). What would the conditions (N-RH4) and (N-RH5) be for
this case?

The solution to the Riemann-Hilbert problem (N-RH1)-(N-RH5) is con-
structed with the use of the Szeg6 function. The Szegd function associated
with a weight w on [—1,1] is a scalar function D : C\ [-1,1] — C such that
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(D-RH1) D is analytic and non-zero in C\ [-1,1].
(D-RH2) Dy(x)D_(x) = w(x) for z € (—1,1).
(D-RH3) the limit lim D(z) = D exists and is a positive real number.

Note that (D-RH1)—(D-RH3) is a multiplicative scalar Riemann-Hilbert prob-
lem. We have not specified any endpoint conditions, so we cannot expect a
unique solution. In general we want that |D| behaves like |w|'/? also near
the endpoints. So for a modified Jacobi weight we would add the endpoint
conditions

(D-RH4) D(z) = O(]z — 1|*/?) as z — 1,
(D-RH5) D(z) = O(|z +1]|%/2) as z — —1.

If the weight satisfies the Szeg6 condition
! log w(x)
11— 22
then the Szeg6 function exists and is given by
(2 =12 (Y logw(z) dx )
2 aVI—a22x—2)"

Exercise 19. Show that D(z) as given by (10.1) does indeed satisfy the
jump condition Dy D_ = w.

dr > —00

D(z) = exp ( (10.1)

Exercise 20. Show that the Szeg6 function for the pure Jacobi weight
w(z) = (1 —2)*(1 +2)? is given by

(z—1)(z + 1)\ "/
v - (S55)

with an appropriate branch of the square root.

Having D we can present the solution to the Riemann-Hilbert problem
for N as follows.

b0 aeta” () atz)=a(z) S0
N(z) = ( 0 L , (102)
D=/ | ale)ze @) a)ta'(2) 0 D(2)
where
(Z _ 1)1/4

a(z) = I (10.3)
Exercise 21. Check that the jump condition (N-RH2) and endpoint con-
ditions (N-RH4)—(N-RH5) are satisfied.

[Hint: The middle factor in the right-hand side of (10.2) appears as the
solution for the Riemann-Hilbert problem for N in case w = 1, see Exercise
18]
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Exercise 22. Show that det N(z) =1 for z € C\ [-1, 1].

11 Third transformation S — R

Now we can perform the final transformation S +— R in the case o = 3 = —%.
We define
R(z) = S(z)N71(2). (11.1)
Since S and N have the same jump across (—1,1) it is easy to see that
Ri(x) = R_(x) for x € (—1,1), so that R is analytic across (—1,1). Then
R is analytic in C\ v with possible singularities at £1. Since det N =1, we
have from (N-RH4)

A flz=1T |z =12
N (z)-(’)( 1 1

as z — 1. Thus

1]z —1|"2 |z =173 |z = 1|73
R(z)=0 ) o
@=0(i ) e (T

_oflF-E -1
NPT T AP (e

as z — 1. So all entries of R have an isolated singularity at z = 1 such that
Rij(z) = O (|z - 1\*%) as z — 1. This implies that z = 1 is a removable

singularity. Similarly it follows that z = —1 is a removable singularity.

Fig. 6. Closed contour . R has a jump on ~ only.

So R is analytic across the full interval [—1,1], and so only has a jump
on -, as shown in Figure 6. We have the following Riemann-Hilbert problem
for R.
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(R-RH1) R is analytic on C\ 7.
(R-RH2) R.i(s) = R_(s)V(s) where

1
N(s) <w%s)‘p(3)2n (1)> N=1(s) forseyn{Imz <0},
0
1

N(s) (_ _om 1) N~1(s) for s € yN{Imz > 0}.

Vis) = 1
w(s) o(s)

(R-RH3) R(z) — I as z — oo.

Observe that the jump matrix V(s) is close to the identity matrix if n is
large.

Exercise 23. Prove that V is analytic in a neighborhood €2 of =y, and that

|V —Io=0(e*") as n — oo.

for some constant ¢ > 0.

The Riemann-Hilbert problem for R is of the type discussed in Theorem
3.1. The problem is posed on a fixed contour 7 (independent of n) and the
jump matrix V' is analytic in a neighborhood of ~ where it is close to the
identity. It follows from Theorem 3.1 that

R(z) =1+ 0 (e~") (11.2)

uniformly for z in C\ 7. Tracing back the steps Y — T +— S — R we are
then able to find asymptotics for Y as n — oo, and in particular for its (1,1)
entry, which is the orthogonal polynomial 7, .

Exercise 24. The analysis of Sections 9-11 goes through for all cases where
the parameters o and [ satisfy {a, 5} C {—%, %} Work out the details for
a=0= %

What goes wrong if v = %?

12 Asymptotics for orthogonal polynomials (case

1
a:ﬁ:—E

We repeat that the above analysis is valid for a = g = —%, and according to

the last exercise, can be extended to the cases o, 3 = :I:%. Now we show how
to get asymptotics from (11.2) for the orthogonal polynomials and for related
quantities.

The easiest to obtain is asymptotics for z € C\ [-1,1]. For a given z €
C\ [-1,1], we can open the lens around [—1,1] so that z is in the exterior
of v. Then by (7.1), (8.1), (11.1), and (11.2),
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Y(2) = (20n 20n> () (¢(S)n so(zo)‘”>
- (%o )5 (9 L5)
(5 mee (75

- (20n 20n> (I+0 (7)) N(2) <<p(§)” s@(zo)”>

as n — oo. For the orthogonal polynomial 7, (z) = Y11(z) we get

m™(2) = (¢(zz)) [N11(2) (1+ 0O (7)) + Na1(2)O (e7") ] .

Since Ni; does not become zero in C\ [—1, 1], we get the strong asymptotic
formula

i (2) = (@) Ni(z) (140 (=) (12.1)

as n — 0o. For Njj(z) we have from (10.2) the explicit expression

Do a(z) +a(z)?
D(z) 2

Nii(z) = (12.2)

in terms of the Szegd function D associated with w and the function a(z) =

%. The formula (12.1) is valid uniformly for z in compact subsets of

C\ [-1,1].

\1£‘0r as}ymptotics on the interval [—1,1] we have to work somewhat harder,
the basic difference being that the transformation from 7' to S is non-trivial
now. We take z in the upper part of the lens. Then the transformations (7.1),
(8.1), and (11.1) yield
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o= (5 2)mo ( )

o D a(z)+<21_1(z) a(z)*zq_l(z)
o) (5 o)
a(z)—a"1(2)

a(z)+a”'(z)
2

—21

« (D(z)_l 0 ) ( O )
0 D(2)) \gmw) " elx)™")"
So for the first column of Y we have

_— b a(z)tol(z) alz)=a”l(z) oGy
"Y1i1(z o i #
-R
(2"Y21(2)> (z)( 0 Dool) a(x)=a='(2) a(z)+a” () D(2)
—21 2

w(z)p(2)"
Now we take x € [—1,1], and we let z tend to x from the upper part of the

lens. So we have to take the +boundary values of all quantities involved. It
is tedious, but straightforward, to check that for z € (—1,1),

o+(x) =2+ 1 — 22 =exp (iarccosz),

at(z) +ai'(z) _ 1

1. T
5 N BT exp (51 arccosT — ’LZ> ,
1 1. + T
ex — —=7%arccosx =,
2i V21 —22)F TP\ 2 1

D (z) = Vw(x) exp (—iv(z)),
where 9 (z) is a real-valued function, which is given by
W) = VIi—22 (! logw(t) dt
T o aVI—et—a’

in which the integral is a principal value integral. Putting this all together we
find for the orthogonal polynomial 7, (z) with = € [-1,1],
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T (z) = o w\(@)l()lm_ oy [Ru(x) cos ((n + %) arccosx + ¢(z) — %)

D2 L Rua(x) cos <(n _ %) arccos z + (z) — %)} . (12.3)

where
Rll(.ﬁ) =14+0 (e_c") s ng(.ﬁ) =0 (e—cn> . (124)

The asymptotic formula (12.3)—(12.4) is valid uniformly for x € [-1,1]. The
fact that this includes the endpoints +1 is special to the case a = ﬂ = —5
For more general o and 3, the formula (12.3) continues to hold on compact
subsets of the open interval (—1,1), but with error terms Ri1(z) =1+ O(2)
and Rya(z) = (9( ). Near the endpomtb +1, there is a different asymptotic
formula.

The formula (12.3) clearly displays the oscillatory behavior of 7, (x) on the

V2D TN
s R and it is
easy to check that this remains bounded as x — +1. The main oscillating term

is cos ((n+ 3) +¢(x) — Z) with corrections that are exponentially small as
n — 0o.

interval [—1,1]. The amplitude of the oscillations is

Exercise 25. The orthogonal polynomials for the weight (1 — xz)’% are

the Chebyshev polynomials of the first kind T, (z) with the property
T, (x) = cos(n arccos z), x € [-1,1].

The monic Chebyshev polynomials are

1

Tn(x) =
Compare this with the asymptotic formula (12.3). What are Ry; and Rjo
in this case?
[Hint: It may be shown that for a Jacobi weight (1 —z)%(1 + x)? one has

Doo = 2= and Y(x) = M arccosr — 5 .|

Exercise 26. The formula (12.3)—(12.4) is also valid for the case o = 3 = %
This may seem strange at first since then the amplitude of the oscillations

m is unbounded as x — +1. Still the formula (12.3) is valid

uniformly on the closed interval [—1,1]. How can this be explained?
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Exercise 27. Deduce from (12.1)—(12.4) that the coefficients a,, and b, in
the recurrence relation

T, (.13) = Tn+41 (l‘) + by, (37) + aiﬂ'n—l(x)

satisty

Lio@e™),  b=0(m. (12.5)

an:§

Remark related to exercise 27: Geronimo [19] made a thorough study
of orthogonal polynomials with recurrence coefficients that approach their
limits at an exponential rate. He showed that (12.5) holds, if and only if the
underlying orthogonality measure is a modified Jacobi weight (1 — )2 (1 +
2)¥2h(z), plus at most a finite number of discrete masspoints outside [—1,1].
I thank Jeff Geronimo for this remark.

13 Case of general a and (3

For the case of a modified Jacobi weight (1 — z)%(1 4 x)?h(z) with general
exponents «a, 3 > —1, we cannot do the transformation 7' — S as described
in Section 9. In general we have to stay with the transformation 7' — S as
in Section 8. So we are left with a Riemann-Hilbert problem on a system of
contours as shown in Figure 3.

We continue to use the Szegd function D(z) characterized by (D-RH1)-
(D-RH5), and the solution of the model Riemann-Hilbert problem

PN CEETRIERIEETRIE ) ST
e = (5 ) ,
Do a(z)—a"(2) a(z)+a"'(2) 0 D(Z)
—2i 2
1
with a(z) = E=17 . Note that N satisfies
(=+1)3
(N-RH1) N is analytic in C\ [-1,1].
0 w(x)
(N-RH2) Ny(z)=N_(z)| 1 0 for x € (—1,1).
w(x)

(N-RH3) N(z2) — I as z — o0.

The aim is again to prove that S is close to N if n is large. However,
the attempt to define R = SN~! and prove that R ~ I does not work. The
problem lies near the endpoints 41, as SN~! is not bounded near +1.

The way out of this is a local analysis near the endpoints +1. We are
going to construct a so-called local parametrix P in a disk {|z — 1] < 4}
centered at 1, where ¢ is a small, but fixed, positive number. The parametrix
should satisfy the following local Riemann-Hilbert problem

(P-RH1) P isanalyticin {|z—1| < §}\ X and continuous in {|z—1| < d}\X.
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(P-RH2) P has the same jumps as S on X' N {|z — 1| < d}.

(P-RH3) P = I—i—(’)(l))N as n — oo, uniformly on |z — 1| =94.
n

(P-RH4) P has the same behavior as S near 1.
Instead of an asymptotic condition, we now have in (P-RH3) a matching
condition. ~

Similarly, we need a parametrix P near —1 which should satisfy

-RH1) P is analytic in {|Z—|—1\ < 0}\ X and continuous in {|z+1| < §}\X.
-RH2) P has the same jumps as S on ¥ N {|z + 1| < d}.
-RH
-RH

"Ur"Ur

"Uz

(
(
( 3) P:<[+(’)<5)>Nasn—>oo,un1f0rmlyon |z 4+ 1] =90.
(P

4) P has the same behavior as S near —1.

The construction of a local parametrix is done in [7, 9] with the help of
Airy functions. Here we will need Bessel functions of order «. In the next
section, we will outline the construction of P. In the remaining part of this
section we will discuss how the transformation S +— R will be, assuming that

we can find P and P.
We define R by

S(z)N(2)~t if |z — 1| > 6 and |z + 1| > 4,
R(z) = ¢ S(2)P(2)7! if | — 1] < 4, (13.1)
S(z)P(z)~" if |z 4+ 1] < 4.

Then R is analytic outside the system of contours v shown in Figure 7.

M
+

Fig. 7. System of contours « so that R is analytic in C\~y. The system of contours
~ consists of two circles of radius d centered at +1, and two arcs joining these two
circles.
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R satisfies

(R-RH1) R is analytic on C\ ~.
(R-RH2) Ry = R_V on 7 where
PN =I1+0(%) for|z—1|=4,

1
n

PN1=1+0(%) for|z+1=9,

1
N (lwzn ‘1)) NI =40
’ on (Z1US)N{lz—1] >8]z +1| > 6}

1
(R-RH3) R(z)=1+0 ) ez 00
(R-RH4) R remains bounded at the four points of self-intersection of ~.

Now the jump matrices are I + O (%) uniformly on . The contour + is
not a simple closed contour as in Theorem 3.1, so we cannot use that theorem
directly. However, we can use the ideas in its proof to establish that we have

R(z)=I+0(%).

Exercise 28. Prove that

R(z)=T+0 (%) (13.2)

as n — oo, uniformly for z € C\ ~.

14 Construction of the local parametrix

The construction of the local parametrix P follows along a number of steps.
More details can be found in [23].

Step 1: Reduction to constant jumps

We put for z € U \ (—o0,1],

W(z) = ((z = )*(z + 1)%h(2)) ",

where the branch of the square root is taken which is positive for z > 1. We
seek P in the form .
_p) (W™ 0
pop (W2 0

In order to have (P-RH1), (P-RH2), and (P-RH4), we then get that P()

should satisfy

(P1-RH1) PM is analytic in {|z — 1| < d} \ ¥ and continuous in {|z — 1| <
o\ X.
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(P1-RH2) P = pWM (ealm; (1)) on XN {|z—1| <6},

Pt = p® ( 0 1) on (1—46,1),

-10
PJ(rl) =pW e_%“”: (1) on X§N{|z—1| <d}.

(P1-RH4) Conditions as z — 1:

_1la/2 _10‘/2
(1) = |2 =1 12 |
o If a<0,then PV(2)=0 (|z—1“/2 |z —1]2/2 )"
log |z — 1] log |z — 1]
_ W)= (o8 s
e If a >0, then

_1la/2 _1|—a/2
<z _ Ha/z Iz _ Ha/z) as z — 1 outside the lens,
PW(z) =
_1]—a/2 _1]—a/2
o <z 1] |z — 1

2 —1|o/2 |2 — 1|a/2) as z — 1 inside the lens.

For the moment we ignore the matching condition.

Step 2: Model Riemann-Hilbert problem

The constant jump problem we have for P(!) leads to a model problem for ¥,
defined in an auxiliary {-plane. The problem is posed on three semi-infinite
rays 71, 72, and 3, where 7, is the negative real axis, v; = {arg( = o},
and v3 = {arg( = —c}. Here o is some angle in (0, ), see Figure 8.

The Riemann-Hilbert problem for ¥ is:

(Z-RH1) ¥ is analytic in C\ (71 U2 Uns),
) () o

01 o

v, =v_ (_1 0) on vy,
1

WJr =v_ e—omi 1

(?-RH4) Conditions as { — 0:

C a/2 C a/2
e If a<0,then ¥(()=0 (Iga/z Ica/z) .

10 10
o If a=0,then ¥(¢)=0 (1o§ EI log E) '
) If o > 07 then

172 |¢] =/ ;
@ iclo/2 |¢|-o/2 as ¢ — 0 with |arg(| < o,

() = o |<‘7o¢/2 |<‘7o¢/2
(|<—a/2 ¢/

on 3.

)asC—>OWitha<argC|<7r.
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Y2

Fig. 8. Contours for the Riemann-Hilbert problem for ¥.

There is no asymptotic condition (¥-RH3) for ¥, so we cannot expect to
have a unique solution. Indeed, there are in fact many solutions. In the next
step we will construct one solution out of modified Bessel functions.

Step 3: Solution of model Riemann-Hilbert problem

The solution of the Riemann-Hilbert problem for ¥ will be built out of mod-
ified Bessel functions of order «, namely I, and K. These are solutions of
the modified Bessel differential equation

1 a?

The two functions I,(2¢'/?) and K, (2¢'/?) satisfy

//_1 a_2 _
Y <<1+4<)y—0.

We consider these functions for |arg(| < 7. On the negative real axis there
is a jump. In fact we have the connection formulas, see [1, 9.6.30-31],
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Ia(2<1/2)+ — eaﬂila(2<1/2)_
Ko (20Y2) ) = e ™ K (2¢Y/?) - — mil,(2¢Y/%)_

for ¢ on the negative real axis, oriented from left to right. We can put this in
matrix-vector form

(1a(262) £Ra(26), = ((26) £Ka(26%) (0 ).

Since the jump matrix is constant, it follows that the vector of derivatives
satisfies the same jumps, and also if we multiply this vector by 2mi(. This
has the effect of creating a matrix with determinant 1, due to the Wronskian
relation [1, 9.6.15]). Thus

1.(2¢'?) LKa(2¢1?)
2mi¢ 21 (2¢M?) —2¢M P K, (2¢1)
Ia(2cl/2) %Koc(zgl/z) Qi 1
= ) < 0 e—aﬂi)

2mi/2 1, (201/2) —2¢V2 K (2012

Now we have, as is easy to check,

e 1\ (1 0\/01\/ 10
0 e—onri - e—onri 1 ~10 e()mi 1)

This last product consists exactly of the three jump matrices in the Riemann-
Hilbert problem for ¥. It follows that if we define ¥ by

Uy (€) for |arg (| < o,
T(() = Uy (€) (_elam (1)) for o < arg( < m, (14.1)
WO(C) (e—inri ?) for —m < arg( < —o0,
where
1a(2¢'/?) TKa(2¢1?)
P(C) = : (14.2)

2mi¢' 2 1L,(2¢1/%) —2¢ 2K (2¢17)
then ¥ satisfies the jump condition (¥-RH2). Clearly, (?-RH1) is also satis-
fied. Because of the known behavior of the modified Bessel functions near 0,
see [1, 9.6.7-9], ¥ also has the behavior (¥-RH4) near 0.
Step 4: Construction of P(1)

Define for z € C\ (—o0, 1],
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£(2) = 7 loge(=)]* (14.3)

where we choose the principal branch of the logarithm. Since ¢4 (x)¢_(z) =
1 for x € (—1,1), we easily get that fi(x) = f_(x). So f is analytic in
C\ (—o0, —1]. The behavior near z =1 is

1 1 9 3

f(z):§(z—1)—ﬁ(z—1) +0((z — 1)) as z — 1.

So f is a conformal mapping of a neighborhood of 1 onto a neighborhood
of 0. We choose § > 0 sufficiently small so that ¢ = f(z) maps the disk
{]z — 1] < 6} conformally onto a convex neighborhood of 0 in the ¢-plane.
We still have some freedom in the precise location of the contours X; and
X5. Here we use this freedom to specify that X N {|z — 1| < ¢} should be
mapped by f to a part of the ray arg( = o (we choose any o € (0,7)), and
YsNA{]z — 1| < 6} to a part of the ray arg( = —o.

Then W(n2f(z)) satisfies the properties (P1-RH1), (P1-RH2), and (P1-
RH4) of the Riemann-Hilbert problem for P®). This would actually be the
case for any choice of conformal map ¢ = f(z), mapping z = 1 to { = 0,
and which is real and positive for z > 1. The specific choice of f is dictated
by the matching condition for P, which we will look at in a minute. This will
also explain the factor n?. But this will not be enough to be able to do the
matching. There is an additional freedom we have in multiplying ¥(n?f(2))
on the left by an analytic factor. So we put

PW(2) = E(2)¥(nf(2)), (14.4)

where F is an analytic 2 x 2 matrix valued function in {|z — 1| < 0}. It will
depend on n. The precise form of E will be given in the next subsection.

Exercise 29. Show that for any analytic factor E the definition (14.4) gives
a matrix valued function P() that satisfies the jump condition (P1-RH2)
and the condition (P1-RH4) near 1.

Step 5: The matching condition

The parametrix P we now have is
Pl = et (VOO 0 ) s

where we have not specified E yet. The conditions (P-RH1), (P-RH2), and
(P-RH4) are satisfied. We also have to take care of the matching condition

P(z) = <z+o (%)) N(z)  for|z—1|=4.

To achieve the matching, E(z) should be close to
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vy (VRO

9 1
0 W@<erW“ﬂ”]'

The idea is to replace ¥ here with an approximation ¥*. For fixed z with
|z — 1| = 4, the function ¥(¢) is evaluated at ¢ = n?f(z), which grows
as n — 00. So to figure out what approximation ¥* to use, we need large
¢ asymptotics of the modified Bessel functions and their derivatives. These
functions have a known asymptotic expansion, see [1, 9.7.1-4]. From this it
follows that

EERCEIZE 1 (1+0(C%)i+0( )
— | vVor —
v(Q) ( 0 \/g@m) V2 <z+0(<5) 1+O(<2)>

Now we ignore the O(¢™2) terms, and we put

. A=V 0 114\ (X 0
- (5 ) B2

and then define

Note that e~2"* = @(z)" for ¢ =n?f(z). Thus

=6 ("8 ) 35 (4 7)
(x/%f(Z)”4 0 > . (14.6)

0 \/2171'_77, (z)*l/4

The fact that the exponential factor ¢(2)"™ gets cancelled is the reason for the
choice of the mapping f and the factor n? in ¥(n?f(z)). With this choice for
E, it is easy to check that P satisfies the matching condition (P-RH3). We
leave it as an exercise to show that E is analytic in a full neighborhood of 1.
This completes the construction of the parametrix P in the neighborhood of
1.

A similar construction with modified Bessel functions of order § yields a
parametrix P in the neighborhood of —1.
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Exercise 30.

(a) Show that E4(z) = E_(x) for x € (1 —4,1), so that E is analytic
across (1 —4,1).
[Hint: On (1 —4,1) we have (fY/*), = i(f¥*)_, Wy W_ = w, and
0 w
(b) Show that thewisolated singularity of E at 1 is removable.
[Hint: Use that W(z)/D(z) is bounded and bounded away from zero
near z = 1]

15 Asymptotics for orthogonal polynomials (general
case)

Knowing that we can construct the local parametrices P and P we can go
back to Section 13 and conclude that R(z) = I+O(2) uniformly for z € C\~,
where + is the system of contours shown in Figure 7.

Then we can go back to our transformations ¥ — T — S — R, to
obtain asymptotics for Y, and in particular for the orthogonal polynomial
mn(z) = Y11(2). We summarize here the results. For z € C\[-1, 1], we obtain

Tu(2) = @(2?" g(oz") al2) +2a(z)_1 (1 +0 (%)) . (15.1)

The O(L) term is uniform for z in compact subsets of C\[—1,1]. The formula
is the same as the one (15.1) we found for the case « = 8 = —%, except for

the error term.
For z € (=14 4,1 —¢), we obtain

V2D

21 /w(x) (1 — x2)1/4

<cos <(n + %) arccosz + 1 (z) — 2) +0 <%)> . (15.2)

where 9 (z) = —arg D4 (z), compare also with (12.1).

() =

Exercise 31. Check that we obtain (15.2) from taking the sum of + and
— boundary values for the asymptotics (15.1) valid in C\ [-1,1].

Near the endpoints +1 the asymptotic formula for m,(z) involves Bessel
functions. For z in the upper part of the lens, inside the disk {|z — 1] < ¢},
the expression for Y'(z) involves a product of no less than thirteen matrices
(even after some simplifications). To summarize we have by (7.1), (8.1), and
(13.1),
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Y(z) = (20” 2‘1) R(2)P(2) (%g@(i)z” ‘f) (*0(3)” @(ZO),J . (153)

with (due to (14.5), (14.6), (10.2), and (14.1)),

P(z) = B(:)0(n’f(2)) (W("’)_l“’(”_" 0 )

0 W)
B W) 0 1 (1 =i\ [(Vemnf(z)/* 0
£ =6 ("7 ) 75 (G 1)( / zlmf(z)_m),

a(z)+a 1(2) a(z)—a"1(2)
2

2i D(z)~! 0
0 D) | a@r-a) atz)ta” () 0 D(z)

—21

b0 1,(2¢1/?) LKa(2¢"?) ( 1 0)
2miCM21,(2¢1/?) —2¢ 2K (2¢1/7) ) AT
We start to evaluate the product (15.3) at the right. Plugging in the for-
mula for P(z), we get

and

—n z 71
Y(2) = (20 2%) R(2)E(2)¥(n*f(2)) (W% W?z)) '

. 1 i . . . .
Since W (z) = w(z)'/2€2°™" in the region under consideration, we have

vier= (%) ) meECweE) ()

e

(W(Zz)l/2 w(zo)l/2> . (15.4)

Using the expression for ¥(¢), we get with ¢ = n2f(z),

2" 0 w(z)'/? 0
1.(2¢Y/?) 1 Ka(2¢'?) e—tami
= R(2)E(z) ' ( 1am> .
2mic 20}, (207) 2 2Ky (20) ) N0 e

At this point we see that the first column of Y'(z) can be expressed in terms
of I, and I/, only. It will not involve K, and K/ . Continuing now only with
the first column and focusing on the (1,1) entry, we get
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<7rn>EZ)) _ WR(Z)E(Z) ((1) 9 f(zz)l/2> (éz(é?l//?)) ’
(15.5)

where * denotes an unspecified entry. Looking now at the formula for E(z),
we see that we pick up an overall factor v2mnf(2)'/4. We get from (15.5)

m™(z)\ V2rnf ()4
( * ) 2”w( )1/2 2oc7rzR(Z)N(Z)

("5 wies) 72 () (i)

Next, we plug in the formula for N to obtain

a(z)+a"1(2) alz)—a"1(2)

<7Tn(z)) _ V2mnf(x)'/* V2mnf() T (Doo 0 ) 2 2
* 2m ()1/2 Tami 0 Dgol a(z)—a"(2) a(z)4+a"(2)

2

—21

0 P ) va\-i 1)\ (2¢72)) '
where we still have ¢ = n?f(z).

Now we choose x € (1—4,1] and let z — z from within the upper part of
the lens. The asymptotics for m,(z) will then involve the +boundary values

of all functions appearing in (15.6). First we note that f(z) = —(arccosz)?,
so that
FV im\/arccosx'
V2
We also get that
1/2 .
I,(2¢1/?) _, phami Jo(narccos )
i’ (2¢1/?) J! (narccosz) )’
where J, is the usual Bessel function. Note also that
at(z) +ai'(x) _exp (3iarccosz —i%)
2 \/5(1 — ;[;2)1
and
at(z) —ai'(z) _exp (—Liarccosz +iZ)
2i V2(1 — 22)7
so that
a(z )+a '(z) a(z)—a"'(2)
a(z)— ffl(z) a(z)-Hfl(Z)
—21
1 eéimrccos T—i% e—%iarccosm—i—i%
_ . S
\/5(1 B .132)% _ef§zarccosw+z e%zarccosa:fzz



Riemann-Hilbert Analysis for Orthogonal Polynomials 207

Finally we have that W (z) = v/w(z)e2°™ and D, (z) = \/w(z)e #®@)  so
that

W(Z) N e%awi—i—d}(m)i.

D(z)

We get from (15.6)

() s (3 )

1 - 1 x
eztarccosz—if  ,—gziarccosz+if
X 1
—e”2

_1; 5 s 1. sp—i T
tarccos z+1i 7 ealarccosz—iy

y ezamiti(x)i 0 1 (1 —i\ (Ja(narccosz)
0 e—zomi—v@)i | 5\ —i 1 J! (narccosz)
B \/Tn arccos T (@) (Doo 0 )
o Jw(z) (1 — 22)1/4 0 —iDZ}!

y (cos(@ (x)) sin<<1<x>>> (Jam w>) , (15.7)

cos(Ca(x)) sin(Ca(x)) ) \J4(narccosz)

where

1 1 1 1
G(z) = 5 arccos + e + (), Co(x) = —7 arccos + e + ().

Exercise 32. Check that the formula for m,(x) remains bounded as z — 1.

[Hint: First note that (7% has a limit for z — 1. Next, we should
1

combine with the Bessel functions J, (n arccosz) and J., (n arccosz).
i ( ) and J( )

Since Jo(2) ~ g (2)” as 2 — 0, we get that Jolnarccoss) pas a limit

T(at1) \2 Vw(z)

N arccos x . .
¥, which is unbounded as

as x — 1. Finally, we should control Ja o)
x — 1 (unless a = 0). However it gets multiplied by sin (i (z) and sin (a(x).
It may be shown that (;(z) = O(v/1—x) as « — 1 for j = 1,2, and this is

J! (narccos )

enough to show that sin (; (x)W remains bounded as well.]

Exercise 33. Show that, uniformly for 6 in compact subsets of C,

lim — (2” tat ﬁ) on <cos %) — C(h) (%)a J.(0),  (15.8)

n—oo NN n

where the constant C(h) is given by

C(h) = exp <% /11 logh(\:;)li—l;)fh(l)dx> .
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The limit (15.8) is the so-called Mehler-Heine formula, which is well-known
for Jacobi polynomials, that is, for h = 1, see, e.g., [1, 22.15.1] or [31]. From
(15.8) one obtains the asymptotics of the largest zeros of 7, . Indeed, if 1 >
xin) > xén) > .- denote the zeros of 7, , numbered in decreasing order, then
(15.8) and Hurwitz'’s theorem imply that, for every v € N,

lim 2n? (1 - xg")) =2,
n—oo ’

where 0 < jo,1 < Ja,2 <+ < Ja, < --- are the positive zeros of the Bessel
function J, . This property is well-known for Jacobi polynomials [1, 22.16.1].
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Exponential Asymptotics
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Edinburgh, EH9 3JZ, United Kingdom, adri@maths.ed.ac.uk

Summary. Recently, there has been a surge of practical and theoretical interest
on the part of mathematical physicists, classical analysts and abstract analysts in
the subject of exponential asymptotics, or hyperasymptotics, by which is meant
asymptotic approximations in which the error terms are relatively exponentially
small. Such approximations generally yield much greater accuracy than classical
asymptotic expansions of Poincaré type, for which the error terms are algebraically
small: in other words, they lead to “exponential improvement.” They also enjoy
greater regions of validity and yield a deeper understanding of other aspects of
asymptotic analysis, including the Stokes phenomenon.

We shall obtain readily-applicable theories of hyperasymptotic expansions of
solutions of differential equations and for integrals with one or more saddles. The
main tool will be the Borel transform, which transforms the divergent asymptotic
expansions into convergent series. Other methods will also be mentioned.

Topics to be discussed are:

e Least terms in divergent asymptotic expansions;

e Exponentially-improved asymptotic expansions;

e Smoothing of the Stokes phenomenon;

e Resurgence;

e Computation of Stokes multipliers (connection coefficients).
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1 Introduction

In asymptotics one usually ignores terms that are relatively exponentially
small. In many applications these exponentially small terms play an important
role and that is why in the 1980’s the field of exponential asymptotics was
born. The exponentially small terms played an important role in a paper on
scattering from a potential barrier (Pokrovskii and Khalatnikov), in work on
adiabatic invariance (Meyer and Wasow), in extensive work on resonances
(Simon, Harrell, Herbst and others), and in quantum chemistry (Connor and
Brandas). Other applications are the growth of denditic crystals (Segur &
Kruskal, McLeod & Amick and Levine) and viscous fingering (Tanveer). For
more references see [12].

In exponentially improved asymptotic expansions, we include exponen-
tially small terms via optimal truncation of the original divergent asymptotic
expansion. One can re-expand the minimal remainder in a new divergent ex-
pansion. When we repeat this process of truncating and re-expanding, we
obtain hyperasymptotic expansions.

There are two kind of hyperasymptotic expansions. In local hyperasymp-
totic expansions we use simple functions for the re-expansions. The drawback
is that in general the coefficients in these re-expansions are not easy to com-
pute, and the local hyperasymptotic expansions are valid only in small sectors.
In chapter 2 we will show how we can obtain a local hyperasymptotic expan-
sion for a simple integral.

The theory of global hyperasymptotics is introduced in chapter 3, where we
obtain a hyperasymptotic expansion for an integral with saddles. The general
theory of global hyperasymptotics is given in chapter 4, where we show that
these expansions are valid in large sectors, and that the coefficients in each
re-expansion are the same as or related to the coefficients used in the original
Poincaré asymptotic expansion. This property is called resurgence. The other
topics that we discuss in this chapter are the optimal number of terms at
each level, and the computation of the so-called hyperterminants and Stokes
multipliers.

We start this paper with an introduction into asymptotics. We first com-
pare convergent Taylor series expansions with divergent asymptotic expan-
sions. Then we give the notation and definitions that we will use in this paper
and general theorems about asymptotic expansions. We finish the first chapter
with a discussion of the Stokes phenomenon, which is the most important phe-
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nomenon in asymptotics. It explains why we have to use nontrivial functions
in global hyperasymptotics.

1.1 Convergent Taylor series versus divergent asymptotic
expansions

> —xt —t > —xt 3 tz t3
F(z) = e PleTldt = e (l-=+ o — =+ )dt
O 0 . . .

T TR
1 1 1 1
=: wtE ot o .
n—1
s 1
s=0
o0 1 o0
a _ —xt dtZ/ 2 a2 B3 ) dt
(z) /Oe Tt ; e ( + + )
1 1! 2! 3!
:;_x_2+x_3_x_4+... T — 00 (1.3)
n—1 . 5!
= ) (1.4
s=0

Differences

(i) Series (1.1) is convergent for z > 1 and series (1.3) is divergent for all
finite z.
(i) In contrast to ey (z) the remainder R, (x) cannot be expressed as the
convergent sum of the tail.
(ii) When we take x fixed then e,(z) diminishes steadily in size as n in-
creases, whereas R, (x) diminishes steadily in size as long as n does not
exceed [z], thereafter R, (z) increases without limit. (See Figure 1.)

1.2 Notation and definitions

Let S denote the infinite sector o < phz < § and let S(R) denote the
annulus |z| > R, z€ S.

f(z) =0(g(2)) as |z| — oo in S, (1.5)

means that there exists a constant K such that |f(2)| < Klg(2)| as |z] = o0
in S.

f(z)=0(g(2)) when 2z € S(R), (1.6)

means that there exists a constant K such that |f(z)| < Klg(z)| whenz €

S(R). We call the least upperbound of |f(z)/g(z)| in S(R) the implied con-
stant of the O-term for S(R).
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Fig. 1.

f(z)=0(g9(2)) as |z o0 in S, (1.7)
means that f(z)/g(z) = 0 as |z] - o0 in S.
f(z) ~g(2) as |z| — oo in S, (1.8)

means that f(z)/g(z) tends to unity as |z| — oo in §.
f(z) ~ z:aszf‘q as |z]| o0 in S| (1.9)
s=0

means that for every fixed integer n > 0: f(z) — 22;01 asz=% = 0(z™") as
|z| — o0 in S. We call .7 asz™* an asymptotic expansion of f(z), variable
z the asymptotic variable (or large parameter) and the implied constant of
the O-term for an annulus S(R) the nth implied constant of the asymptotic
expansion for S(R).

Theorem 1.1. (Uniqueness) For a given function f(z) in region S there is
at most one expansion of the form (1.9).

Theorem 1.2. The nth implied constant of (1.9) for S(R) cannot be less
than |ay,|.

Theorem 1.3. If f(z) ~ > oo jasz™% and g(z) ~ > oo obsz™%, as |z| — oo
in S, then

oo

af(z) + Bg(z) ~ z:(aaS + Bbs)z* as |z] o0 in S,

s=0

providing o and 3 are constants; and
f(2)g(z) ~ Z%Zﬁs as |z| w00 in S,

where ¢g =Y 7 _q arbs—k -
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Theorem 1.4. (Integration) If f(z) is continuous in S(R), and if f(z) ~
S gasz ", as |z| — oo in S(R), then

o0

/ [f(t)—ao—%]dthas%z*s, as |z — o0 in S(R),

s=1

where the path of integration is the straight line joining z to oo with a fized
argument.

Theorem 1.5. (Differentiation 1) Let f(x) be continuously differentiable and
f(x) ~ aP as x — +oo, where p > 1. Then f'(x) ~ pxP~1, provided that
f'(x) is nondecreasing for all sufficiently large x.

Theorem 1.6. (Differentiation 2) Assume that f(z) ~ Y ooy asz™% as |z] —
oo in S(R). If f(2) has a continuous derivative f'(z), and if f'(z) possesses
an asymptotic expansion as |z| — oo in S(R), then

fl(z) ~ —Zsaszfsfl, as |z] = o0 in S(R).
s=1

Theorem 1.7. (Differentiation 3) Assume that f(z) is analytic in S(R) and
that f(z) ~ Y oo gasz™% as |z| — oo in S(R), then

fl(z)~ —Zsasz_s_l, as |z| — o0 in S(R).
s=1

Theorem 1.8. Let f(z) be an analytic function in S:(R) ={z : |z| > R},
and suppose that f(z) ~ > oo jasz™% as |z| — oo in S(R). Then the asymp-
totic series is convergent and its sum is equal to f(z) for all sufficiently large

values of z.

Theorem 1.9. Let ag, a1, az,---, be an infinite sequence of arbitrary com-

plex numbers, then there exists a function f(z) such that f(z) ~ > oeyasz™*

as |z| — o0 in S.

1.3 Divergent series and the Stokes phenomenon

. . . . . e* .
The simple ordinary differential equation w’(2) = — has formal series solu-
z

tions

oo
n!
w(z,C’)Nezzznﬁ + C, as |z| — oo.
n=0

The constant C' is visible when Rez < 0 and hidden by the divergent series
when Rez > 0. What happens with the ‘constant’” C' when we travel from
sector phz € (§m,m) to sector phz € (—m, —1m)? Stokes noticed in [13] that
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in general C; # Cs, and we will call this phenomenon the Stokes phenomenon.

phz=mn
phz=—7

Stokes (1902): “The inferior term enters as it were into a mist, is hidden
for a little from view, and comes out with its coefficient changed”. Like Stokes
in [13] we will make the constant C' visible via optimal truncation. Fix |z| for
the moment. The optimal number of terms in the divergent series is N = [|z|].
‘Take’ C; = 0. Then as |z| — o0

N-1
!
w(z,0) = €* Z z’?"‘l + e IFlo (2_1/2) , 0 < phz <.
n=0

Hence, in this sector the remainder is smaller than a constant, and C' should

be visible.
N-1

|
Write 2z = |z|e?, and plot C(#) = w(z,0) — € 7;) Z:Lﬁ
N
5]
iC(0),.
3l
2]
4
3 2 1 0 1 2 0 3

Hence, the change in ‘constant’ C' behaves like a so-called error function.
Note that the change in C' really happens at the line phz = 0. We will call this
line (direction) the Stokes line. Hence, the complete picture of the asymptotic
expansions of the solutions of the simple ordinary differential equation is:

(oo}
n!
w(z,Cy) ~ €* Z g + C,

n=0

where C' is
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C=C C=C
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=
w
Il
3
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1

)
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\/

Stokes line

C201—27T’i 0201—27Ti

As we have seen above C' is a function of 6, the phase of z. Near the
Stokes line C() behaves like an error function. In 1989 Berry [2] introduced
the Smoothing of the Stokes Phenomenon by showing that

C(0) = —mi erfe(6),
where 0 is a (complicated) function of @, and where erfc(t) is the comple-
mentary error function. For a wide class of problems the smoothing of the
Stokes phenomenon can be described via an error function.
The main observation that we should make is that the asymptotics near
the Stokes lines is highly non-trivial. This will justify the non-trivial functions
that we will use in hyperasymptotic expansions.

2 Local hyperasymptotics for integrals

In this chapter we will construct a hyperasymptotic expansion for a simple
example which is valid in a small sector. Let us consider the simple function

f(z) = /O 16;15 dt, (2.1)

which can be written as an exponential integral, an incomplete gamma func-
tion, or as a confluent hypergeometric function:

f(z) =€*E1(z) =€*T(0,2) = U(1, 1, 2). (2.2)
For z positive and large the graph of e~ looks like
.
e—zt
0 1 2 4 3 4

Hence, the main contribution to the integral (2.1) comes from ¢ = 0, and
(=)™

near t = 0. The
1+t

1
ill d — =1-t4+t>— .4 (-t)N!
we will expand T—— + +(—t) +
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result is a truncated asymptotic expansion with an integral representation for
the remainder:

N—-1 (—=)"n!
f(Z) = Z ontl —|—R0(Z,N), (23)
n=0
where
g 2.4
Ro(z,N) = (— t. .
o= M) = (" [ (24)
We obtain a sharp estimate for the remainder via
. N!

Hence, in this simple example the first omitted term in the asymptotic expan-
sion is a ‘sharp’ upper bound for the remainder.

What is the best approximation that we can obtain by truncating this
divergent asymptotic expansion? We regard the remainder as a function of

N!
N . It is easy to check that N — N has a minimum near N = z. Let us

take Ng = [z], the integer part of z. With this choice we obtain the remainder
estimate:
No! I'(z+1) 2m

|Ro(z, No)| < s s e 767'2, as z — 00. (2.6)

The minimal remainder is exponentially small, hence, it is much smaller than
any term in the divergent asymptotic expansion. Note that we obtained this
remarkable result by allowing N to be a function of z.

Can we obtain better approximations? This is not possible via the simple
divergent asymptotic expansion. We have to truncate this expansion, and re-
expand the remainder. The dominating part in integral representation (2.4)
is

4 x 1075
4 e—ZttNQ
2 x 10751
0 1 2y 3 P

Now the main contribution to the integral comes from ¢ = 1. To obtain the
re-expansion we expand

1+t 21 —17 — 2" 1+t '

S
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near t = 1. The result is

N071( i) N-1
_ : —n—1
f(z) = z_% 1 T ;}2 pn(z, No) + Ri(z, No, N), (2.8)
where N
oo efzt(_t)No (ﬁ)
No,N) = 2 dt 2.
Ry(z,No,N) /o 17 ) (2.9)
and -
pn(z, No) = / e’ZttNO(l — )™ dt, (2.10)
0

which can be seen as a finite sum of factorials, and computed via the recurrence
relation

2pn+1(2, No) = (2 — No —n — 1)pn(2, No) + npn—1(z, No),

No! No! (2.11)
po(z No) = g, pilz, No) = s (2 = No — 1),

The absolute values of the terms in level one hyperasymptotic expansion

(2.8) are

L5 10 15 20 2 3

This figure clearly shows the improvement that we obtain via the re-
expansion, and that the re-expansion is again divergent.

Let us again try to determine the optimal number of terms in the re-
expansion. Recall that Ny ~ z and write N = pz. Then

o0 t—1|N o0
Ri(z,No, N)| < e N || dt ~ e~ g, 2.12
2
0 0

where .

t_

e 2.1
_ (213)

This function has two saddle points, and the dominating saddle point for the
asymptotics of the final integral in (2.12) is the one in interval ¢ > 1. This

h(t)=t—Int—pln
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saddle point will depend on p, and it is not difficult to show that the optimal
ch01ce for p = é . In that case the two saddle points for h(t) are located at
t= 5 and t = 3

We take N = N; = [%z] . Applying the saddle point method to the integral

in (2.12) with this choice of N gives us the result
3232 —1.901---2

vz W=

Hence, we have almost doubled the precision of our approximation.

|Ry(z, No, N1)| ~ < O(1), asz—oo. (2.14)

We can continue this process and obtain higher level re-expansions. The
dominating part of the integral representation (2.9) is

4 x 10_97 —2t4No | t—1 N1
| e |1
2 x 1079
0T 2 3 4 45 & 7 8

Now the main contribution to the integral comes from ¢ = 3. To obtain the
next re-expansion we expand

N— 3—¢\ N
11 —t (T)
1+t 41 _3T Z 1+t (2.15)

n=

near t = 3. The process is similar to the previous re-expansion, but we omit
the details. The remainder in this second level hyperasymptotic expansion will
be of the order

673.59~~~z

R No, N1, No)| ~ —
| 2(27 054V1, 2)| \/z

0(1), as z — 00. (2.16)

This simple process can be continued and will give better and better ap-
proximations. The advantage of such a hyperasymptotic expansion is that it is
in terms of very simple functions. The reason that we call it local hyperasymp-
totics is that it is valid only in ‘small’ z-sectors. The global hyperasymptotic
expansions that we will discus in the next sections will have large z-sectors of
validity, and these sectors will contain several Stokes lines. In [4] and [5] it is
explained how to obtain these local hyperasymptotic expansions for confluent
hypergeometric functions, and more general problems. In the general case the
computations of the coeflicients in the re-expansions might also be difficult.
The global hyperasymptotic expansions will incorporate resurgence, which
means that no new coefficients have to be computed in the re-expansions.
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3 Global hyperasymptotics for integrals

In this chapter we will construct hyperasymptotic expansions for integrals
with simple saddle points. Let

I(z) = /C e Mg (t) dt (3.1)

be an integral in which h(t) has only simple saddle points, that are, t1,--- ,p,
such that A/(t;) =0 and h”(t;) # 0. For simplicity we will assume that h(t)
and ¢(t) are entire functions. We define

An = h(tn)a )\nm = An - )\m, (32)

and

TM (2) = Vze " 1(z) = Vz e*(MO=2n) (1) dt, (3.3)

Cn(6)
where contour C,,(0) is a steepest descent contour in the complex plane that
passes through ¢, , and in the case that there is more than one saddle point on
this contour, t,, is the dominating one for the asymptotics of T(")(z). Steepest
descent paths will depend on # = phz. On the steepest descent paths we want
z(h(t) — An) < 0.
The example in this section will be

h(t) = éﬁ — %t‘* + 1% — %tQ + 2t, (3.4)
with saddle points at
t1=1, to=2, tg=i, t4=—i, (3.5)
and 19 2 3 6 3 6
M=gg de=s A=t =g (3.6)

see Figure 2.

Before we discus hyperasymptotics for these integrals we have to define ad-
jacent saddles. Consider all the steepest descent paths through ¢,, for different
0. Some of these are special in that they encounter other saddle points t,,.
We call these saddle points adjacent to t, . The phase 6 for which ¢, € C,,(0)

is Opm := —ph(Anm).

These steepest descent paths show that ¢; is adjacent to all the others, ¢5
is only adjacent to ¢y, t3 is adjacent to t; and t4, and ¢4 is adjacent to t;
and ts3.
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Fig. 2. The saddle points and steepest descent paths for the case 6 = %77 (left)
and the h(t)-images of these steepest descent paths (right). The dashed lines are
the steepest ascent paths.

Fig. 3. The steepest descent paths and their h(t)-images for the cases 6 = 0 (left),
0 = 7 (middle), and 0 = 7 (right).
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\
|
|
1

" C1(641)

Fig. 4. The steepest descent paths and their h(t)-images for the cases § = 2
(left), 6 = arctan(6) (middle), and 6 = w (right).

Remarks.

(1) Note that the contours in the cases # = 0 and § = 7 are the same except
that the steepest descent and steepest ascent contours are interchanged.
(2) The contours for the case § = = illustrate the Stokes phenomenon Sup-
pose that our integral is T(®)(2), with @ a bit smaller than EW Hence,
this integral is determined uniquely by the fact that C4(6) starts in the
valley at ooe™"™/10 and terminates in the valley at ooe~117/10 - This
doesn’t change when 6 becomes a bit bigger than mﬂ' However, in that
case the only way to travel from the starting valley to the terminating
valley via steepest descent contours is first taken Cy(6) in the clockwise
direction and then C3(f) in the counterclockwise direction. Hence, the
line 0 = %w is a Stokes line, and crossing this line switches on the expo-

nentially small term —e*s+*™73) ().

The construction of the hyperasymptotic expansion starts with the integral
representation

e=y=1/2 (N — h(t) Y2 g(t
o / / Qo 2 0O) =90 gy, (37
~ omi I (6) 1= z(/\n—h(f))

where T',,(0) is a contour that encircles C,,(0). The proof of this integral rep-
resentation is given in [3] and in the exercises. By expanding the denominator
we obtain the truncated asymptotic expansion
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N-1
T ()= “Z” + RO (z, N), (3.8)

s=0
where the coefficients can be computed via the integral representation
I(s+ % t
Agn = (2 .2) % g( ) s+1 dt’ (39)
X tn (A — h(t))72

where the contour of integration is a simple loop encircling ¢,, . The advantage
of integral representation (3.7) is that we obtain (3.9) for free, and that we
obtain a simple integral representation for the remainder:

1 e~ tuN=1/2 (), — h(t -2
RO(z,N)=2"N—— / / ( ( N 9(t) dt du.
2mi I ( L= z()\nfh(t))

(3.10)
The next step is crucial. We deform T',(f) into the union of steepest
descent contours through the adjacent saddles, that are, C,(0nm,)-

Cs(043)

(_)"fnm 1
adjacent m

/ / e N2 <A —h) M g0
Crn(0nm) ’

~ 20w —h—(t))

(3.11)

where 7,.,, is an ‘orientation anomaly’. Finally, we use the substitution u =
to(An, — h(t)) and obtain

_YYnm y1—N Oo/)\nm 7)\nmt0tN—1
ROGN = 3 ()72/ e ) (1) dt,
0

. 211 z—tp
adjacent m

(3.12)
where we have used integral representation (3.3) for the ¢-integral.

We summarise the above in
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No1 o
T = Y Ly
s=0
(=)pnm AN 30 Anm o= Anmto fN -1 - (3.13)
T om ———T"" (o) dto.
Z 211 /0 z—to ( 0) 0

adjacent m

The only thing that we have to do to obtain a re-expansion is to substitute
(3.13) with m» = m into the integrals on the right-hand side of (3.12). We
obtain

Vyam y1-N Nm—1 00/ Anm p=AnmtoN—s—1
ROGN) = Y [ S e / ey T
0

2 z—t
adjacent m s=0 0

+RD(z,N),
(3.14)
where

(_)’ann’i"\fm,k ZlfN

BN = 3, ) (2mi)2

m adjacent k adjacent

to n tom
00/ Anm 00/ Amk e—)\nmto—)\mktltN*Nthmfl
/ / 0 1
X
0 0 (z —to)(to — t1)

TW) (t1) dty dto.
(3.15)

Remarks.

(1) Re-expansion (3.14) is in terms of non trivial special functions. The inte-
gral in (3.14) is the so-called level one hyperterminant. It is the simplest
function with a Stokes phenomenon.

oo/ e—)xtta

/ dt = —(—2)%= (1 + )T (—a, —2A).
0 z—t

(2) Note that the coefficients in re-expansion (3.14) are the coefficients of the

other integrals. Hence, no new coefficients have to be computed.
(3) In the exercises you will show that

(_)’Ynm, > asm]_—‘(N _ S)
aNp ~ — Z 5 Z W as N — oo. (3.16)

adjacent m s=0
Hence, in the asymptotic expansions of the late coefficients the early co-
efficients reappear. This is called resurgence.
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In the next section we will discus the main details of global hyperasymp-
totic expansions. These are: the optimal number of terms at each level, the
estimates for remainder terms, the computation of hyperterminants, and the
computation of Stokes multipliers (not encountered in this section).

We finish this section by noting that we can obtain the next re-expansion
by the substitution of (3.13) into the integral of (3.15). This process can be
continued, and we would obtain the complete hyperasymptotic expansion.

4 Global hyperasymptotics for linear ODEs

4.1 Asymptotics for linear ODEs

We shall investigate solutions of differential equations of the form

d"w d" 1w
dz—n-i-fn—l(z)W‘F'”—FfO(z)W—oa (4.1)
in which the coefficients f,,(z), m =0,1,--- ,n—1 can be expanded in power

series

zs "’

(m0)=§:ﬂm (4.2)
s=0

that converge on an open annulus |z| > a, and the point at infinity is an
irregular singularity of rank 1. Formal series solutions in descending powers
of z are given by

eNi% ZHi Zasjzfs, i=1,2,-- ,n. (4.3)
s=0

The constants A;, p; and as; are found by substituting into the differential
equation and equating coefficients after setting ag; = 1. In this way we obtain
the characteristic equation

>N fom =0, (4.4)
m=0

where we take fo, =1, to compute A;. The constants j; are given by

n—1 n
Hj = — (Z )\Tfl"l) / (Z m)\;‘n_lme> . (45)

m=0 m=1

For the coefficients as; we obtain the recurrence relation

(8 — 1)@871’3‘ Z m)\;"’_lfo’m =

m=1

s t n
Z As—t,; Z(,uj +t—9)p Z (m) )\;n—pftip’m
t=2 p=0 p

m=p

(4.6)
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where Pochhammer’s symbol («), is defined by (a), =T'(a+p)/T'(c).
We shall impose the restriction

N # A, j#k. (47)

This restriction ensures that the left-hand side of (4.6 does not vanish. We
shall also assume that the p; are nonintegers. In [8] it is shown that this
restriction is not needed for the final results.

4.2 Definitions and lemmas

We define
Ok; = ph(N; — M),
Mej = Ak — g, j#k, and [ = max{Reu1, - ,Reu,}.
[ikj = Mk — s
(4.8)
We call

1 € Ris admissible <= n # 0); (mod 27), 1<jk<n, j#k, (4.9)

see Figure 5.

A2

At

PRE

Fig. 5. An example of admissible and nonadmissible directions.

For fixed admissible 77 we consider a t-plane together with parallel cuts from
each \; to oo along the ray ph(t — A\;) = 1. See Figure 6. If we specify for
k=1,2,--- n,

log(t — M) = log |t — Ak| +in, (4.10)

for all ¢ such that ph(t — A\g) = 7, then we denote the t-plane with these cuts
and choices of logarithms by P,. Thus log(t — Ax) is continuous within P,
and is defined by (4.10) on ph(t — A\x) = 7.

Let 1 be admissible. Then we define

n~ = inf{) < n | 7 is admissible for all 7 € (7, n]}, (4.11)
nt = sup{f > n | 7 is admissible for all 77 € [1,79)}, (4.12)
Iy = (nsn"). (4.13)
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)\2/
A1
A3

Fig. 6. Cuts for P,.

Note that nT are not admissible. In Figure 5 7~ is the value ;3 mod 27 for
which | — 613] is least, and 5t is the value 612 mod 27 for which |612 — 1)
is least.

With these definitions for n* we define the z-sectors

S(n) = {z|Re(ze™) < —a and g —nt <phz < 3; /e (4.14)

S(n) = {z|Re(ze") < —a and 7 —n" < phz <7 —n~"}, (4.15)

The main tools that we will use in this paper are Theorems 1 and 2 of [1].
If we translate the results of these theorems to our notation we obtain:

Lemma 4.1. The function y(t) defined by

k() = appD (pr+1—p)(t— AP0 t—=Ak| < min |Aj=Akl, (4.16)
p=0

is analytic in Py, satisfies

() = —

- 1— 6_2ﬂi“’“

y;(t) +reg(t — Aj), Jj#k, (4.17)

where the Kji are constants, and can be continued analytically along every
path that does not intersect any of the points A1,--- , A . Furthermore, if S
is any sector in the t-plane of the form S = {|t| > R, a < pht < 8} with
0<f—a<2r and R > max|\;|, then

lim e~ (a)lty, (1) = 0, tes, (4.18)

t—oo
for € > 0 arbitrary.

In (4.17) reg(t — A\;) denotes a function that is regular (or analytic) in a
neighbourhood of t = A;.

Lemma 4.2. Let n € R be admissible. If we define

1
wi(z,n) = —/ e“yr(t) dt, (4.19)
2mi e (1)
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where v (n) is the contour in P, from oo along the left-hand side of the cut
ph(t—M\x) =1, around Xy in the positive sense, and back to oo along the right-
hand side of the cut, then wy(z,n) is a solution of (4.1), wi(z,7) = wk(z,n)
for all h € I,,, and

w(z,m) ~ MY " agz (4.20)
s=0

as z — oo in S(n).

For each admissible n we have n solutions wy(z,7),---,wn(2,7n). Since
(4.1) is a linear ordinary differential equation of order n, for each admissible
7 and k € {1,--- ,n} there are connection coefficients Cjx(7,n) such that

wk(za 77) = Clk(ﬁ’ 77)w1 (27 77) +eee an(ﬁv n)wn(Z’ 77)' (421)

If 7 € Z,), then Cjx(7,m) = d,,. Hence, the connection coefficients can change
only when we cross a non admissible direction. The corresponding directions
in the z-plane are generally known as Stokes lines. To compute all the con-
nection coefficients it suffices to compute the connection coefficients of two
neighbouring intervals Z,, .

Fig. 7. ~x(7) before (left) and after (right) the rotation.

Now assume that we are in the case of Figure 7. Then with (4.17) we
obtain

- P 1 — e 2mink .
wi(z,7) =wk(2,n)+ZT/ e*yx(t) dt
=1 Yiy (m)

P
KA
—wn () + 3 Bk / ety (1) dt (4.22)
Y.

Ji ("7)

P
= wi(z,n) + Y Kjkw;, (2,m).
=1
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The constants K, are called the Stokes multipliers, and they play an impor-
tant role in the definitions of the following numbers. Let

()(’(cm) = mln{|Ak — )\_]0| + ‘)\]0 - )‘]1| ot ‘)\jm—l - )\jm

| jo # k, Kjor # 0,51 # ji—1, Kj,j,_, # 0}.

If G = (V,E) is a directed graph with edges E = {(A\p,A\q) |1 <p,q<mn,
p#q, Ky # 0} and verticesV = {A1, -+, Ay}, then aim) is the length of
the shortest directed path of m+1 steps starting at A\g . The main step needed
to reach subsequent levels in the hyperasymptotic expansion for solutions of
(4.1) is the following version of Taylor’s theorem.

(4.23)

Lemma 4.3. Let C be a closed contour encircling t and A\ such that \j,
j # k, is in the exterior of C'. Then

N—-1
(t) = Z apkD (g + 1 — p)(t — \g)P~He—1
p=0 (4.24)
(t

211 T—1

e
C

We finish this section with the definition of hyperterminants. In the defi-
nition we shall use the notation

] soet™
/ = / , neR. (4.25)
A A

Let ! be a nonnegative integer, ReM; > 1, 0; € C, 0; #0, 7 =0,---,1.
Then

FO(z) =1,
[T{'f@@] UOtOt]\/IO_l
e (z; MO) _ i B
00 0 z—to
pan (. Mg - ,Ml _ (4.26)
? 0‘07 RS

[‘n’ (90] [‘n’ (91 eo'ot0+ +o-lfltM0 1 tM171
1
/ / dty - dt,
(z—to)(to —t1) - (ti-1 — t1)

where 0; = phoj;, j =0,1,--- 1. The multiple integrals converge when —m —
0o < phz <7 — 0.
4.3 The re-expansions

To obtain an integral representation for the remainder we substitute (4.24)
into (4.19) and obtain
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Fig. 8. Contour C' in Lemma 4.3.

No—1
wy(z,1m) = M1 Z askz ° + ngo) (z,m; No), (4.27)
s=0

with

1 t= e\ ()
RO (5 e No) = / / 2t :
% (2,15 No) @i |, o) e\ = N p— drdt

e~ 2mips _ ] Y No—pr—1
/ / ( k) Yr(T )d dt.
27rz An T— A T —

(4.28)

where we collapsed (7). Now take for C' the contour given in Figure 8. In
[8] it is shown that the contribution of the large circle in Figure 8 is negligible,
and that when we replace the finite loops encircling A;, by 7;, (fx;,) (which
have the opposite orientation, note the extra minus sign in the next result) the
error introduced is again negligible. In this document we will ignore negligible
terms and write
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0
R (2,17; No)

1 — e 27ipk (n] _ No—pp—1
= / / et ( " ) 9 4 gy
: @mi)? xSy T =X Tt (4.29)

J#k

/ ’ / NN ) o g
2m A (ng T— Ak T—1 ’

where we have used (4.17).

These are the main steps to get the re-expansions. Hence, for the next
level we substitute (4.24) with k = j in the final integral of (4.29). We obtain
a finite sum of double integrals that can be expressed in terms of the first
hyperterminant (see exercises). The loop v;(6k;) is again collapsed, and we
manipulate the new contour C' in the same way as described in the previous
paragraph. The result is

RO (z,m; No) =

9 1-N, Z jk NJ;: 1 FO — 5+ [k (1 (4:30)
kZ oMkt 0 J J R
’ J#k asj < )‘J’f ) ML (2,77),

where

1) (2,1) ZZ JkKlJ

ik 1]

No—pp—1 N( '—ui-1
Tt =5 N = NP
« 2 tty &tQ-
Xe IX; Jyi(050)

(t1 —to)(t2 — t1)
(4.31)

Note that the final integral line in (4.29) and (4.31) are very similar. Hence
we can continue this process and obtain:
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N1

_ _ (@ Kk k
wi(z,m) :eAkzz’“‘[ E aspz "% 4+ 21Nk [ E L

211
s=0 k1#£k

N -1
{3 e (s
NP 1
°2
Z Bty { Z sk, P (z; NIEO) - N(l) + pky ke + 1, N( s +,Ulc2k1>

9
kb 10 L0 )"“1’“ )"“2’91

( )—S+Mk1k) +
Akrk

Kk s [ N(O) NOY 4+ 1,
s FO k Kk k
+ & ; 27T’L Z “ ku Akljﬂ )
1 -1 o=

-1
)\kl—lkl—2’ )\klkl—l

L) <

-2 -1 1—1
N/gz—z)_ng )+Mkl71k/l—2+1 ngz 1)_S+Mkzkzl>

(4.32)

4.4 The optimal numbers of terms

The main result that is missing in the previous section is estimates for the
remainders. Like in (4.29) and (4.31) it is possible to obtain an integral rep-

resentation for R,(Cl)(z,n) in (4.32). When we ignore the denominator in this
integral representation, the integrals decouple in a product of gamma func-
tions and beta integrals. The final result is:

Theorem 4.1. Let | be an arbitrary nonnegative integer and N}go) s N,g}) JERE
N,S) be integers such that

N}go) (0)|Z| +7(0) ngj) 5(])‘2‘ +7(J) j=1,2,---,1, (4.33)
in which the B ’s are constants that satisfy
0< By <y Y << Bl <8 (4.34)

and the v ’s are bounded as |z| — co. Then as z — oo in S(n),
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1 A Z Z Re +45
Ri(c)(zﬂ) = e"k? Kklk'.'Kkl+lkl‘Z‘ Hhip ™2
k1#k kiy17#k

© N BO-BDNE a1y @ Brly B
k. 5k ﬂk _ 5
>< 71 oo 117 (4 35)
|)‘k1k|e ‘)\klkl—l‘e '
) ﬂzill)|2|
Br,
X | —— O(1).
‘)\kl+1kl‘e
Now what are the optimal choices for N(O) N,g),~-~ ,N,gf)? Before we

discus the general result let us first look at the simple example in which we
take n = 2. Hence, there are only two A’s. We also take |Aj2| = [A\1 — A2| =

1 and Kjo # 0 # Ko . It seems to make sense to optimise N}go) in the

level 0 expansion like we did in §2. Hence, we have to choose ,io) such that
Bzl

( (0)/ ) * is minimal. The optimal choice is ﬂ]io) =1, that is N(O) ~ |z

as |z| — oo. Now suppose that we have optimised N, (0) N,S), - N,gf 11) in

the previous levels and that we find ﬁ,(cll) by minimising

BID _ 50 (B =)=l
ki—1

o B2
e e

as a function of ﬁ( The optimal choice is ﬁ(l) = 25,(:;11) In this way we

obtain ﬁ,(fl) = 27!, With these choices (4.35) simplifies to

R (z,m) = M gm0kl Remn v 01). (4.36)
Hence, the exponential improvement is e~1212=2=2""121 and when we let
| — 0o then e 121272121 = ¢=(2:386-)I2] seems to be the optimal exponential

improvement that we can obtain.
However, when we optimise

e (B D) 2| BUD _ g0 BV -B0)2| e B0

as a function of ﬁ(l) ﬁ](fl;ll), e ,5;&0) then we find that we have to take

1 -1 l l
_ﬁ/(cl):'.':ﬁéz—l)_ﬁ’iz)zﬁéz)_

Hence, the optimal choice is ﬁg:) =1 —m+ 1. With these choices (4.35)
simplifies to
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R (z,m) = Xz DIz Ret 3+ 5 0(1), (4.37)
Hence, we can do much better than (4.36). The general result is:

Theorem 4.2. Let

ﬁ]go) _ ag)7 ](i) = max (0,5,(:” - \Nm\) )

(4.38)
l -1
T ﬁl(vz) = max (O’ﬂl(vz_l) - ‘)\klkl—lo s
where oz,(cl) is defined by (4.23). Then, as z — oo in S(n),
R,(cl)(zaﬁ) _ e,\kzw;cz>|z|‘z‘ﬂ+’+710(1) (4.39)

where [i is defined in (4.8).

4.5 The computation of the Stokes multipliers

In the next section we will discus the computation of the hyperterminants. For
hyperasymptotic expansion (4.32) to be useful we have to be able to compute
the Stokes multipliers K. The Stokes multipliers are defined in (4.22). It
seems not to be possible to use (4.22) to compute these constants. Hence, we
need an efficient method to compute these Stokes multipliers.

First we obtain another hyperasymptotic result. Note that the coefficients
in the asymptotic expansions (4.3) can also be written as

— A2z ) _ e
Ay, =€ MENe T (R(O)(Z, 7 NE) = RO (2, N{© + 1)) . (440)
This seems to be useless were it not that we have hyperasymptotic expansions

for the remainders R(O)(z, n; N, ]50) +m). We substitute these hyperasymptotic
expansions and note that when we simplify the result z disappears:
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AN©O =
N1
_ Z Kklk{ i: g, V) (0 (N 1) —3+/~Lk1k> I Z Kkzl_cl
k1 £k 5—0 )\klk Kok 271
N® 1

: (2) . (NIEO) +1)_Nl£i) +/~Lk1k+17 N]S) — 8+ Hiyk,y

X Qs F 0,
: Ayl ksl

ky 0 1
+ Z Kk?lkl.—l { Z asle(l) (O’ (N( )+)\1) ( )+Mk1k +1, y
kik> )

)\kl—lkl—27 )\klkl—l

Lo

(4.41)

-2 -1 -1
ngl,z) - ngl,l) + By ik T 1, ngl,l) — S+ Hkikiy )

This may be regarded as a hyperasymptotic expansion for the late coefficients
as N ,EO) — 0. In order to use this result for the computation of the Stokes
multipliers, we suppose that the numbers of coefficients are given by (4.33).

Thus, instead of NV ,50), we take |z| as the large parameter.
It follows from the previous section that if (4.38) holds, then

Tlil)(ngo)) — ,ak)| || |N( Luk+u+l“0(1), (4.42)

as |z| — o0.

The main difference between (4.32) and (4.41) is that in (4.41) the only
unknowns are the Stokes multipliers. On replacing in (4.41) N, Igo) by N, ’go) -
1, N(O) 2, ,N’go) — n1, in turn, and ignoring the error terms, we arrive
at a system of n1 equations. In this way we can compute the Kj,,, to the
required precision. More details are given in [8] and [9].

4.6 The computation of the hyperterminants

In [6] and [7] (see also the exercises) it is shown that we can compute the
hyperterminants via

F(l+1) (Z MO, s, Ml _
"o, 0, 0

? (4.43)
ZA(H_U <k; My, ) Ml) Uk +1,2 — My, zop),
k=0
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where the coefficients A (k;---) can be computed via

AW (k; J(‘fo) = dro oy M0 MO T(Mo), (4.44)
0
and
A0 (g Moo MiY  pmittosty g1 =Mo—k kg, 4 0y — 1)
o0, 00 0 !
= (k+9)!
x D(Mo+k) > [ '
= [T (Mo + My + k + s) (4.45)
X 2F1(M0—|—/€,k‘+3+1;M0—|-M1 +k+s1+ ?)
0
XA(l) (87 M17 T Ml):| )
01, =+, 01
In (4.43) Ul(a,c, z) is the confluent hypergeometric U -function.
4.7 Example
We use the example
(4) (3) 9.1 ) 3 2\
w'M(z) = 3w (z) + 4—|— z w' (z)— 3+ZZ w'(2)
5 9 _,
(Z + T6° ) w(z) =0

In this case we have n = 4 and

1 5
)\125, )\225, )\3:’i, )\4:—’i, ,uj:0, j:].,-~-,4. (447)
1
‘1
2
—1

Fig. 9. The admissible directions.
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We take n = %71' and assume that we wish to compute ws(z,n) at z =
10e1™ . Since,

1 )
/\13 = 5 - i, /\23 = 5 - ia /\43 = _in (448)

we obtain from (4.23) aéo) = [A13] = $v/5 = 1.118--- . Hence, the optimal
number of terms in the original Poincaré expansion is Néo) =11.

In the level one expansion we have ﬁéo) = agl) = |A1g| + [As1] = [Aus| +
|As1] = V5 =2.236- - - . Hence,

Y = max (0,4 — |\is|) = §v5 = 1.118 -+,
(Y = V5=2236-,{ A" = max (0,3 — |has|) =0,

B = max (0,85 — [Ms]) = V5 —2=10.236- -.
(4.49)
Thus the optimal numbers of terms at the level one hyperasymptotic expan-
sion are Ni” =22, NV =11, N{") =0 and NV =2.
Since ﬁél) = 0 we don’t have to compute K23 at this level. To compute the
Stokes multipliers K13 and K43 to the required precision, we first compute

ay©_, 4 = (—2.6246115745148737538 - - + i7.7381487701887858960 - -)10'°,
3 ’

A o5 = (—3.2145346630254340602 - - — i3.2463846167062710532 - )10,
3 ’

On replacing N’go) by N3(0) —1, and Néo) — 2 in turn in the level one version

of (4.41), and ignoring the error terms, we arrive at a system of 2 linear

equations. On solving these equations we find that

K3 = —1.3167355550447009754 + 1.7502706941028591333¢,

4.50
K43 = 0.3443668989089293253 — 2.12038986987162948321. ( )

Further on we shall see that in these approximations the value of K3 is correct
to 8 decimal places and that of K3 is correct to 2 decimal places. The required

—B5" 2|
) * T 2 19%x1077, and the

0
—B5712|

precision for K3 is approximately ( §0) /| M|

required precision for K3 is approximately (ﬁéo)/|/\43\ =8.3x1072.
In the level two expansion we have ﬁgo) = agz) = %\/5 . Hence,
() = 0.236 - -,
M —2236..., {pP=1118,
(2)
= 1.118 -,
0 =3354--, { On , (4.51)
, =0661---, 3,7 =0, j=1,34,
(2 _
(1) _1354... 1 =0236---,
4 P8P =0, j=23




Thus we take

N =33,
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NP =2,
NP =22, (NP =11,
NP =11
(1) 4(12) o (4.52)
NV =6 NP =0, j=1,34,
N® =2
1
N =13 o o
N =0, j=23

Hence the level two hyperasymptotic expansion of wz(z,n), with z = 1065”,

is of the form

32

Gs3

e Fws(z,m) = Z .

s=0
5

K
_324223
T 2w

s=0
—32K

TS

K3
F® .
52 Y 0ar® (= |

Ko
. F®
20 Sz:(:) 52

12,22 =5\ L Kii Q) p (0 12,225
—iyi—g ) 2mi & i i

21

K 33 —s
—3214213 (1) .
“ o ;0 as1F (z 1 )
33— s Kis 33— s
(1) . - —324343 Z (1) . -
(27 % —3 ) +z —2’/TZ as4F (27 —92 )

s=0

12 22 — n
2

i_l

21,13

30 K43 K4 , 13— 2
+z 32—.—, E ale(Q) <Z§ 2 i+ l) +R:(:, )(2,77)~
) 2

2w 2w
s=0

(4.53)

To compute the Stokes multipliers K51, K31 and K41 we use the level one

hyperasymptotic expansions of a

NO 110 aN£1>_271 and aN1<1)_371. ‘We obtain

K> = 0.322200379112189138621,
K31 = —0.33518471810856053233 — 0.17394369472610190908;, (4.54)
K41 = 0.33518471810856053233 — 0.173943694726101909085.

The level one hyperasymptotic expansion of a, . , , yields
1 -1,

K4 = 1.3175812208411643253 + 1.74924443667772551103. (4.55)

If we use (4.54) and (4.55) in the level two hyperasymptotic expansions of

AN 1,30 AN 23

and AN 33>

then we obtain

K3 = —1.3167355300409799821 + 1.75027074191787532281,
Kr3 = —0.9600011769004704206 — 0.3257656311181001083¢, (4.56)
Ky3 = 0.3553405998176582756 — 2.1172377431478990710¢.
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Ordinal number of term
20 40 60 80

100

10731 . .

10—6 .

[term|

10—°

10~12 .

10-15 . e .

10—18 - .

Fig. 10. The terms in (4.53), the level two hyperasymptotic expansion of ws(z, 7).
The first (U-shaped) group of terms are the terms in the original asymptotic ex-
pansion. The next three groups are the level one re-expansions, and the final four

groups are the level two re-expansions.

To compute the level two hyperasymptotic expansion of ws(z,7), we use
these values for the Stokes multipliers in (4.53) and the methods described in
84.6 to compute the hyperterminants. To compute the ‘exact’ value of ws(z,n)
at z = 10e2™ , we first use 47 terms of the asymptotic expansion of ws(z,7) to
compute this function at the point z+ 357, and then use numerical integration
of the differential equation (4.46) from z + 35¢ to z. For more details on the
stability of the numerical integration process see [10]. The numerical results

are given in Table 1.

|relative error|
1.9x107°

level approximation

0 0.00059870442702324531293
—|—0.00059285912251762980202i|
1 0.00059870426695596695104 | 1.7x10~ "
—|—0.00059286076905849279426i|
2 0.00059870426695611033390 | 1.9x10~
40.00059286076905847214738¢
exact| 0.00059870426695611033376 0
40.000592860769058472147461

Table 1. Hyperasymptotic approximations to ws(z,n) for z = 10e4™



Exponential Asymptotics 241

5 Exercises

1. Let f(z) be the function defined in (2.1).

(a) Take z = 10 and compute the first 16 digits of f(z).
No—1

!
(b) Take Ny =10 and compute 11 = Z (z2+?
n=0 N1
(c) Take N; =13 and compute To = T3 + Z 2 "1y (z, Nop).
n=0
(d) Take Ny = 25 and compute
Na—1 oo 1_¢ N,
n:n+zynlée“em%};>(&ﬂWt
n=0

2. The confluent hypergeometric U-function has integral representation

1 o0
Ula,c,z) = = / e Fom (1 4 )Tl gt
I'(a) Jo
oo
(a) Use the Taylor series expansion (1 — ) Z In z™ to construct the

asymptotic series for U(a,c, z) as z — oo.

(b) What is the optimal number of terms in this divergent asymptotic expan-
sion?

(¢) Construct the first re-expansion.

3. Recall that on a steepest descent path z (h(t) — A,) < 0. To prove integral
representation (3.7) we use the substitution

w=20n — h(t)), (5.1)

n (3.3). Note that for a fixed u > 0 (5.1) has two solutions. We call them ¢_
and t4, where contour C,,(6) passes first through ¢_ and then through ¢, .
Show that the result of this substitution is

R S e R GO R
D=z (e me)
Now check that

gt-) _glts) _ 1 ONECION
h/(t_) h/(t+) 27'('2\/17 I'n(9) An —h(t) —U/Z

4. In this exercise we will illustrate how representation (3.9) can be used.
We take g(t) = 1, h(t) the function defined in (3.4), and the \; are given
n (3.6). To compute the coefficients ass via (3.9) we note that Ay — h(t) =
(t+i)?(i =3+ (1= 3i)(t+i) + (3 +0)(t +14)* — £(t +4)*). Hence
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(A —h(t) "7 =

(t+4)727 (i - 3+(1_3Z)(t+i)+(%+i)(t+i)2_ %(t—l—i)3)_s—1/2_
(5.2)

Thus a4 is equal to a gamma function times the coefficient of (¢ +4)2* in the
Taylor series expansion of the final factor of the right-hand side of (5.2). Use
this result to compute ag.4, a1,4, -*-, @20,4-

Similarly, use

s C9s_ 1 1 —5—
= h(0) = )T (= =) - o))
to compute ag1,a1,1,° " ,05,1-
5. Check the step from (3.11) to (3.12).
6. Use

ann = 27 (R;O)(z, N+1)-— RgLO)(z, N))

and (3.12) to obtain the integral representation

_ Z (=)ym oo/ Anm AnmtN—1(m)
ann = - e t TV (t) dt.
0

211

adjacent m

Now expand T("™(t) in an asymptotic expansion for large ¢. The result is
(3.16). You can check this result numerically with the coefficients that you
computed in question 4.

7. In the derivation of (4.30) we have to show that

_ ] N—pr—1 oY )s—pi—1
/Aj-l-l s/"/ ( /\) (T = Nj)5 K d
—————drdt
Ak (gkj) ’T—)\k T—1

_ e)\kZZ/Lk—‘rl—NF(l) <Z; N — S +l’[’]k) .
Ajk

To obtain this result use the substitutions

t— Mg dr dt dtq dtg
t = to(r — A d -
1=to(r=%y), and T =2 S

to =2 ,
0 T — /\k
and Hankel’s loop integral representation for the reciprocal gamma function.
8. In the derivation of (4.37) we have to show that

F(yla te 7yn) = y%l - y%”e*ylf"'*yn,

has a minimum at y; =y = --- =y, = 1. Show that this is the case.
9. In this exercise we produce new integral representations for the hyperter-
minants. We will assume that |phz 4 6| < 37 and that ReM; > 1 for all

J-
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(a) In the definition

[r—00] _ootosMo—1
F(l) (Z; M()) :/ 0l go0 oty o it
g0 0 zZ — tO

1 [60]
= / e—%0(=t) gg. and show that
0

Z—to

[60]
F(l) (Z; {;40) = F(Mo)/ e~ #%0 (—80 - 00)7M0 dSQ.
0 0

(b) Now assume for the moment that 6; — 6;_1 € [§7, 37] mod 2. Use the
previous substitution and similar substitutions for the other factors in the
denominator to show that

F(l+1) P M07 T aMl
’ 0'0,.-. O'I

™ 90] ™ 91] €UOtO+"'+0'ltltM071 t]\/[l
/ / dty - dio
Z—to to—tl) (i1 — 1)

90] M

X (sl — S;1—1 — 0171) My (—Sl — Jl) My ds; --- dsg.

use

Analytic continuation removes the restriction on ¢; — ;1.

(¢) Expansion (4.43) is produced via
— M,
(s1—s80—00) "

—Mp
Mo —Mp — Mo 5051
=0 Sg + o S1— O 1-—
o (50 0) (51 0) < (so + 0)(s1 —00))

Mo = T(Mo + k)

_ —Mo—k _k Mo—k
=% T (Mg S00s0 Fo0) s ’

s1(s1 —00)” )
k=0
and noting that
1l 1—M,
E/ e *0sk (s0 + 00) MR dsg = o MU (k + 1,2 — My, z0y).
“Jo
Give an integral representation for the coefficients A1) (..) in (4.43).
N . —M; PR )
(d) Use a similar expansion for (sg —s13 — 01) to obtain ‘recurrence’ re-
lation (4.45).

References

1. W. Balser, W. B. Jurkat and D. A. Lutz, On the reduction of connection prob-
lems for differential equations with an irreqular singular point to ones with only
regular singularities I, SIAM J. Math. Anal. 12 (1981), 691-721.



244

2.

3.

4.

N o

10.

11.

12.

13.

14.

15.

16.

Adri B. Olde Daalhuis

M. V. Berry, Uniform asymptotic smoothing of Stokes’s discontinuities, Proc.
Roy. Soc. London, Ser. A422 (1989), 7-21.

M. V. Berry and C. J. Howls, Hyperasymptotics for integrals with saddles, Proc.
Roy. Soc. London, Ser. A434 (1991), 657-675.

A. B. Olde Daalhuis, Hyperasymptotic expansions of confluent hypergeometric
functions, IMA J. Appl. Math. 49 (1992), 203-216.

, Hyperasymptotics and the Stokes’ phenomenon, Proc. Roy. Soc. Edin-
burgh Sect. A123 (1993), 731-743.

, Hyperterminants I, J. Comp. Appl. Math. 76 (1996), 255-264.
__, Hyperterminants II, J. Comput. Appl. Math. 89 (1998), 87-95.

, Hyperasymptotic solutions of higher order differential equations with a
singularity of rank one, Proc. Roy. Soc. London, Ser. A454 (1998), 1-29.

, On the computation of Stokes multipliers via hyperasymptotics, Suri-
kaisekikenkytisho Kokytroku 1088, (1999), 68-78.

A. B. Olde Daalhuis and F. W. J. Olver, On the asymptotic and numerical
solution of linear ordinary differential equations, SIAM Rev. 40, (1998), 463
495.

F. W. J. Olver, Asymptotics and Special Functions, Academic Press, Inc.,
Boston, 1974. Reprinted by AK Peters, Wellesley, 1997.

H. Segur, S. Tanveer, and H. Levine, Asymptotics beyond all orders, NATO
Advanced Science Institutes Series B: Physics, Vol. 284, Plenum Press, New
York, 1991.

G. G. Stokes, On the discontinuity of arbitrary constants which appear in di-
vergent developments, Trans. Camb. Phil. Soc. 10 (1857), 106-128, reprinted
in “Mathematical and Physical Papers by the late Sir George Gabriel Stokes”,
CUP, 1905, vol IV, 77-1009.

G. G. Stokes, On the discontinuity of arbitrary constants that appear as multi-
pliers of semi-convergent series, Acta Math. 26 (1902), 393-397, reprinted in
“Mathematical and Physical Papers by the late Sir George Gabriel Stokes”,
CUP, 1905, vol V, 283-287.

N. M. Temme, Special Functions: An introduction to the Classical Functions of
Mathematical Physics, Wiley, New York, 1996.

R. Wong, Asymptotic Approzimations of Integrals, Academic Press, New York,
1989.




	3540403752
	Table of contents
	pp001-024
	Summary
	Table of Contents
	1 The computation of power series and hypergeometric functions
	1.1 Hypergeometric series
	1.2 Holonomic differential equations
	1.3 Algebra of holonomic functions
	1.4 Hypergeometric power series
	1.5 Identification of hypergeometric functions

	2 Summation of hypergeometric series
	2.1 Fasenmyer’s method
	2.2 Indefinite summation and Gosper’s algorithm
	2.3 Zeilberger’s algorithm
	2.4 A generating function problem
	2.5 Automatic computation of infinite sums
	2.6 The WZ method
	2.7 Differential equations

	3 Hypergeometric term solutions of recurrence equations
	3.1 Petkov\v{s}ek’s algorithm
	3.2 Combining Zeilberger’s and Petkov\v{s}ek’s algorithms

	4 Integration
	4.1 Indefinite integration
	4.2 Definite integration
	4.3 Rodrigues formulas
	4.4 Generating functions

	5 Applications and further algorithms
	5.1 Parameter derivatives
	5.2 Basic hypergeometric summation
	5.3 Orthogonal polynomial solutions of recurrence equations

	6 Epilogue
	References

	pp025-092
	Summary
	Table of Contents
	1 The Lie algebras su(2) and su(1, 1) and representations
	1.1 Lie algebras, enveloping algebras
	1.2 Representations or modules
	1.3 Verma modules of sl(2, C)
	1.4  \star-operations and  \star-representations
	1.5  \star-representations $D_j$ of su(2)
	1.6  \star-representations of su(1, 1)
	1.7 Notes and Exercises

	2 Hypergeometric series and some transformation formulas
	2.1 Hypergeometric series; Vandermonde’s theorem
	2.2 Generalized hypergeometric series
	2.3 Notes and Exercises

	3 Tensor product of two su(2) representations
	3.1 A realization of su(2)
	3.2 Tensor product decomposition
	3.3 Some expressions for Clebsch-Gordan coe.cients of su(2)
	3.4 Symmetries of su(2) Clebsch-Gordan coefficients
	3.5 Orthogonality relations
	3.6 Recurrence relations for Clebsch-Gordan coefficients
	3.7 Hahn and dual Hahn polynomials
	3.8 Recurrence relations
	3.9 Tensor product of su(1, 1) representations
	3.10 Notes and Exercises

	4 Tensor product of three su(2) representations and Racah coefficients
	4.1 Definition of the Racah coefficient
	4.2 The 6j -coefficient
	4.3 Expressions for the Racah coefficient
	4.4 The Racah polynomial
	4.5 Wilson polynomials
	4.6 Racah coefficients of su(1, 1)
	4.7 Notes and Exercises

	5 Tensor product of n + 1 representations and 3nj-coefficients
	5.1 3nj -coefficients
	5.2 An example: the Biedenharn-Elliott identity
	5.3 A recurrence relation for Racah polynomials
	5.4 Expressions for 3nj -coefficients
	5.5 Multivariable Jacobi polynomials associated with binary coupling trees
	5.6 Notes and Exercises

	References

	pp093-136
	Summary
	Table of Contents
	1 Introduction
	2 Boundary values of analytic functions
	3 Matrix Riemann-Hilbert problems
	4 Riemann-Hilbert problem for orthogonal polynomials on the real line
	5 Riemann–Hilbert problem for orthogonal polynomials on [-1, 1]
	6 Basic idea of steepest descent method
	7 First transformation Y mapsto T
	8 Second transformation T mapsto S
	9 Special case alpha = beta = -1/2
	10 Model Riemann Hilbert problem
	11 Third transformation S mapsto R
	12 Asymptotics for orthogonal polynomials (case alpha = beta = -1/2
	13 Case of general alpha and beta
	14 Construction of the local parametrix
	15 Asymptotics for orthogonal polynomials (general case)
	References

	pp137-166
	Summary
	Table of Contents
	1 Introduction
	2 Boundary values of analytic functions
	3 Matrix Riemann-Hilbert problems
	4 Riemann-Hilbert problem for orthogonal polynomials on the real line
	5 Riemann–Hilbert problem for orthogonal polynomials on [-1, 1]
	6 Basic idea of steepest descent method
	7 First transformation Y mapsto T
	8 Second transformation T mapsto S
	9 Special case alpha = beta = -1/2
	10 Model Riemann Hilbert problem
	11 Third transformation S mapsto R
	12 Asymptotics for orthogonal polynomials (case alpha = beta = -1/2
	13 Case of general alpha and beta
	14 Construction of the local parametrix
	15 Asymptotics for orthogonal polynomials (general case)
	References

	pp167-210
	Summary
	Table of Contents
	1 Introduction
	2 Boundary values of analytic functions
	3 Matrix Riemann-Hilbert problems
	4 Riemann-Hilbert problem for orthogonal polynomials on the real line
	5 Riemann–Hilbert problem for orthogonal polynomials on [-1, 1]
	6 Basic idea of steepest descent method
	7 First transformation Y mapsto T
	8 Second transformation T mapsto S
	9 Special case alpha = beta = -1/2
	10 Model Riemann Hilbert problem
	11 Third transformation S mapsto R
	12 Asymptotics for orthogonal polynomials (case alpha = beta = -1/2
	13 Case of general alpha and beta
	14 Construction of the local parametrix
	15 Asymptotics for orthogonal polynomials (general case)
	References

	pp211-212
	Summary
	Table of contents
	Unbenannt
	1 Introduction
	1.1 Convergent Taylor series versus divergent asymptotic expansions
	1.2 Notation and definitions
	1.3 Divergent series and the Stokes phenomenon

	2 Local hyperasymptotics for integrals
	3 Global hyperasymptotics for integrals
	4 Global hyperasymptotics for linear ODEs
	4.1 Asymptotics for linear ODEs
	4.2 De.nitions and lemmas
	4.3 The re-expansions
	4.4 The optimal numbers of terms
	4.5 The computation of the Stokes multipliers
	4.6 The computation of the hyperterminants
	4.7 Example

	5 Exercises
	References




