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7. The special case of f =2
Consider the GUE ensemble density

n
g(h) = exp{i )y 7»%} [T =207
= i<j
where Z, is the normalizing constant. More generally, let u be a Borel probability measure
on R and consider the density f on R”" proportional to |A(x)|> with respect to the measure
4", All of what we say in this section will apply to this more general densityﬂ This is
symmetric in Aj,...,A,. The following lemma shows that it is possible to explicitly inte-
grate out a subset of variables and get marginal densities of any subset of the co-ordinates.
As we discussed earlier, this is crucial to computing local properties of the system of par-
ticles defined by the density f.
Observation: Let pg, py, ..., p,—1 be monic polynomials such that p; has degree k. Then,

Iox x X! po(x1) pi(x1) paxi)... pai(x1)

1 x 3 .. x’zlfl po(x2) pi(x) pax2)... pu1(x2)
Alx)=det| . 7 T |=det . . . .

1 x, xﬁ . xzfl po(xn)  pr(xn)  pa(xn).-o pa—i1(xn)

as can be seen by a sequence of column operations. If ¢ is any polynomial with degree
k and having leading coefficient cy, then we get A(x) = C, det(A) where a; j = ¢;(x;) with
the index i running from O to n — 1 and the index j from 1 to n. The constant C, =
(coct...cp_1)~". Thus,

A()[? = Cdet (AA") = Cydet (K, (xi, %)), <,

where K, (x,y) = Z’};O @;j(x)@;(y). It turns out that choosing @; to be the orthogonal poly-
nomials with respect to u enables us to integrate out any subset of variables explicitly!

Lemma 56. Let (A, 4,u) be a measure space. Let Oy, 1 < k < n, be an orthonormal set in
L*(u) and define K (x,y) = Yi_, 0k ()9, (). Define f : A" — R by
f(x) = (n!) "' det (K (xi:X)); j<p-

(1) For any m < n and any A, k < m— 1, we have

/ det (K(Ai.1)); st dhn) = (n—m+ 1) det (KA, h)); s -

(2) f is a probability density on A" with respect to u*". Further, if (M,...,Ay) is
a random vector in R" with density f, then \; are exchangeable, and for any
m < n, the density of (A1, ..., An) with respect to u*™ is given by
(n—k)!
fk(ll,...,Km) = ' det(K(A”")\’j))i,jgm'

n:

Corollary 57. Let u € P(R) have finite moments up to order 2n — 2 and let @, ..., Qp—1
be the first n orthogonal polynomials normalized so that [ Qy@edu = & . Then, the den-
sity f(x) = Z,'|A(x)|? on R" with respect to a measure u®" can be rewritten as f(x) =
(n!)~det (K, (A, Aj)) where K, (x y) = Z;’_(l) Q;j(x)9;(y). Further, the marginal den-

sity of any k co-ordinates is given by ( det( (A, A ))i.jsk'

i,j<n

OThese are special cases of what are known as determinantal point processes.
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The corollary trivially follows from the lemma and the observations made before the
theorem. We now prove the lemma.

PROOF. (1) We need two properties of the kernel K. Both follow from or-
thonormality of @s.
(a) The reproducing kernel property: [ K(x,y)K(y,z)u(dy) = K(x,z).
(b) [K(xx)u(dx) =n.
By expanding the determinant

m
/det (Mis2)), e dhn = Y sen( )/HK (A A
TESH i=1
Fix m. There are two cases.
Case 1: w(m) = m. then by property (b), the term becomes

m—1 m—1

[T Kk ) [ K ik = [T K Ao

where 6 € S, is defined by 6(i) = (). Observe that sgn(c) = sgn(x).
Case 2: Fix n(m) # m. Let p=7"'(m) and ¢ = n(m) (thus p,q < m). By
property (a) above,

/ TTK i Ae)dhn = [T Kishe) / K (s M K (s Ay )
R =l i#p,m R
= J]KMiAem)
i#m

where 6(i) = n(i) for i # p and 6(p) = ¢q. Then 6 € S, and sgn(c) = —sgn(w).
Now consider any ¢ € S,,—1. It arises from one permutation 7 in Case 1, and
from m — 1 distinct 7 in Case 2. As the sgn(c) has opposing signs in the two

cases, putting them together, we see that [ det (K(A;, 7)), i<n dM\yy, is equal to
2 J<

(n—(m—1)) Y Hle,x = (n—m+1)det (K(Ai, ;)

CES,—1 I=
(2) Letm <nandlet fo,(x1,- .., %m) = Jpnm f (X1, %0 )du(xms1) - - . du(x,). Induc-
tively applying the integration formula in part (2), we get

Fu Moo A) = G (0 —m)1 det (K(As )

ij<n—1-

i,j<m"

In particular, if we integrate out all variables, we get C,,; 'n!. Thus, we must have

C, = n! for f to be a probability density (the positivity of f is clear because

(K(xi,xj)); j<, is n.n.d, being of the form AAY).

Plugging the value of C, back into the expression for f;, shows that
(n—m)!
fm(xlw'w}\’m):T ( (}\’177\’ >l]<k
These integration formulas are what make [ = 2 special. None of this would work if

we considered density proportional to |A(x)|P with respect to u®”. As a corollary of these
integration formulas, we can calculate the mean and variance of the number of points that
fall in a given subset.

Proposition 58. In the setting of Lemma let N(-) = Yi_, &, be the unnormalized
empirical measure. Let I C A be a measurable subset. Then,
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(i) E [(N(z))ml] = Jm et (K (xi,%,), ;o du(x) where (k) = k(k—1)... (k—m+1).
(ii) E[N(I)] = [;K(x,x)du(x) and Var(N(I)) = [fye |K (x,y) P40,
(iii) Let Ty be the integral operator on L?>(I,u) with the kernel K. That is Tyf(x) =
i K(x,y)f(y)du(y) for x € I. Let 01,0,,... be the non-zero eigenvalues of T. Then

0; € (0,1] and if &; ~ Ber(8;) are independent, then N(I) 4 E1+&+...

PROOF. (i) Write N(I) = Y_; 13, ;. Use the exchangeability of A4 to write

E[(ND) | =E| L byabierdy,a| =@mPRhiel 1<i<m).

i geeey im<n
distinct

Using the density of (A, ...,A,,) given in Lemmal[56 we get

E[(VD),] = [ det(K(xiix))), o, ().

(i) Apply the formula in part (i) with m =1 to get E[N(I)] = [; K (x,x)du(x). Expressing
the variance of N(I) in terms of E[N(I)] and E[N(I)(N(I) — 1)] one arrives at

Var(N /Kxxd,u //|ny2d,u()d,u()

Write the first integral as [, [, |K(x,y)|*du(y) by the reproducing property of K. Sub-
tracting the second term give [} [;c |[K(x,y)|2du(x)du(y).

(iii)) With/ =A, wehave Ty f = Y7 _,(f,9x)«. Thus, T is a projection operator with rank
n. Clearly, 0 < T; < T from which it follows that 6; € [0, 1] and at most n of them
are nonzero. If y; are the corresponding eigenfunctions, then it is easy to see that
K(x,y) = L0y (X)W (y). i

Remark 59. In random matrix theory, one often encounters the following situation. Let
u € P(C) such that [ |z|*"“2u(dz) < . On C” define the density f(x) o |A(x)|* with
respect u®". Then we can again orthogonalize 1,z,...,7"~! with respect to u to get @, 0 <
k <n—1 and the kernel K (z,w) = Z’Jq 09 (2)9;(w). The density can be rewritten as f(x) =
(n!)~'det(K (x,',xj))hj -, This is of course a special case of the more general situation
outlined in Lemma @],_except that one needs to keep track of conjugates everywhere when
taking inner products.

8. Determinantal point processes

Consider the density f;, of (Ai,...,Ay) as described in Lemma [56] Let us informally
refer to it as the chance that A; falls at location x; for 1 < i < m. Then the chance that L, :=
Yi—1 &, puts a point at each x;, i < m, is precisely ()| fin (X1, - -, %m) = det (K (x;,x;)).

For any random variable L taking values in the space of locally finite counting mea-
sures (eg., L,), one can consider this chance (informally speaking), called the mth joint
intensity of L. If for every m, the joint intensities are given by det (K(x;,x;)) for some
K(x,y), then we say that L is a determinantal point process. A determinantal point process
may have infinitely many points.

If a point process which has a fixed finite total number of points, then we can randomly
arrange it as a vector and talk in terms of densities. But when we have infinitely many
points, we cannot do this and instead talk in terms of joint intensities. Like densities, joint
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intensities may or may not exist. But if they do exist, they are very convenient to work
with. In random matrix theory we usually get finite determinantal processes, but in the
limit we often end up with infinite ones. Therefore, we shall now give precise definitions
of point processes, joint intensities and determinantal processe

Definition 60. Let A be a locally compact Polish space (i.e., a complete separable metric
space) and let u be a Radon measure on A. A point process L on A is a random integer-
valued positive Radon measure on A. If L almost surely assigns at most measure 1 to
singletons, we call it a simple point process;

Definition 61. If L is a simple point process, its joint intensities w.r.t. u are functions (if
any exist) py : A¥ — [0,0) for k > 1, such that for any family of mutually disjoint subsets
11,...,1k OfA,

k
(€29) E[HL(Ij)] / pi(xr,. . xe)du(x) .. dp(xe).
j=1

I XXy
In addition, we shall require that py(x1,...,xx) vanish if x; = x; for some i # j.

Definition 62. A point process L on A is said to be a determinantal process with kernel K
if it is simple and its joint intensities with respect to the measure u satisfy

(32) Pr(x1,- o, x0) :det(K(xi,xj))lgi_’jék7
forevery k > 1 and xq,...,x; € A.

Exercise 63. When A has density as in Lemma check that the point process L =
Yi— 0y, is a determinantal point process with kernel K as per the above definition.

9. One dimensional ensembles

LetV : R — R be a function that increases fast enough at infinity so that [ e Py <
oo for all f > 0. Then, define the probability measure u, (dx) = e V) /Z, and the let A be
distributed according to the measure Zr:é|A(x)|Be’"Zg:1 V(%) Under some conditions on
V, the empirical measure of A converges to a fixed measure uy g. Then one asks about

We will now concentrate on two particular examples of § = 2 ensembles.

(1) The GUE (scaled by v/2). The density is Z, !|A(A)|?exp{— YX}_, A? /4}. To write
it in determinant form, we define u as the N(0,2) distribution, that is u(dx) =
(2y/@) e~ /4dx. Let Hy, k > 0, be the orthogonal polynomials with respect
to u obtained by applying Gram-Schmidt to the monomials 1,x,x%,.... Hy are
called Hermite polynomials. The kernel is Ky, (x,y) = Y7~} Hy(x)Hi(y). We have
chosen them to be orthonormal, [ H(x)Hy(x)du(x) = & ¢. Hermite polynomials
are among the most important special functions in mathematics.

(2) The CUE (circular unitary ensemble). Let u be the uniform measure on S' and
on (S')" define the density f(x) = |A(x)|*> with respect to 4" In this case z* =
¢’ are themselves orthonormal, but it is a bit more convenient to take @ (¢) =
e i(n=1)1/2 ikt Then, the kernel is

. sin(nu/2)

i L2y = SRO2)
! sin(u/2)

1 — eils—1)

TFor more detailed discussion on joint intensities, consult chapter 1 of the book ? available at
http://math.iisc.ernet.in/ manju/GAF_book.pdf. Chapter 4 of the same book has discussion and examples of
determinantal point processes.



10. MEAN AND VARIANCE OF LINEAR STATISTICS IN CUE 47

D, is the well-known Dirichlet kernel (caution: what is usually called D, is

our Dy,11). We shall later see that the eigenvalues of a random unitary matrix

sampled from the Haar measure are distributed as CUE.
The GUE and CUE are similar in the local structure of eigenvalues. However, there are
edge phenomena in GUE but none in CUE. However, all calculations are simpler for the
CUE as the kernel is even simpler than the GUE kernel. The difficulty is just that we are
less familiar with Hermite polynomials than with monomials. Once we collect the facts
about Hermite functions the difficulties mostly disappear. The study of the edge is rather
difficult, nevertheless.

10. Mean and Variance of linear statistics in CUE

Let A be distributed according to CUE,. Let & :S' — R be a bounded measurable
function. Let N, (k) be the linear statistic .3, #(A). Then,

E[N,;] = /h K(x,x)du(x —n/h

Actually this holds for any rotation invariant set of points on the circle. In particular,
E[N,(D)] = |1]/2m.

The variance is considerably more interesting. Write the Fourier series of h(t) =
Yz are’™ where a; = Oznh(t)e’”"ﬂ. This equality is in L. Then,

Var(N, 2// Ko(s,0)Ko(r, )%.

—T-T

We write

n—1
(h(t)—h(s))* =Y a(e™ —e®) (e —e™™) Ky(t,5)Ky(s,t)= Y e 0milamr)s,

ke p,g=0
Hence,
o ¥ dt ds
Var(N,,(h)) = 3 Z akag// ikt — th ptks—ils _ jiks—ilt _ iki— z&) i(p— q)t i(g—p)s o
k€7 p,q=0 7T
1 n—1
- 2 Z Z aka@{Skfﬂp*qsqu+8P*q5k*l+q*p*Skﬂ?*q&éw*p*Sfﬂpqukw*p}
k.€Z p,q=0
1 n—1
) Z Z “kﬁlsk—f{SIHJJFSIH{*5k+p—q*8k+q—p}
k,€Z p,q=0
) n—1
= 7Z|ak| Y {285 Bkipg—Bkigp}
keZ p.q=0
= Yl (n—(n—1k])1).
keZ

Remark 64. The variance can be written as Y. <, K| |h(k)|? + nY jq>n lak|* where h(k) =
ay. The first sum is the contribution of low frequencies in & while the second gives the
contribution of the high frequencies. For smooth functions, the high frequency Fourier co-
efficients will be small and the first term dominates. For more wild functions, the second
sum becomes significant. We shall consider two cases next.
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Case 1: h € H'/? which by definition means that Hh||1_[1/2 := Yz k| |ax|* < . Observe

that if 2 € C”, then h"") has the Fourier series ¥z (—ik)*are=* and hence ¥ |k|*|ax|> =
[|A(") ||i2 Thus H'/2 can be roughly called those functions hat have half a derivative. In-
deed, one can also write the norm in a different way as

Exercise 65. Show that ||hHHl/2 ff ‘2 ‘Zn‘é?.

If h € H'/2, we use the inequality n — (n — k), < |k| to see that

2
Var(N,(h)) < > Z\akl |kl = [[2ll51/2-
keZ

This means that even as the expectation grows linearly in n, the variance stays bounded!
Further, for each k fixed, n — (n — k)4 — |k| as n — oo, and hence by DCT Var(N, (h)) —
171712 as 1 — oo.

Case 2: h is the indicator of an arc I = [a,b]. Then N, (h) = N, (I). We assume that the arc
is proper (neither / or I is either empty or a singleton). The Fourier coefficients are given
. +(,—ikb _ ,—ika
JPeikdl 1 =< Evidently h is not in H'/2.
We work out the special case when I = [—7t/2,7/2]. Then a; = %

by a = o 2k
if k=2j+1. Thus,

which is zero

if k is even and equal to (<2 )+1)

S n—(n—2j—1)4
Var(N,) = 2y — L+
" J;) T2 (2j+1)?

2j+1 n
2ot L, weie
]>[TJ

As Y jsm j 2 =0(m™"), the second term is O(1). The first term is easily seen to be
2 Llogn+0(1). Thus, Var(N,) = ni logn+ O(1). Although it increases to infinity with n,
the variance grows remarkably slower than the mean. Compare with sums of independent
random variables where the mean and variance are both of order n. In the next exercise,
take I = [—a, & without losing generality and show that the variance is asymptotically the
same.

Exercise 66. Let f be a 2n-periodic function on R such that ||f||? := (2m)~! ™ | f]? is
finite. Let f(k) := [, f(t)e ’k’%tt denote its Fourier coefficients. Let f;(¢) = f(t — ) be
the translates of f for any T € R.
(1) Use the Plancherel theorem to show that 4Y ., | f(k)|?sin?(kt) = || f: — f_<||*-
[Hint: fi(k) = e~ *" (k)]
(2) Let f(t) =t on [~7,7n] and extended periodically. Show that f(k) = # and
hence conclude that for T € [O n]

(3) Fix T € [0,n] and let A, = Y/_, Sinz,f"” and B, = Y, <9 Show that A, +

B, =logn+O(1) and B, — A, = O(1) as n — . Conclude that both A, and B,
are equal to 5 logn+O(1).

(n—1).




11. FREDHOLM DETERMINANTS AND HOLE PROBABILITIES 49

(4) Deduce that Var(N, (1)) = ni logn+ O(1) as n — oo for any proper arc I (proper
means 0 < |/| < 2m).

Observe that the constant in front of logn does not depend on the length of the interval.
Essentially the entire contribution to the variance comes from a few points falling inside
or outside the interval at the two endpoints. Points which “were supposed to fall” deep in
the interior of / (or deep in /) have almost no chance of falling outside of / (outside of I,
respectively) and do not contribute to the variance. This shows the remarkable rigidity of
the CUE.

Proposition 67. In the setting of the previous discussion, for any proper arc I, as n — oo,

Ny(n -4
Nall) — 30 < N(0,1).
n—1y/logn

PROOF. Fix an arc /. By part (c) of Lema N, (1) is a sum of independent Bernoulli
random variables. By the Lindeberg Feller CLT for triangular arrays, any sum of inde-
pendent Bernoullis converges to N(0,1) after subtracting the mean and dividing by the
standard deviation, provided the variance of the random variable goes to infinity. As
Var(N,(I)) ~ clogn, this applies to our case. |

Next we compute the covariance between N(I) and N(J). We take I and J to be
disjoint. Then, Cov(N(I),N(J)) = — [, [; 1K (x,y) |*du(x)du(y).

11. Fredholm determinants and hole probabilities

Let (A, 4,u) be a probability space. Let K : A> — R or C be a kernel such that || K| :=
sup,  [K(x,y)| < . Let T be the integral operator with kernel K.

Definition 68. The Fredholm determinant of the operator I — T which we shall also call
the Fredholm determinant associated to the kernel K is defined as

=)

A(K) = ZO(—,;')"’ [ et K (xi,); i) i)
m= : Am

Recall the Hadamard inequality for matrices which says that if M is a square matrix
with columns u, k < n, then [det(M)| < [T}, [[u;||. Therefore, [det(K(xi,x})); ;e | <
(|IK|]+/m)™ for any m and any xi,...,x,. This shows that A(K) is well-defined for any K
with || K]| < .

Remark 69. Let M be an n X n matrix with eigenvalues 6, j < n. Then, we leave it as an
exercise to show the identity

9,'] 9,’2 .. .6,~m = Z det (Mipﬂiq)p,qgm

1<i|<ip<..<i<m 1<ij<ip<...<i<m

for any m > 1. For m = 1 this is just the identity }'0; =) ;M;;. For any m > 1, one can
think of the identity as being exactly the same identity, applied to a different matrix. If M
acts on a vector space V, then one can define the operator M"* on the alternating tensor

power V/\* as (M(ej, ... Aej),ei A... Aej) =det(M;,j,) . This has eigenvalues

0;,6;,...0; where i} < i, <... <i. Expressing tr(M/\k) in two ways gives the above
identity.
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Anyhow, from this identity, we get the following expression for det(/ —M) =[Tj_, (1 —
0;).

n

[1(1—8;)

j=1

= 1—26i+26i9j— Z 9i9j9k+...
i

i<j i<j<k

det(I — M)

{ Mo M | M;; M;; My
. i iJ . o A
1-— ZMz,z + EZdet { M M, ] % Z det | Mj; Mj; M | +...
; i) i,k My, Mi; Mg

Thus, det(I — M) is exactly what we defined as A(K), provided we take A = [n] and
K(i,j) = M; ;. With the usual philosophy of regarding an integral kernel as a matrix
(K(x,y)),,» we arrive at the definition of the Fredholm determinant. The following ex-
ercise is instructive in this respect.

Exercise 70. Let T be the integral operator with a Hermitian kernel K with ||K|| < . Let
0, be the eigenvalues of T'. Then, for any m > 1, we have

1
Y 6,0,...0, = E/det(K(x,-,xj))i)jSmdy(xl)...d,u(xm).

i1<ir<...<ipm Am

We shall need the following simple lemma late

Lemma 71. Let K and L be two kernels on L*(A, A, ) such that C = max{ || K|, ||L||} < ce.

Then,
= m m)m—1
IAK) — AWD)| < K~ L| (Z m) |

|
m—0 m:

PROOF. Fixm>1andxy,...,x,;, €A. LetXy = (K(xi,xj))i,jgm and X, = (L(x,-,xj))i’jgm.
For 1 <k < m, let X}, be the matrix whose first k rows are those of X() and the rest are those
of X,,. Then, det(Xo) —det(X,,) = Y, det(X;_1) — det(X;). Using Hadamard’s inequality
we see that |det(X;_;) —det(X;)| is bounded by (Cy/m)"™ !||K — L||. Thus

|det (K (xi,x7)); ;< — det (L(xi,x})); o, | < m(CVm)" 7 H|K — L.

ij<m i,j<m

Integrate over x;s and then sum over m (after multiplying by (—1)""!/m! to get the
claimed result. u

The importance of Fredholm determinants for us comes from the following expression
for “hole probabilities” or “gap probabilities” in determinantal processes.

Proposition 72. Let (A, 4, u) be a probability space and let K be a finite rank projection
kernel (that is K(x,y) = Yi_ 9;(x)9;(y) for some orthonormal set {@;}). Let ) have
density (n!)~!det (K(xi,xj))l.’jgn. Let I C A be a measurable subset of A. Then P(N(I) =
0) = A(K;), where K is the kernel K restricted to I x I.

8We have borrowed much of this section from the book of Anderson, Guionnet and Zeitouni ? where the
reader may find more about these objects. F.Riesz and Sz. Nagy’s great book on Functional analysis is another
good reference for Fredholm’s work in functional analysis.
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PROOF. From part (c) of Lemma ??, we know that P(N (/) = 0) = [];(1 —6;) where
0, are the eigenvalues of the integral operator 77 with kernel K. Hence,

P(N(I)=0) = 1—Zei+29iej— Y 666 +...

i<j i<j<k

= i (_m]')m/det(K(xhxj))i’jgmd:“(xl)"'d‘u(xm)
m=0 Tom

by Exercise The last expression is A(K;) by definition. |

12. Gap probability for CUE

Let A be distributed as CUE,, ensemble and unwrap the circle onto the interval [—m, t].
Thus A follows the measure on [—7,7t]" given by

1 dty ...dt, sin (4(s—1))
Edet(Kn(t[,tj))i7anW7 where Kn(l7s) = W
Scale up by a factor of n/2 to get A = nA /2 which follows the measure (on [—nm/2,nm/2]")
1 . dt ...dt, . 2 2t 2s
g et nlti)) o =y where Kales) = K ( ) |
Then,
_ 2sin(s—t 2sin(s—t
Ru(t,s) = %H) S K(t,s) = %
nsin (1) s—t

It is also easy to see that the convergence is uniform over (z,s) in any compact subset of
R2. Further, ||K,|| <2 and ||K|| < 2. Thus, by Lemmal71] we see that A(K,;) — A(K;) for
any compact interval /. By Proposition prop:holefordeterminantal this shows that for any
a<0<b,

P (x,» ¢ {2: 2:] Vi < n) —P (ii ¢ [~a,b] Vi< n) — A(Kje))
as n — oo. This gives the asymptotics of gap probabilities in CUE. Some remarks are due.

Of course, it is incorrect to say that we have calculated the gap probability unless we
can produce a number or decent bounds for this probability. For example, we could define
F(t) := A(K|_,)) which is the asymptotic probability that the nearest eigenvalue to 0 in
CUE, is at least 27 /n away. Can we find F(¢)? All we need to so is study the kernel K
(called the sine kernel) and deduce F(r) from it. This is not trivial, but has been done by
?72? They show that F () can be characterized in terms of the solution to a certain second

Secondly, we considered only the gap probability, but we could also consider the dis-
tributional limit of the whole point process L, := ¥ Sik' But then we must employ the
language of Section ??. In that language, it is not difficult to show that the convergence
of K, to K implies that L, converges in distribution to L, the determinantal point process
with kernel K. The latter is a stationary point process on the line (and hence has infinitely
many points, almost surely). Basically this distributional convergence is the statement
that all the joint intensities det (K, (x;,x f)iJ <m converge to the corresponding quantities
det (K (x;,x;); ;<,,- However, note that the distributional convergence does not automati-
cally imply convergence of the gap probability, because the latter is expressed as a series
involving joint intensities of all orders. That is why we had to establish Lemma 71] first.
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13. Hermite polynomials

Our next goal is to prove results for GUE analogous to those that we found for CUE.
Additionally, we would also like to study the edge behaviour in GUE, for which there is no
analogue in CUE. In this section we shall establish various results on Hermite polynomials
that will be needed in carrying out this programme.

For n > 0, define H,(x) := (—1)”6”‘2/2%8”‘2/2. It is easily seen that A, is a monic
polynomial of degree n. It is also easy to see that the coefficients of x"~ !, x"~3 etc. are
zero. Consider

e i [
/Hn(x)Hm(x)e N (-1) Hn(x)dxne Tom
[ apd dx
J e Gt

_ 0  if n < m because H, has degree only n.
B n! ifm=n.

Thus Hy(x) := ﬁl:[n (x) define an orthonormal sequence of polynomials with respect to

N(0,1) measure called Hermite polynomials. Let y,(x) = (1)~ /4~ /*H,(x) be the
Hermite functions. Then {y, :n > 0} for an ONB for L*(R,Lebesgue). The following
properties may be derived easily (or look up any book on special functions, for example,
Andrews, Askey and Roy ?).

Exercise 73. (1) (=4 +x) Hy(x) = Hy41(x) and hence also (— < +x) Hy(x) = vn+ 1H, 41 (x).
(2) Hermite functions are eigenfunctions of the Hermite operator: (— ;—X + %) Y (x) =

Vit 1y, (x) and (£ +2) y,(x) = /ny,_1 (x). Consequently,

2 X 1
(33) (dx2+4> ‘Ifn(x) = ("JF 2) Wn(x).
(3) Three term recurrence: xH,(x) = nH,_(x) + H,+1(x). Consequently, xH, (x) =
ViaHp— 1 (x) +v/n+ 1Hp (x).

We now derive two integral representations for Hermite polynomials. Observe that
n 2 n 2 . .
Ao w2 | = (—1)"45e7F /2. Therefore, fixing x, we get the power series expan-

w2
sion e~ (W) = Yo o Hy(x)w"/n! which simplifies to €™~ 2 =Y H,(x)w"/n!. Thus,

w2
1 ez
(34)  H,(x) / ———dw, for any closed curve y with Indy(0) = 1.

= 27'51 witl
Y
A second integral representation will be obtained from the well-known identity
2 : 2,5 dt 2, dt
e /2= /e*”"e*t 122 = [ cos(tx)e " 2.
V2n s (1) V2n

Differentiate n times with respect to x to get

(1) feos(i)e /240 ifn=2m.
R

35 A,(x) =
( ) (-x) (—l)mflfsin(tx)x”e”z/zj% ifn=2m—1.
R

We end the section with the Christoffel-Darboux formula.



13. HERMITE POLYNOMIALS 53

Lemma 74. Let u be a probability measure on R with infinite support. Let py be the
orthogonal polynomials with respect to unormalized so that p,(x) = K,x"+. .. with , > 0.
Then,

ol _ Kn—1 Pu(0)Pn—1(y) — Pn—1(x) Pu()
k;)pk ()pey) =~ )

Kn

For x =y the right hand should be interpreted as = (pn (xX)pl,_ 1 (x) = ph(x) pp—1(x)).
PROOF. Write the three term recurrence
XPn (x) = bn—lpn—l (x) +anpn (x> + bnpn-H (x)
Multiply by p,(y) to get the equation
XPn(X)Pn(¥) = b1 pu—1(X) P (¥) + @nPn(X) P (¥) + bn Pt 1 (X) P (3)-
Write this same equation with x and y reversed and subtract from the above equation to get

(x=2)Pa(¥)Pn(¥) = =bn-1(Pn1(Y) Pn(x) = Pn1(X) Pn(3)) + b1 (Pn (Y) Prt1 (X) = Pn(X) a4 1())-
Put k in place of n and sum over 0 < k < n— 1 to get the identity

n—1 _ .
];)Pk(x)m(y) _ bn_lpn(x)pnl(y))c}ljnl( )pn(y).

In the original three term recurrence equate the coefficients of X1 to see that bpKni1 =K.
This completes the proof. n

Corollary 75. For any n > 1, we have

n—1 B .
kgo V(Wi (y) = \/;lw(x)wnq (y))C - Efnl( WL (y) .

The corollary follows immediately from the lemma. The importance for us is that it
makes it very clear that analysis of the GUE for large n depends on understanding ,, (or
equivalently, understanding H,) for large n.



