ON THE SECOND-ORDER CORRELATION FUNCTION
OF THE CHARACTERISTIC POLYNOMIAL
OF A HERMITIAN WIGNER MATRIX

F. GOTZE! AND H. KOSTERS

ABSTRACT. We consider the asymptotics of the second-order correlation function
of the characteristic polynomial of a random matrix. We show that the known
result for a random matrix from the Gaussian Unitary Ensemble essentially
continues to hold for a general Hermitian Wigner matrix. Our proofs rely on
an explicit formula for the exponential generating function of the second-order
correlation function of the characteristic polynomial. Furthermore, we show
that the second-order correlation function of the characteristic polynomial is
closely related to that of the permanental polynomial.

1. INTRODUCTION

The characteristic polynomials of random matrices have attracted considerable
interest in the last years, a major reason being the striking similarities between
the (asymptotic) moments of the characteristic polynomial of a random matrix
from the Circular Unitary Ensemble (CUE) and the (asymptotic) moments of the
value distribution of the Riemann zeta function along its critical line (see KEATING
and SNAITH [KS]). These findings have inspired several authors to investigate the
moments and correlation functions of the characteristic polynomial also for other
random matrix ensembles (see e.g. BREZIN and HikaMmi [BH1, BH2|, MEHTA and
NORMAND [MN], FYODOROV and STRAHOV [FS], STRAHOV and FYODOROV [SF],
Baik, DEIFT and STRAHOV [BDS], BORODIN and STRAHOV [BS]).

In this paper, we consider the second-order moment and correlation function of
the characteristic polynomial of a general (Hermitian) Wigner matrix: Let @ be
a probability distribution on the real line such that

/xQ(dx):O, a::/xQQ(dx)zl/Q, b::/x4Q(d3:)<oo, (1.1)

and let (Xu/\/g)zeNa ()(Z-]‘:}e )i<j,7l,j€N and (XZI]m )i<j,i,j€N be independent families
of independent random variables with distribution ) on some probability space
(€, F,P). Also, let X5 := XJ° +i X" and Xj; := X[ —i X" fori < j, 4,j € N,
Then, for any N € N, the (Hermitian) Wigner matrix of size N x N is given by
XN = (Xij)1<i,j<n, and the second-order correlation function of the characteristic

polynomial is given by
f(N;pu,v) :=E(det(Xy — uly) - det(Xny — vIN)), (1.2)
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where u, v are real numbers and Iy denotes the identity matrix of size N x N.
We are interested in the asymptotics of the values f(N;un,vn) as N — oo, where
un, vy depend on N in some suitable fashion.

In the special case where @ is the Gaussian distribution with mean 0 and variance
1/2, the distribution of the random matrix Xy is the so-called Gaussian Unitary
Ensemble (GUE). (See e.g. FORRESTER [Fo|] or MEHTA [Me] and the references
cited therein. However, let it be noted that these authors use the variance 1/4
instead of 1/2, so that we have to do some rescalings when using their results.)
A remarkable feature of the GUE is that the joint distribution of the eigenvalues
of the random matrix X is known explicitly: It is given by

N
Py(dhs,....dy) =25 T v =22 e AV, ... daw),
1<i<j<N i=1

where AY denotes the N-dimensional Lebesgue measure on RV and Zy denotes
the normalizing factor Zy = (21)N/2 . Hszl k!. Thus, the correlation function of
the characteristic polynomial can be written as

faur(N; p,v) / H)\— H/\—V)PN(d)\lw--ydAN)a
RY =1 i=1
from which it follows (see e.g. the proof of Proposition 4.3 in FORRESTER [Fo))

that
<pN7 pN>

faue(Nip,v) = m “Kni(p,v).
Here, the scalar product (-, -) is given by ( f+°° )6*352/2 dz,
the pi are the monic orthogonal polynomials assomated with thls scalar product
(i.e., up to scaling, the Hermite polynomials) and the kernel K is given by

o) e o= (@ y?)/4 N Phe 1(@)pr—1(y)
Fovtee-) " kzl (Pk—1,DPk—1)

Using this representation, it is possible to obtain asymptotic approximations of
the values fqup(V;un,vn) from the corresponding asymptotics of the Hermite
polynomials (see e.g. Section 8.22 in SZEGO [Sz]). It turns out that

lim T 1 g N BT _ sinm(p —v)
Neso V2N N1 CUETY N YN ) T - v)

(see e.g. the proof of Proposition 4.14 in FORRESTER [Fo]) and7 for £ € (—2,+2),

. 1 1
Jim o e N faun(N VNE VNE) = o1 - €2

(see e.g. the derivation of the semi-circle law in Chapter 4.3 in FORRESTER [Fo]).
More generally, it is known that, for £ € (-2, +2),

lim 1-1-6N£2/2'fGUE(N;\/N§+ ,VNE+

N—oo V 27N N!

f@( )>
sinm(p — v)
(=)

VNo(€)’
— E(utv)/20(8) (&) -
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(see e.g. Section 2.1 in STRAHOV and FYODOROV [SF]), where o(€) 1= 5-+/4 — &2
denotes the density of the semi-circle law. Note that this formula includes the
preceding two formulas as special cases.

Even more, it turns out that a similar result holds for the correlation function (of
any even order 2,4, 6, ...) of the characteristic polynomial of a random matrix from
the larger class of unitary-invariant ensembles (see e.g. Section 2.1 in STRAHOV and
Fyoporov [SF]). In this respect, it is interesting to note that the emergence of
the sine kernel is “universal” in that it is independent of the particular choice
of the potential function of the unitary-invariant ensemble. In contrast to that,
most of the other factors in the above result for the GUE have to be replaced by
potential-specific factors.

It is well-known that the GUE is a special case not only of a unitary-invariant
ensemble but also of a (Hermitian) Wigner ensemble as described at the beginning
of this section. The purpose of this paper is to show that the above result for
the GUE can also be generalized in this direction. More precisely, our main result
is as follows:

Theorem 1.1. Let Q be a probability distribution on the real line satisfying (1.1),
let f be defined as in (1.2), let & € (—2,42), and let u,v € R. Then we have

lim |/ L NE/2 <Nf§+ VNE+

N—oo V 27N N! f@( ) f@( ))

v sinm(p— v
— exp (b _ %) ) /2006) . ) 7r(u(—v))

where o(€) == 3=1/4 — &2 and sin0/0 := 1.

Specifically for the Gaussian distribution with mean 0 and variance 1/2, we have
b= %, so that we re-obtain the above result for the GUE.

Furthermore, we see that for general Wigner matrices, the appropriately rescaled
correlation function of the characteristic polynomial asymptotically factorizes into
the universal sine kernel, a universal factor involving the density of the semi-circle
law, and a non-universal factor depending only on the fourth moment b, or the
fourth cumulant b — %, of the underlying distribution Q.

In particular, it follows immediately that if we normalize the correlation function
of the characteristic polynomial by means of its second moment, we obtain the
following universality result:

Corollary 1.2. Under the assumptions of Theorem 1.1, we have

o E(DNEWD(EY) _sinm(u—)
N—oco \/EDN f Iu, \/EDN §,V)2 W(M_V)

where Dy (&,n) := det (XN - (\/N§+ \/Nng(g)) IN).
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Moreover, it can be shown that the asymptotics remain unchanged if we replace
the correlation function f(N;u,v) by the “true” correlation (in the sense of prob-
ability) of the characteristic polynomial,

f(N;p,v) :=E((det(Xy — uly) — Edet(Xny — pln))
(det(Xny —vIn) — Edet(Xy — viy))). (1.3)
We then have the following result:

Proposition 1.3. Let Q be a probability distribution on the real line satisfying (1.1),
let f be defined as in (1.3), let £ € (—2,42), and let p,v € R. Then we have

Y N52/2.”( . n V)
MmN W€ / N’\/N'SJF\/NQ(O’W{JF\/N@(&)

sin — U
= exp (b — %) . Swtr)/20(8) | 0(6) - WZ;(M_V)) ’

where o(€) == 3=1/4 — & and sin0/0 := 1.

Similarly as before, normalizing the correlation of the characteristic polynomial
by means of its variance leads to the following universality result for the correlation
coefficient:

Corollary 1.4. Under the assumptions of Proposition 1.3, we have
i E(Dn(&, 1) Dn(€,v))  sinm(u—v)
im — — = —

Voo [EDy(e 2 JEDN(E v T

where Dy (€,n) == det (XN— (\/Ng + m”@(g)) IN) _Edet (XN— (\/Ng + ﬁ’ig(g)) IN).

i

The proofs of the above-mentioned results on the correlation function of the
characteristic polynomial of a random matrix from the GUE (or another unitary-
invariant ensemble) heavily depend on the special structure of the joint distribution
of the eigenvalues. However, such a structure seems not to be available for general
Wigner matrices.

Instead, we start from recursive equations for the correlation function of the
characteristic polynomial (as well as some closely related correlation functions),
derive an explicit expression for the associated exponential generating function
and deduce all our asymptotic results from this expression. For the determinant of
a real symmetric Wigner matrix, a similar analysis was carried out by ZHURBENKO
[Zh].

The crucial step in our analysis is to obtain an expression in closed form for
the exponential generating function of the correlation function. Unfortunately,
this approach has proven successful so far only for the second-order correlation
function of the characteristic polynomial, which explains why we do not have any
results for the higher-order correlation functions of the characteristic polynomial.
Note however that for any distribution ) with the first 2k moments identical to
the Gaussian moments, the correlation function of order k of the characteristic
polynomial must be the same as that for the GUE.
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Our approach also has some interesting implications for permanental polynomials
of (Hermitian) Wigner matrices (see Section 5 for the definition). The analysis of
permanental polynomials of random matrices from various well-known ensembles
was recently initiated by FYoporov [Fy], who established some striking similar-
ities between permanental polynomials and characteristic polynomials. In particular,
he proved that in the special case of the GUE, the second-order correlation functions
of the permanental polynomial and the characteristic polynomial almost coincide,
up to a simple transformation of the shift parameters. It follows from our approach
that the same is true for arbitrary (Hermitian) Wigner matrices (see Proposition 5.4).

This paper is organized as follows. In Section 2, we start with the analysis
of the recursive equations for the correlation function of the characteristic poly-
nomial and derive the explicit expression for its exponential generating function.
Sections 3 and 4 are devoted to the proofs of Theorem 1.1 and Proposition 1.3,
respectively. In Section 5, we discuss the relationship between the second-order
correlation function of the characteristic polynomial and that of the permanental
polynomial.

Throughout this paper, K denotes an absolute constant which may change from
one occurrence to the next.

Acknowledgements. We thank Mikhail Gordin for bringing the connection
between the correlation function of the characteristic polynomial of the GUE and
the sine kernel to our attention. Furthermore, we are indebted to an anonymous
referee for pointing out the implications of our approach for permanental poly-
nomials. His detailed suggestions have led to Section 5 of this paper.

2. GENERATING FUNCTIONS

To simplify the notation, we adopt the following conventions: The determinant
of the “empty” (i.e., 0 x 0) matrix is taken to be 1. If A is an n x n matrix and
z is a real or complex number, we set A — z := A — zI,,, where I, denotes the
n X n identity matrix. Furthermore, if A is an n X n matrix and 41, ...,%;, and
Jis---,Jm are families of pairwise different indices from the set {1,...,n}, we write
Alivimigtiml for the (n —m) x (n — m)-matrix obtained from A by removing
the rows indexed by 41, ...,%,; and the columns indexed by ji,...,Jm. Thus, for
any n x n matrix A = (a;j)1<ij<n (n > 1), we have the identity

n—1
det(A) = Z (=)L g, ap; det(APEMI) 4 g, det(AT) | (2.1)
ij=1
as follows by expanding the determinant about the last row and the last column.
(For n = 1, note that the big sum vanishes.)

Recall that we write X for the random matrix (X;;)1<; j<n, where the Xj; are
the random variables introduced below (1.1). We will analyze the function

f(N;p,v) :=E(det(Xn — p) - det(Xy — v)) (N =0).
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To this purpose, we will also need the auxiliary functions

F11(N; p,v) = E(det((Xy — p)F) - det((Xy — v)Z2))
S (N ) o= E(det(Xy — )2 - det((Xy — v)2Y))
F1o(N; p,v) = E(det(Xy_1 — p) - det(Xy — 1))
Jor(N; p,v) = E(det(Xy — p) - det(Xn—1 — )

v

=2 =2 =2 =
YAV,
N RN

Since p and v can be regarded as constants for the purposes of this section, we will

only write f(N) instead of f(NN;pu,v) in the sequel, etc.
We have the following recursive equations:

Lemma 2.1.

f0)=1,
FIN) = (14 pv) f(N =1) 4+ (2b+ 3)(N — 1) f(N - 2)
+ (N =1)(N =2) fu(N —1)
+ (N =1)(N=2) f5(N -1)
+ v(N —1) fio(N —1)
+ p(N = 1) for (N — 1)

+ (N =2)(N =3) fuu(N -2
+ V(N —2) fio(N —2)
+ (N = 2) for(N —2)

( )
Jio(N) = =(N —=1) for(N = 1) —v f(N - 1)
for(N) = —=(N —1) fio(N —=1) —p f(N - 1)

(2.2)

For the sake of clarity, note that these recursive equations may contain some
terms which have not been defined (such as fi1(N — 1) for N = 1), but this is not
a problem since these terms occur in combination with the factor zero only.

Proof. We begin with the proof of (2.2). For N = 0, the result is clear. For N > 1,
we expand the determinants of the matrices (Xny — p) and (Xny —v) as in (2.1)
and use the independence of the random variables X;; = X j; (1 <), to the effect
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that

f(N)

N—1 N-1

=5 3 () E (X X Xin X ) - E (det(XN_l — ) det(Xy_1 — y)[’“”)

1,j=1k,l=1
N—

+ (—1)”]‘+1 E(X;nXn,) E(Xyn—v)-E (det(XN_l — ) det(Xy_1 — u)>
i,7=1

N-1
+ Y (DM E (X v Xny) - E(Xyy —p)-E (det(XN_l — ) - det(Xy_q — uﬂ’“”)
k=1

+ E((XN,N — M)(XN,N — V)) . E(det(XN_l — M) . det(XN_l — I/)) .

Since the (complex-valued) random variables X;; = Xj; (i < j) are independent
with E(X;;) =0 (i < j) and IE(XZQJ) =0 (i < j), several of the expectations vanish,
and the sum reduces to

f(N)
= (EXJQV,N + pv) - E(det(Xn_1 — p) - det(Xn_1 — 1))

+ > EXin*E (det(XN,l — W) det(Xy_y — V)[k:l])
i=j=k=l

+ Z E|X; n|* E|Xpn* E (det(XN_l — ) det(Xy_1 — V)[Ic:l])
i=j#k=l

+ Z E|X; n|* E|Xpny* E <det(XN_1 — ) det(Xy_q — V)[k:l])
i=l#j=k

+v) EXin E (det(XN_1 — )l det(Xy_y — ,,))

i=j

+ NZE|Xk,N|2 - E (det(XN—l — M) . det(XN—l _ V)[k:l]) )
k=l

(2.2) now follows by noting that EX?V,N =1L EX;n>=1,E|X;n* =2b+ 3, and
by using symmetry.

To prove (2.3), we apply the analogue of (2.1) for the first row and the first
column to the matrices (Xy — )% and (Xny — v)?2. Using similar arguments
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as in the proof of (2.2) afterwards, we obtain

fn(N)

_ Z Z 1R E (X0 X0 ) B (X1 X1)) - E (det(XN — )220 et (X — V)[1,2,k:1,2,l]>
1,7=3 k,1=3
N
4 Z 1) E (X, 2Xs,) - E(X1y —v) - E (det(XN — )B281.29) Qe (X — V)[l,z:l,z})
4,j=3
N
T Z DR (X1 X)) - B (Xao — 1) - B (det(XN — )AL et (X — V)[l,z,m,z,l])
k=3

+ E(Xzo—p) E(X1q —v) E (det(XN — )22 Qe (X — y)[mﬂl)
=puv-E (det(XN — )22 det( Xy — V)[I’Q:I’Q})
+ Z E|Xi,2]2 ) E|Xk71|2 ‘E (det(XN _ u)[l,Q,i:l,Zj] - det(Xy — V)[l,Q,k:l,Q,l])
i=j=k=1

+ Z E|Xio? - E| Xy E <det(XN — p)B2EL2I] L det (X y — ,,)[172,k:172,l]>
i=j#k=l

+ VY EIXo? B (det(Xy — )l 25127] - det(Xy - v)1212)
4 NZE’Xk,IP E (det(XN — )22 et ( Xy — V)[l,Z,k:l,Q,l])

k=l

and hence (2.3).
The proof of (2.4) is similar to that of (2.3):

N N
_ Z Z (—1)iHHHE (X;1X1,) - E (X0 Xpo) - B (det(XN — )220 et (X — V)[1,2,k:1,2,l]>

N
+ ) ()T E (X1 Xs,) - E(X1) - B (det(XN — )22 det( Xy — y)ml’?})

+

N
> (-D)MHE (X0 X1,) - E(Xq) - E (det(XN — )AL det( Xy — y)m’“lv?ﬂ)

o
T~
Il
w

+ E(X21X12)-E (det(XN _ M)[1,2:1,2] ~det(Xy — V)[1,2:1,2]>
—E (det(XN — )22 dep(Xy — V)[1,2;1,2])

+ Z E|Xi71]2 . E|Xk72|2 E (det(XN_l _ u)[LZ,i:l,Q,j] -det(Xy_1 — V)[l,Q,k::l,Z,l])
i=l=k=j

+ Z E’Xi,ﬂQ ) E|Xk72|2 .F <det(XN_1 _ M)[L?,i:lﬁ,j] -det(Xpy_; — ,/)[172,k:172,l]> )
i=l#k=j
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For the proof of (2.5), we expand the determinant of the matrix (Xy —v) as
in (2.1) and use similar arguments as above to obtain

N-1
fo(N) = 3 (~1)FHLE (X v X ) - E (det(XN_l — ) - det(Xy—y — )0
=1
+ E (XN,N — I/) -E (det(XN_1 — u) . det(XN_1 — l/))

= — ZE\XIC,NP -E (det(XN,l — ) -det(Xny_q — V)[k:l])
k=l

b

—v-E(det(Xy_1 — p) - det(Xn_1 —v))

and hence (2.5).
The proof of (2.6) is completely analogous to that of (2.5). O

The interesting (although apparently rather special) phenomenon is that the
preceding recursions can be combined into a single recursion involving only the
values f(N). To shorten the notation, we put

and

s(N):i= Y e(N—k)  (N>0).
Cven.

We then have the following result:

Lemma 2.2. The values ¢(N) satisfy the recursive equation

c(0) =1, (2.7)
Ne(N)=¢(N —-1)+ N -¢(N —2)
+ pv - (s(N —1) + s(N — 3))
— (p2 402 -s(N —2)
+ (26— 3) - (c(N —2) —¢(N —4)) (N=1), (2.8)

where all terms c(-) and s(-) with a negative argument are taken to be zero.

Proof. It is immediate from Lemma 2.1 that

FIN) = fu(N + 1)+ fi{(N +1) + (2b = 5)(N = 1) f(N - 2)



10 F. Gotze and H. Kosters

for all N > 1. Using this relation for N — 2 instead of N (where now N > 3),
we can substitute fi11(N —1)+ f{5 (N —1) on the right-hand side of (2.2) to obtain

FIN) = (1+ ) (N = 1) + (2b+ 5)(N = 1) f(N = 2)
< — (N =2) (F(N =2) = (2= 3)(N = 3)f(N - 4))
V(N —1) fio(N — 1)
(N = 1) for(N —1)
u+ww< —1)+ N(N = 1) [(N -2)
V(N —1) fio(N — 1)
p(N —1) for(N —1)
+@%7%«N—DﬂN—%—W—DWF%WFwﬂN—M)
for all N > 3. Dividing by (N — 1)!, it follows that
Ne(N)= (14 pv)-¢(N —1)+ Ne(N —2)
+ v fio(N 1)/ (N = 2)!
+ e for(N =1) /(N —2)!
+ (26— 2)- <c(N —9)— c(N—4)>

forall N > 3. (For N = 3, note that the second term in the large bracket vanishes.)
A straightforward induction using (2.5) and (2.6) shows that

Fio(N = 1) / (N = 2)l = —vs(N —2) + us(N - 3),
Jou(N = 1)/ (N = 2)! = —ps(N —2) + vs(N - 3),

for all N > 3, which yields the assertion for N > 3.
For N < 3, the assertion is verified by direct calculation, also making use of
Lemma 2.1:

c(0) = f(0)=1.

le(1) = f(1) = (1 + ) f(0)
= (1+ pv)c(0)
= ¢(0) + pws(0)

2¢(2) = f(2) = (14 ) f(1) + (20 + 5) f(0) + v(=vf(0)) + pu(—pf(0))
= (L4 ) f(1) + (20 + 5)£(0) — (1 +v*) £(0)
= (14 uv)e(1) + (20 + 3)c(0) — (12 + v*)e(0)
= (1) + 2¢(0) + pve(1) — (u® + v*)e(0) + (2b — 2)c(0)
= ¢(1) + 2¢(0) + prs(1) — (u® +v%)s(0) + (2b — 3)¢(0)

We can now determine the exponential generating function of the sequence

(f(N))n>0:
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Lemma 2.3. The exponential generating function F(z) := > %_o f(N)z™ / N! of
the sequence (f(N))n>o is given by

exp (ul/ S — F(p?+02) - % + b*xz)
F(x) - (1 _ 1E)3/2 . (1 + l’)1/2 )

where b* == b —

=~

Proof. 1t is straightforward to obtain F(x) starting from (2.7) and (2.8) and
using the basic properties of generating functions. For the sake of completeness,
we provide a detailed proof.

To begin with, recall that f(N)/N! = ¢(N). Multiplying (2.8) by 2V !, summing
over N and recalling our convention concerning negative arguments, we have

Y Ne(N)aN =Y e(N = 1)z 4 YT Ne(N - 2)2N !
N=1 N=1 N=2
+ uv (Z S(N — 1):1;N*1 + Z S(N—S).CUNl)
N=1 N=3
— (u* + %) Z s(N —2)zV 1
N=2
o [e%S)
+ 2b <Z ¢(N —2)zN "1 — Z ¢(N — 4)mN_1> ,
N=2 N=4
whence
F'(z) = F(z) + (2zF(z) + 2*F'(z))
1 2
+ 1Yy i_ izF(ﬂU) — (0 +v?) 1 :UxQF(x) + 20" (zF(z) — ng(z)) )
We therefore obtain the differential equation
/ _ 2 2 *
F(x) - (1_:52 +HV(]_—IL’2)2 _(,u +v )m‘i‘Qb JZ‘) F(x),

which has the solution
Fy
(1— ch)3/2 (14 $)1/2

Here, Fy denotes a multiplicative constant which is determined by (2.7):

F(z) =

x 1,2, 2y L %, 2
exp(,uyl_xQ—Q(,u —I—V)l_xQ—i-b:E).

Fo = exp(5(4° + 7).
‘We therefore obtain

_ 1 z T %2
F(z) = (1_:E)3/2,(1_|_33)1/2eXP(Ml/l_:EQ2(# +l/)1_$2+bx )

which completes the proof. O
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3. THE PROOF OF THEOREM 1.1

To prove Theorem 1.1, we will establish the following slightly more general result:

Proposition 3.1. Let Q be a probability distribution on the real line satisfying (1.1),
let f be defined as in (1.2), let (En)nen be a sequence of real numbers such that
limy oo En/VN = € for some & € (=2, +2), and let n € C. Then we have

2 1
]\}Lrnoo Fﬂ-.]\/’l exp( €]2V/2)'f<N;fN+\/nNa§N_\/nN>

:exp(b_%),\/m'sin( 4—52.77)’

(V4—¢n)
where sin0/0 := 1.
It is easy to deduce Theorem 1.1 from Proposition 3.1:
Proof of Theorem 1.1. Taking
+v) m(p—v)
_UNey ety g o TRy
N tUN. e i e

in Proposition 3.1, we have

(/27 ifemp(fNé/z—m«u+vvv@f3?)

N—o0 N!

(s e e+ i)

:exp(b_%). 4_@.%

m(p—v)

Multiplying by % exp <7T§ (u+v)/ \/m) yields Theorem 1.1. O
It therefore remains to prove Proposition 3.1:

Proof of Proposition 3.1. By Lemma 2.3, we have

fNu,]VewOwﬁ%-aM+ﬂ»f;+m@
Z a (1—2)3/2. (14 2)1/2

Thus, by Cauchy’s formula, we have the integral representation

f(N;p,v) 1 /exP ('W s ) +b*22) dz (3.1)
Y ( '

N! T 2omi 1—2)3/2. (1+2)1/2 SN+1

where v = n denotes the counterclockwise circle of radius R = Ry =1 — 1/N
around the origin. (We may and do assume that N > 2 for the rest of the proof.)
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Setting p = & 4+ 1/VN and v = &y — /v N, we have

§ 2
*
1_22—|—bz>

z
— 2 s(u® +0v7) -

z 2 z * 2
. _ N) . =
0PN )

1—=z
exp (362 + 12/N) - exp (—;ﬁv -

‘We therefore obtain

1 U U
ﬁf (N;&V—I_\/N’&V_ \/N> = exp (3% +1°/N)
e (A - 0PN ) g g
2mi ¥ (1—2)3/2. (1 +2)1/2 2N+ (3.2)

The idea is that the main contribution to the integral in (3.2) comes from a small
neighborhood of z = 1, where the function

Lo o (AR EE 0P - 4 )
(Z) = (1 _ 2)3/2 . (1 + 2)1/2

can be well approximated by the simpler function

exp(vr) P (—1€% - (1= 2) = (P/N) - 1)
vz (1 -2 |

We therefore rewrite the integral in (3.2) as

ho(z) =

1 dz

2771_1, ,yh(Z) m :Il+IQ+Ig—I4 (33)
with
1 dz
I1 = % /y hO(Z) W, (34)
1 27T71/'\/N i dt
I = — h(Re" . 3.5
oy M @y &
1 VN " " dt
I3 .= — h(Re") — ! . .
3 o . ( ( € ) hO(Re )) (Re“)N 5 (3 6)
1 2r—1/vV N ) dt
Iy .= — h i —— .
Y Sy M) e 0

We will show that the integral I; is the asymptotically dominant term.
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+R

FIGURE 1. The contour 4.

First of all, note that since £x € R, we have
‘exp(—%{%\,-(l—z))‘:exp(—%f?V-Re(l—z)) <1 (3.8)
for any z € C with Re (z) < 1. Plugging in the series expansion

1 oo —1)Ep2 1
exp (-(772/N)'1_Z> :;( l!?\f;? (1—2)

and using uniform convergence on the contour v (for fixed N > 2 and n € C),
we obtain

L exp(b*) i M . 1/ exp (_%@2\! (1 - z)) dz (3.9)
VN V2 ZUNWZ o (1) AN :

We will show that for each I =0,1,2,3,...,
i (CU L fep(lgin) )

N—ooo \ [! NI+1/2 ’ 271'2 N (1 _ Z)l+3/2 N+
1 (=12 -
= =gy AT 310
NRCESY R (3.10)
To begin with,
L [exp (_%‘5]2\/ (11— z)) dz
27 J, (1 — z)i+3/2 NTI
_ 1 /(1—1/N)+ioo exp (=23 - (1-2)) de o)
2m (1-1/N)—ioco (1 — z)l+3/2 SN+ .

In fact, for any R’ > 1, we can replace the contour «y by the contour ¢ which consists
of the line segment between the points R —i+/(R’)?> — R? and R+1i+/(R')?> — R?,
and the arc of radius R’ around the origin to the left of this line segment (see Figure 1).
Now, it is easy to see that the integral along this arc is bounded above by

1 , 1 1
5 2R - = 1)l+3/2 . @)
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and therefore tends to zero as R’ — oo, whence (3.11).
Next, performing a change of variables, we find that the right-hand side in (3.11)
is equal to

N2 1 [T exp (1 /N) - (1 —iw)) du
27 (1 — du)t+3/2 (1 — LSuyN+1e

Since limy 00 En/ VN = £, it follows by the dominated convergence theorem that

lim —

1 /+°0 exp (—3(&&/N) - (1 — i) du

N—oo 27 — 00 (1 — iu)l+3/2 (1 — %)N"'l
L reesp (-8 (L —iw)
27 J_oo (1 — du)t+3/2 ’

which is equal to
1¢2\141/2
(1- 3 _ 1 (4 — €212
r'i+3/2) Voo (20+1)!

by Laplace inversion (see e.g. Chapter 24 in DOETSCH [Do]) and the functional
equation of the Gamma function. This proves (3.10).

Let € > 0 denote a constant such that cost < 1 — &2t for —7 < t < +7. Then,
for any o > 1, we have the estimate

+ 1 + 1
— dt = dt
/_7r |1 — Rett|« /_7r (1+ R2?2 —2Rcost)®/2
+m 1

< dt
~ Jor (1= R)% 4 22)/?

+m 1
_ (6%
=N /7r (1 + N2e2t2)a/2 at

1 +Nen 1
= KN~ —_
/—Nmr (1 + u2)a/2

|
< KNo ! <1+/ adu)
1 u

1
< KNe! (1 +— 1) , (3.12)

where K denotes some absolute constant which may change from line to line.
We therefore obtain the bound

| D 1 fexp (=& (1=2)) de
> /

NNFL/2 9 (1 — z)l+3/2 SN+1

o0

- In|? 1 1 [t 1 dt
= Z nONIHL2  op + |l — Reit|l+3/2 |Reit|N

<K RELLEEE R
- Z Il ( l+1/2><oo’
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uniformly in N > 2. Thus, the term-by-term convergence established in (3.10)
entails the convergence of the complete series in (3.9), and we obtain

lim i: i exp( Va—e2. Z V 77)

N—oo /N 27 2l—|—1)
_ /4 3\ . Ji_g2 Sm( 4-&-n)
= %-exp(b—z)- 4—g2. N .

Hence, in view of (3.2) and (3.3), the proof of Proposition 3.1 will be complete
once we have shown that the integrals Is, I3, I; are asymptotically negligible in
the sense that they are of order o(v/N).

For the integral I, we use the estimates (R=1—1/N, t € R)

1 — Re' 102 1 — Re'
eXp( #N T Re %t>‘:eXp <_2§N'Re 1+ Re®

~1e2 1 R? <1, (3.13)
N1+ R?+ 2Rcost ’ ’
Rl R— (nf/N) -
X -
exp n — U |1 — Reit|
p( l?/) R) —esp(n?). (3.14)
‘exp (b*(Re” )‘ (\b*HRe’t\ ) < exp(|p*]), (3.15)
|1+ Re™| > 1+ Rcost>1 for cost>0, (3.16)
|1 — Re| >1— Rcost>1 for cost<0. (3.17)

Using these estimates, it follows that

[Io| <

! /”/2 exp(nf” + b)) dt

= or 1/vN |1 —Ret]3/2 RN
2 exp(nl’ + b)) dt

/2 |1+ Reit|l/2 RN

LN exp(nl 4 b)) dt-
27 J3x/2 |1 — Reit|3/2 RN~
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Similarly as in (3.12), we have the estimates

/2 00
/ B < KNl/Q/ —— du< KN4,
VN 11— Rezt|3/2 Ve u3/

3m/2 1 12 Nem/2
— = dt < KN~ 1 — <K
/7r/2 ’1—|—R€7‘t‘1/2 dt_ +/1 u1/2 du >~ )

2r—1/V'N 1
/ -~ dt< KN1/2/ ——_ du< KN4,
3m/2 |1 — Reit[3/2 /Ne u3/2

(Recall our convention that the constant K may change from one occurrence to
the next.) It follows that

|Io| < K exp(|n|* + [b*]) N4 = o(V/N).

For the integral I3, we write

exp (<3G -2 - N )
-t = PR (e )-(h<z>—h<1>),

where

eXP( ix (11+Zz b*22>

h(Z) = ( +Z)1/2 ,
so that
v (M EIG S
B (14 2)1/2 C(1+2)32
-exp< §N (1+)+b*2>.
Let

7 = {zeC|z:rei“’,1—1/NS7”§1a’¢|Sl/\/ﬁ}

and note that for z € Z, we have the estimate

z

Re <—(11;Z)2> < 4/N. (3.18)

Indeed, with z = re’?, a simple calculation yields

R (1—2)2 —1+rcosg0+2r —1r2cos2¢p — 13 cosgo
e —
142 1472+ 2rcosg

where the denominator is clearly larger than 1 and the numerator is bounded
above by

recos —r3cosp 412 — 12 cos2p < (1 —r?) cosp 4+ 12 — r3(1 — 2p%) < 4/N.
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Since for z = Re® with |t| < 1/v/N, the line segment between the points z and 1
is contained in the set Z, it follows that

)iz(z) — h(l)‘ < |z—1] sup lNz’((l —a)z+a)’ < |z —1|sup ]Nz’(C)‘
a€0;1] ez
1— 2
< Kl = 1] sup { (k1 =1+ 191 +1) exp (363 - e (-5535 ) + 1) |

< Kz = 1] (&/VN + 16" +1) exp (/N + b*])
< Kb ,€)VN|z-1],

where the last step uses that limy_.o Ex/VN = €, and K(b*,£*) denotes some
constant depending only on b* and " := ({x)nen. Using (3.8), (3.14) as well as
a similar estimate as in (3.12), we therefore obtain

dt

1 /HW exp(|n[?) dt
RN

L] < — P
|3|_27r _1/yN |1 — Rett|3/2

\/7 +1/VN 1
< K(b, ¢ N ——dl
—= ( 75 777) \/_]_/\/N ‘1_Rezt|1/2

VvV Ne 1
< K%, &%) 1+/ 7z du
1 u

< Kb, ) NV = o(VN),

‘ﬁ(Re”) —h(1)

where K (b*,£*,n) denotes some constant which depends only on b*, £*, and 7
(and which may change from line to line as usual).

For the integral I;, we can use (3.8), (3.14) as well as a similar estimate as
in (3.12) to obtain

1 /2“_1/W6Xp(\77|2+|b*|) dt
1

L] < — haid AN/ il L) A
|4|—27T IE 11— Reit|3/2 RN

) T 1 2r—1/vVN 1
<K b* ————— dt —————dt
T a7

<K 24+ b N1/2/ —d N1/2/ —d
< Kexp(|n|® + [b%]) ( /T 32 U+ e ud/2 u

< K exp(|n|* + [b*)) NY/* = o(V'N).

This completes the proof of Proposition 3.1. U
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4. THE PROOF OF PROPOSITION 1.3

Let f(N;pu,v) and f(N;u,v) be defined as in (1.2) and (1.3), respectively, and
note that

F(N; 1, v)

=E((det(Xn — p) — Edet(Xny — ) - (det(Xn — v) — Edet(Xy — v)))

=E(det(Xn — p) - det(Xn — v)) — Edet(Xy — p) - Edet(Xy — v)

:f(N,,u,, )_ (N,/,L)g(N;I/), (41)
where

g(N; p) == Edet(Xy — p)

for any p € R. We will deduce Proposition 1.3 from Theorem 1.1 by showing that
f(N;u,v) is asymptotically much larger than g(N; u) g(N;v).

To this end, we need some more information about the values g(NN; ut). Similarly
as in Section 2, we have the following recursive equation:

Lemma 4.1.
g(O;p) =1, g(N;p) = —pg(N = Lip) = (N = 1)g(N = 2;u) (N =21).

Proof. For N = 0, the claim follows from our convention that the determinant
of the empty matrix is 1. For N > 1, we expand the determinant of the matrix
(Xny — p) as in (2.1) and use independence and symmetry to get

N-—1
g(Nsp) = 3 (“) T E (X v Xny) - E (det(Xy -1 — )
i,j=1
+ E(Xny — p) - E(det(Xy_1 — p))

o Z E|X1 N’2 (det(XN,1 — M)[“])

+ E(Xny —p) - E(det(Xn—1 — p))
=—(N=1)g(N = 2;p) — pg(N = 1; 1) .
This completes the proof of Lemma 4.1. O

It follows from Lemma 4.1 that the polynomials g(N; i) coincide, up to scaling,
with the Hermite polynomials Hy(x) (see e.g. Section 5.5 in SZEGO [Sz]), which
satisfy the recursive equation

H[)(.’L') = 1, HN(x) = QZHN_l({L') — 2(N — l)HN_Q(a?) (N > 1).

(Specifically for the GUE, this is well-known, see e.g. Chapter 4 in FORRESTER [Fo.)
The precise relationship is as follows:

Lemma 4.2. For any N =0,1,2,3,...,
g(N; ) = (=)N 27V Hy (u/v/2).

Proof. This follows from the recursive equations for g(N; u) and Hy(x) by a straight-
forward induction on N. O
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Due to Lemma 4.2, it is easy to obtain the asymptotics of the values
g(N;VNE+ /v No(€)) from the corresponding asymptotics of the Hermite poly-
nomials (see e.g. Section 8.22 in SZEGO [Sz]). For our purposes, the following
estimate will be sufficient:

Lemma 4.3. For { € (—2,42), p € R fized,

—N¢2/4 N;\/N + I )'SK : N_1/4N!1/2,
e g( 3 NeTS) (& 1)

where K (&, p) is some constant depending only on & and p.

Proof. By Theorem 8.22.9 (a) in SZEGO [Sz], we have, for x = V2N + 1 cos ¢,
e—x2/2 HN(Q?) _ 2(N/2)+(1/4) (N!)I/Q(Nﬂ_)—l/4(sin (,0)_1/2
- (sin (((2N +1)/4) - (sin2p — 2¢) + 37/4) + O(N7Y)) |

where the O-bound holds uniformly in ¢ € [e,7m — €], for any € > 0.
Combining this result with Lemma 4.2, we obtain, for N sufficiently large,

e~ (VNEtn/VNe(©)*/4 4( N V/NE + 1/ VN o(€))
= ()N 2V (N)V2 (Na) = (sing) /2
- (sin (((2N +1)/4) - (sin2¢ — 2¢) + 37/4) + O(N1)) |

where

Y = PN = arccos ((Wf%— 1/VNo(€)) / VAN + 2)

is contained in an interval of the form [—e, 7 —¢] with € > 0. From this, Lemma 4.3
easily follows. O

After these preparations we can turn to the proof of Proposition 1.3:

Proof of Proposition 1.3. By Equation (4.1) and Lemma 4.3, the difference between
the left-hand sides in Theorem 1.1 and Proposition 1.3 is bounded by

27T1N,]\1”.6Ns2/2.g(N;JJV§+\/N’;(§)>9<N;‘/N§+JNZ(@“))‘

2
SK(§7M7V)N_1/2N!_1 (N_1/4N!1/2> :K(énuvy)N_la

where K (&, p,v) is some constant depending only on £, p and v. Thus, Propo-
sition 1.3 follows from Theorem 1.1. O

5. THE PERMANENTAL POLYNOMIAL

In this section, we discuss the implications of our approach for permanental poly-
nomials of Hermitian Wigner matrices.
For any n x n matrix A = (a;j)i j=1,...n, the permanent is defined by

per(A) := Z H ajr(5) s

TESy j=1

where the sum is taken over the set S, of permutations of the set {1,...,n}.
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Similarly as in Section 2, we adopt the convention that the permanent of the
“empty” (i.e., 0 x 0) matrix is taken to be 1. The definition of the permanent
is obviously analogous to that of the determinant, except that the sign factors are
absent. It is easy to see that this analogy extends to row and column expansions.
Thus, in analogy to (2.1), the permanent satisfies the identity

n—1

per(A4) = Z Qi Onj per(Alm#mily 4 ann per(APmly (5.1)

1,7=1

The permanental polynomial of the matrix A is defined by per(A — z), where
A — z is defined as in Section 2, and the second-order correlation function of the
permanental polynomial is defined by

F(N: 1,v) = E (per(Xn — 1) - per(X — v)) (N >0),
where p and v are complex numbers. We will also need the auxiliary functions
F11(N; p,v), flxl(N; 1,0), fro(N; s ), for(N; i, v), which are defined in the same
way as the auxiliary functions from Section 2, but with the determinant replaced
by the permanent.

Starting from the identity (5.1), it is easy to see that all our results from Section 2
carry over to the correlation function of the permanental polynomial, provided
that one adjusts the signs appropriately. Since the proofs are virtually the same,
we confine ourselves to stating the results.

Lemma 5.1.

FIN)=(Q+mw) f(N—1)+ (2b+ $)(N - 1) f(N - 2)

+ (N = 1)(N —2) fiy (N - 1)

+ (N = 1)(N =2) f{(N-1)

— v(N =1) fio(N —1)

— u(N = 1) for (N = 1) (N>1), (52)

ful(N) = v f(N = 2) + (N = 2) f(N - 3)

— I/(N—Q) 10(N—2)

— (N =2) for(N —2) (N>2), (5.3)
FNN) = f(N=2)+ (N -2) f(N - 3)

+ (N =2)(N =3) fN(N -2) (N>2), (54)
Fo(N) = (N = 1) for (N —1) —v f(N — 1) (N>1), (5.5)
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Let ¢(N) = f;zfv') (N>0)and §(N):== Y &N —k) (N=0).
) k=0,...,.N
k even

Lemma 5.2. The values ¢(N) satisfy the recursive equation
¢0)=1, (5.7)
Né(N)=¢(N —1)+ N -¢(N —2)
+ pv - (8(N — 1)+ 8(N — 3))
+ (2 +v%) 5(N —2)
+ (20— 3)- (&(N —2) — (N — 4)) (N >1), (5.8)
where all terms ¢(-) and () with a negative argument are taken to be zero.

Lemma 5.3. The exponential generating function F(x) := 3%_, F(N)zN /N of

A

the sequence (f(N))n>o s given by

exp (/w R L ( e e R b*wz)
(1—2)3/2.(1+x)1/2 ’

F(x) =

* . 3
where b* ;= b — 1

Note that Lemmas 5.2 and 5.3 are completely analogous to Lemmas 2.2 and 2.3,
except that the sign associated with the factor (u? + v?) is different. Clearly,
this can also be effectuated by making the replacements y — —iy and v — +iv
in Lemmas 2.2 and 2.3. This implies that the second-order correlation functions
of the permanental polynomial and of the characteristic polynomial are related
as follows:

Proposition 5.4. Under the moment conditions (1.1), we have
E (per(Xn — p) per(Xny — v)) = E (det(Xn + ip) det(Xn —iv)) (5.9)
for all N >0 and oll p,v € C.

Proposition 5.4 generalizes a result by FYODOROV [Fy], who obtained Equation
(5.9) by a completely different approach for GUE random matrices (see Equation
(1.15) in Fyoporov [Fy]). For the latter FYODOROV [Fy] conjectured that, as
the matrix size tends to infinity, the suitably rescaled roots of the permanental
polynomial concentrate around the imaginary axis in the complex plane, with
a semi-circular density profile.
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