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Abstract

We consider the noncolliding Brownian motion (BM) with N particles starting from the
eigenvalue distribution of Gaussian unitary ensemble (GUE) of N x N Hermitian random ma-
trices with variance o2. We prove that this process is equivalent with the time shift ¢t — ¢ + o2
of the noncolliding BM starting from the configuration in which all N particles are put at the
origin. In order to demonstrate nontriviality of such equivalence for determinantal processes, we
show that, even from its special consequence, determinantal expressions are derived for the en-
semble averages of products of characteristic polynomials of random matrices in GUE. Another
determinantal process, noncolliding squared Bessel process with index v > —1, is also studied
in parallel with the noncolliding BM and corresponding results for characteristic polynomials
are given for random matrices in the chiral GUE as well as in the Gaussian ensembles of class
C and class D.

Keywords Characteristic polynomials of random matrices, Noncolliding diffusion processes,
Determinantal processes, Brownian motions and squared Bessel processes

1 Introduction

We consider N-particle systems of the one-dimensional standard Brownian motions (BMs), X (t) =
(X1(t), Xa(t),..., Xn(t)),t > 0, and of the squared Bessel processes (BESQ) with index v > —1,
XM(t) = (Xl(")(t),Xéy) (t),...,XJ(\}')(t)),t > 0, both conditioned never to collide with each other,
N e N={1,2,3,...}. The former process, which is called the noncolliding BM [27], solves the
following set of stochastic differential equations (SDEs)

dt
i = ] — 1< < > 1.1
dXJ(t) dB](t)+1<k§k#Xj(t)Xk(t), SJ _Na t_O, ( )
—_ — b ]
with independent one-dimensional standard BMs { B;(¢) §"=1, and the latter process, the noncollid-

ing BESQ [30], does the following set of SDEs

dxP(t) = 24/X¥(t)dB;(t) +2(v + 1)dt

“) dt :
+X7@) ) - 5 1<J<N, t>0, (1.2)
’ 1<k<N,k#£j XJ( (1) - Xl(c )(t)

where {Ej(t)}flzl are independent one-dimensional standard BMs different from {B;(¢) ;VZI and,
if ~1 < v <0, the reflection boundary condition is assumed at the origin. (See [16, 10, 35, 32, 42,



48, 26, 49, 46, 37, 44, 43, 38] for related interacting particle systems.) Let R be the collection of
all real numbers and Ry = {z € R: z > 0}, and consider subsets of the N-dimensional real space
RN, W& = {x = (z1,29,...,an) ERY 12 <2y < -+~ < zn}, and Wi = {z = (z1,...,2n) €
Rf : 1 < -+ < zy}. The former is called the Weyl chambers of types Ay_1. We can prove
that, provided X (0) € W4 and X ) (0) € W}, then the SDEs (1.1) and (1.2) guarantee that with
probability one X (t) € W4, and X @) e W3 for all t > 0. In both processes, at any positive
time ¢ > 0 there is no multiple point at which coincidence of particle positions X;(t) = Xj(t) or

X J(") (t) = X,g”) (t) for j # k occurs. It is the reason why these processes are called noncolliding
diffusion processes [31]. We can consider them, however, starting from initial configurations with
multiple points. An extreme example is the initial configuration in which all N particles are put
at the origin. In order to describe configurations with multiple points we represent each particle
configuration by a sum of delta measures in the form £(-) = Zjvzl dz;(+), where with given y € R,
dy(-) denotes the delta measure such that §,(z) = 1 for z = y and §y(z) = 0 for z # y. Note
that, by this definition, for A C R, £(4) = [, &(dx) = lejgN:zjeA 1 = the number of particles
included in A. (The above mentioned example is then expressed by £(-) = Néy(-), which means
that the origin is the multiple point with all N particles.) For a given total number of particles
N € N, we write the configuration spaces as My = {{(-) = Zj\;l 0z;(-) : z; € R,1 < j < N}
and fmj\, ={£() = Zj\;l 0z;(-) : z; € Ry, 1 < j < N}. We consider the noncolliding BM and the
noncolliding BESQ as 91 y-valued and fm}t,—valued processes and write them as

N N
E(ta ) = Zl 5Xj(t)(')’ E(U) (ta ) = Zl(sX](V)(t)(')a t>0,
ij= i=

respectively. The probability law of Z(¢, -) starting from a fixed configuration & € My is denoted
by P¢ and that of Z)(t,-) from ¢ € MY, by P5, and the noncolliding diffusion processes specified
by initial configurations are expressed by (2(t),t € [0,00), P¢) and (EM)(¢),t € [0,00),P%),v > —1,
respectively. We set My = {£ € My : {({z}) < 1 for any z € R}, and fm]t,’o = {¢€ e M :
£({z}) < 1for any z € R4}, which denote collections of configurations without any multiple
points. :

In order to dynamically simulate the random matrix ensemble called the Gaussian unitary
ensemble (GUE), Dyson considered the N x N Hermitian matrix-valued BM and showed that
its eigenvalue process satisfies the SDEs given by (1.1) [14]. This eigenvalue process is called
Dyson’s BM model with parameter 8 = 2 or simply Dyson’s model [47, 29]. The equivalence
between Dyson’s model and the noncolliding BM, (Z(¢),t € [0,00),P%), implies that the random
matrix theory [40, 15] is useful to classify and analyze noncolliding diffusion processes [25, 31]. In
particular, if the initial configuration is given by & = Ndp, this equivalence concludes that, for any
t > 0, the particle distribution of Z(¢) is equal to the eigenvalue distribution of N x N random
matrices in the GUE with variance ¢t. (Note that in the usual GUE the mean is set to be zero.)
Here the probability density function (pdf) of the GUE eigenvalues with variance o2 is given by

o 2
UN o2 (6) = Cn €xXp (_J;;lz_) hN(m)z’ (13)

£= Zjvzl 0p; €My, 1 <22 <--- <z, where Oy = (27r)N/2 H;vzl I'(j) with the gamma function
L(2) = ;7 e “u*du, |zf> = ;V:I 3, and

hn@)= ] (o —a)). (1.4)

1<j<k<N
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The expectation of a measurable function F of a random variable Z € 9 with respect to (1.3) is
given by
EvolFE) = | FOunoa@do =5 [ FOur e (1.5
WA ' JrN
with setting £ = Z 0z;, & = (T1,...,ZN), where dz = H;V=1 dzx;.

Assume v € Ng = N U {0} and let M(t) be the (N + v) x N complex matrix-valued BM. Then
the N x N matrix-valued process L(t) = M(t)'M(t),t > 0, where M (t)! denotes the Hermitian
conjugate of M (t), is called the Laguerre process or the complex Wishart process [11]. The matrix
L(t) is Hermitian and positive definite, and Konig and O’Connell proved that the eigenvalue process
of L(t) satisfies the SDEs given by (1.2) [35]. Again by the random matrix theory [40, 15], this
equivalence concludes that the particle distribution of (E*)(t),t € [0, 00), PN%) at any given time
t > 0 is equal to the distribution of squares of singular values of (N +v) x N complex random
matrices in the chiral Gaussian unitary ensemble (chGUE) with index v € Ny and variance t. Here
the pdf of squares of singular values in chGUE with index v € Ny and variance o? is given by
(51, 50]
g—2N(N+v) N )

cy [T(5e=/ ) hn (), (16)

Jj=1

Ns\lfj)az (f) =

£= Z;\;l bz; € My,0 <z < <z, where CI(\',’) = oN(V+v) Hj\;l I'(7)T(j+v). The expectation
of a measurable function F of a random variable = € 9}, with respect to (1.6) is given by

BalF@) = [ PO = [ PO a0 (17)

with setting £ = ijl 0z, = (T1,...,ZTN).

Let H(2N) be the space of 2N x 2N Hermitian matrices and sp(2N, C) and so(2N, C) be the
spaces of 2N x 2N complex matrices representing the symplectic Lie algebra and the orthogonal Lie
algebra, respectively. Altland and Zirnbauer introduced the Gaussian random matrix ensembles
for the elements in HC(2N) = sp N H(2N) and in HP(2N) = so N H(2N), which are called the
Gaussian ensembles of class C and class D, respectively. The eigenvalues of matrices both in the
class C and class D ensembles are given by N pairs of positive and negative ones with the same
absolute value. The pdfs of the squares of N positive eigenvalues are given by (1.6) with v = 1/2
for the class C ensemble and with v = —1/2 for the class D ensemble, when the variances are
o? [2, 3]. If we consider the H°(2N)-valued BM and HP(2N)-valued BM, the squares of each N
positive eigenvalues satisfy the SDEs (1.2) with v = 1/2 and v = —1/2, respectively [25]. See also
(10, 32, 42, 6, 36].

In the present paper, we consider the noncolliding BM whose initial configuration is distributed
according to the pdf (1.3), denoted by (Z(t),t € [0,00), P¥N.v?), and the noncolliding BESQ starting
from the distribution (1.6) with not only v € Ny but with v > —1 generally, denoted by (2 (t),t €

(v)
[0, oo),]P’”erz). We prove that for any N € N, 02 > 0 the following equalities are established,

-
(=%

(E(t),t € [0,00), P#N.0?) (E(t +0?),t € [0,00), PN%),
(V)

(E()()te[Ooo)]P’N")

-~
=9

EM(t +0%),t € [0,00),PV%0), v > -1, (1.8)

where 2" denotes the equivalence in finite dimensional distributions (see Theorem 2.1 and Remark
1). We would like to emphasize that these equalities are highly nontrivial and in order to demon-
strate it we show in this paper that, even from very special consequence of (1.8), determinantal



expressions of ensemble averages of products of characteristic polynomials of random matrices are
derived. See [8, 17, 41, 9, 18, 19, 1, 7] for extensive study of characteristic polynomials of random
matrices, especially in the connection with the Riemann zeta function 33, 34, 21].

We write the expectations of measurable function F' of N x N random matrices {H} in the
GUE, of (N+4v)x N random matrices { M} in the chGUE with v € Ny, of 2N x 2N random matrices
{HC} in the class C, and of 2N x 2N random matrices {HP} in the class D as (F(H))GUE(N,02)»
<F(M)>ChGUE(N,V,D’2)7 <F(HC)>classC(2N,o'2)’ and <F(HD)>cla.ssD(2N,02)» respectively, where o? denote
the variances of these four kinds of Gaussian ensembles. Then for m € N, @ € C™ the ensemble
averages of m-product of characteristic polynomials of random matrices are defined as

m N
Mcgug(m, a; N, o2 <H det(anIn — H)> = <H H(an — )\j)> , (1.9
GUE(N,0?) QUE(N,0?)

n=1 n=1j=1

M(;:GUE(m, a;N,o )

I

m
<H det(only — MfM)>
n=1 chGUE(N,v,02)

m N
= <H H(an_ > , v &N, (1.10)
n=1j=1 chGUE(N,v,02)
and for § = C and D
Massy(m, a; 2N, o2 <H det(an oy — H”)>
n=1 classi(2N,02)
m N
<HH n— €5) an+€j)> = <H H(ai—e§)> , (L.11)
n=1j=1 classf(2N,02) n=1lj=1 classf(2N,02?)
where I, denotes the £ x £ unit matrix, (A1, ..., Ay) are the eigenvalues of H, (x%,...,k%) are the
eigenvalues of MTM, (E1y- v ENy—E1y- -y —5N) are the eigenvalues forming “particle-hole pairing”

of H¥,#f = C or D. For (1.10) remark that each M in chGUE has such a singular value decomposition
that M = UTKV, where U € U(N +v),V € U(N),

—~

KZ(K) with K = diag{1, 2, ,/n},  (k1,...,kn) € WE

O
and O is the v x N zero matrix. The diagonal elements (k1,...,%n) of K are called the singular
values of rectangular matrix M. Since MTM = VIKTKV, the eigenvalues of MM are squares of
singular values (x%,...,x%) [20].

We use the convention such that
[[f(@) =exp { / ¢(dz) log f (= } I f@=n
z€€ zEsupp §

for £ € My and a function f on R, where supp £ = {z € R: £({z}) > 0}. Then (1.9) is given by

Mgug(m,a; N,c%) =Ey 2

} (1.12)

25



26

with (1.5). And if we define

m
M(")(m,a;N,a Eg\l;)az H (an - X) 1 (1.13)
with (1.7) for v > —1, (1.10) and (1.11) are given as
MY p(m, o5 N,0%) = M¥ (m, a5 N,0%), v e N, (1.14)
Meassc(m, @; 2N, 0%) = M3/ (m, a®; N, 0?), (1.15)
M1assp (M, @3 2N, 02) = M(’1/2)(m, a(2>; N, 02), (1.16)

where for a = (a1,...,m) € C™, a? = (o},...,02) € C™.

We will show that from the equalities (1.8), two sets of determinantal expressions are derived
for (1.12), (1.14)-(1.16).
2 Preliminaries and Main Results

We define

1 ] @-y)°
p(t,y]z) _ { 27r‘t| € p{ % }, te R\ {0}’ (2.1)
5(:1]—-.’,6), t =07

for z,y € C. For z € C,v > —1, we define 2” to be exp(rlog z), where the argument of z is given
its principal value;

z¥ = exp [u{ log | 2| + \/—_larg(z)}], -7 < arg(z) < 7.

For v > -1,y € C, we set

__1~<g)u/2exp<_x2+ty>b(\/f§>’ te R\ {0},z € C\ {0},

2[¢|
(V) — yu ~y/2t =
p (t, ylx) = (2|t|)u+1r(y I l)e ) te IR\ {0}’9” 0, (2-2)
5(y—(l:), t=O,CEGC,

where I,(z) is the modified Bessel function of the first kind defined by [52, 4]

[e o) 1 2\ 2n+v
I,(z) =1§F(n+1)I‘(n+1+u) (5) '

The following equality holds,
| dupls e uls) = pls +1.21s), 23)

. dy p™) (s, 2ly)p™ (¢, ylz) = p® (s + t, 2|x) (2.4)
+

for s,t > 0,z,2z € C. The former is confirmed just performing the Gaussian integral and the latter
is proved by using Weber’s second exponential integral of the Bessel functions [52] with appropriate



analytic continuation [30]. When t > 0,z,y € R, p(t, y|z) gives the transition probability density
of the one-dimensional standard BM from z to y during time period ¢, and when t > 0,z,y € Ry,
pW(t, y|x) gives that of the BESQ with index v > —1 from z to y during time period ¢ (if -1 <
v < 0, a reflection wall is put at the origin). The equalities (2.3) with z,z € R and (2.4) with
z,z € Ry are the Chapman-Kolmogorov equations of these one-dimensional diffusion processes
[45]. The extended versions of Chapmann-Kolmogorov equations, i.e., (2.3) with z € C \ R and
(2.4) with € R\ R;. will have probability-theoretical interpretations related with martingales [24].
We introduce the Karlin-McGregor determinants [23]

_ ] A
f(t’ ny) - lfggtﬁN[p(t, y]lxk)]) T,y € WN,
(v) - (v) . + _
Yt ylx) lsg{gtSN[P t yilzr)l,  zyeW§, v>-1, (2.5)

t>0.
For given £ € My, N € N, we write £(-) = Z;vzl da;() with ay < ag <--- <an. Then we set

£()=0 and & ()= 06,(), 1<n<AN.
j=1

For t > 0,z € C, we define [5, 29]

1
¢£L+)(t’x;§) = 2—:;_‘1' C(£n+l) dSp(t,IL'IS)m, (26)
) (t,2;8) = /dsp(—t,is]x) H(is—a), & € My, (2.7)
R a€én
and [12, 30]
Gt aie) = o ds p®) (1, ] s) m————. (28)
27l Cléns1) Hae§n+1(3 —a)

e = [ dsp(otle) [[(s-a), gemy, (2.9)

- a€én

n=201,...,N — 1, where i = /-1, for ( € M,,¢ € N, C(¢) denotes a closed contour on the
complex plane C encircling the points in supp ¢ on the real line R once in the positive direction,
and R_ = {z € R: 2 <0}. And for ¢t > 0, let

W (6 y;6) =  det [¢35)(typi)], weWA, ¢emMy,
J

1<5,k<N
PNty ©) = | det [T (LuwO)l, veWy, ¢emy. (2.10)

Since ¢§f)(t, z; &) and qén”'_)(t, z;§) are monic polynomials of z of degree n,

B (4 y3€) = hy 7 (8, 4;€) = h(y), (2.11)

which are independent of ¢ and £&. On the other hand, the following equalities are proved (Lemma
3.1 in [29] and Lemma 3.4 in [30]). For any ¢t > 0,y € W4,€ = SN, 65, € My with 21 < 25 <
<z,

fEvlm) _ oy yee), | (2.12)

hwn(z)
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and for any t > 0,y € Wi, =) | 6;; € MY with 0 <21 <z <--- <z,
(V) t,ym v
f—h](\]—(.’n)l_) = h’S\J’+)(t,y;§)» (213)

where, if some of the z;’s coincide, the LHS of (2.12) and (2.13) are interpreted by using I'Hopital’s
rule.

For any M € N and any increasing time-sequence 0 < ¢; < --- < ty < 0o, the multitime
probability density of (£(t),t € [0, 00), P¢) is given by

pE(t1, €5 s tar, €00)

M-1
= b5 (tar, 2™;6) T fltmes — tm, 2™ D[R (01, 20,6)  (2.14)
m=1

with £ = Z;V:I da; € My, a1 < ag < -+ < ay for the initial configuration and £m) = E;V:l d_(m €
J

My o, ™ = (z(lm), .. ,ng,n)) € Wj’t} for configurations at times tm,,1 < m < M [29]. Similarly,
the multitime probability density of () (¢),t € [0, 00), ) is given by

p5(t1, €D tar, €MD)
M-1
= b (tar, @) TT 1 (tma1 — tm, 2™ D™ (11,2D56) - (215)
m=1
with £ = ;'v=1 ba; € 93??\}, 0 < a; <ay € -+ < ay for the initial configuration and ¢m) =

Z;-Vzl 6 m € MY o z(m = (wgm), .. (m)) € W, for configurations at times tp,,1 < m < M [30].
{ :
By definitions (2.6) and (2.7), we can see that

¢S5 (t, x5 Ndo) = g2 277 H, ( d >e—$2/2‘,

nlv2m N
oS (t,z; N&) = V227 ™2H, ﬁ) , 0<n<N-1, (2.16)
where H,(z) is the Hermite polynomial of degree n,
[n/2] 2k
k_(2z)"
= ! —~ 7
Hr(2) " Z k’ (n — 2k)!
—y2/2 nl 622::0—2:2
— n/2 n_
2 /Rdy Wor: (iy + \/—x) 5 ) dz ppr=sa
(2.17)

where [r] denotes the largest integer that is not greater than r € R, and by definitions (2.8) and
(2.9),

2—(n+u+1) z
(v,+) . = () gy 2 (T emw/py (2
oG T NGo) = (D) I‘(n+u+1)( ) In (2t)

(v,~) R — R (_1\"OPp I TV £
W) (8,2, N&) = t*(—1)"2"nlILY, (Qt), (2.18)



where L,({') (z) is the Laguerre polynomial of degree n with index v,

Z( 1k L(n+v+1)z*

In(@) = Tk +v+1)(n— k)k!
—zU n+v
- i -ﬁfi)——du. (2.19)
27 C(8o) u"+

Then we can prove the following.

Theorem 2.1 For any N,M € N, any increasing time-sequence 0 < t; < -+ < tpy < 0o, and any
a? >0,
En 207 (1,605 st €M) = pVo (8 + 02, €W sty + 0%, M) (2.20)

with 5("‘) EMyop, 1 <m< M, and
S\';)o2[pu(tl> st €M) = plVo(t + 0%, €Wty + 02, €MD) (2.21)

with €M) € ML 1,1 <m < M.

Remark 1. When M-time probability density of a process is given for any M € N and any time
sequence 0 < t; < --- < tpy, it is said that the finite dimensional distributions of the process is
determined [45]. Eq.(2.20) (resp. Eq.(2.21)) means that the processes (£(t),t € [0, 00), P¥N.v?) and
(E(t+ 02),t € [0,00),PN%) (resp. (EW)(t),t € [O,oo),]P",jN"’z) and (E)(t + 02),t € [0,00), PNV%0))
are equivalent in finite dimensional distributions for any o2 > 0, which is the fact expressed by
(1.8).

For (™ = (xgm),...,xg\r,n)) € W4 or 2™ € W, with ¢™(.) = Zjvzl 5x§m)(-) and N’ €
{1,2,...,N}, we put a:Sv,) = (xgm),...,a:%'f)) € WA, or w%’f) € WN,, 1 <m< M. For a

sequence (N, )M_, of positive integers less than or equal to N, we define the (N1, . .., Njs)-multitime
correlation functions of (2(t),t € [0, 00), P¢) and (EM(¢),t € [0, 00),P%) by
pf(tl,:cgvl), .. .;tM,wg\%I))
M N (m) M 1
/HM RN = Nm 71——[13' QH s )}1 (N = Nn)!
Pt ;. §tM»93§vM))
(m) = 1
= dzVpl (0, €05 st € T o (222)
/H%:lRf—Nm rgljzgﬂ a ngl (N = Npp)!

respectively. In the previous papers we have shown that for any fixed initial configuration £ the
noncolliding BM and the noncolliding BESQ with finite numbers of particles are determinantal
processes in the sense that any multitime correlation function is given by a determinant [29, 30]

1) ) (M)y _ € )
P (tl’le,”"tM,mNM)_1£j_<_Ng,eItSkSNn[K (t t’ny )]
1<m,n<M
Pt xSt 2D = det KE (tmy ™5t ™)), v > —1. (2.23)

1<j<Nm,1<k<Nn
1<mn<M
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Here the correlation kernels are given by

N-1
Kg(svz; t)y) = z ¢£z+)(s,$;§)¢£l—)(t’y; §) - 1(3 > t)p(S - t7$ly)
n=0
= [ (@) [ dy'p(s,ale)B(6 i (i)
R R
—1(s>t)p(s -t zly), &€ Mny, (2.24)

N-1
KE(s,zit,y) = D o (s,2;8) ¢ (t,y5€) — 1(s > )p™) (s — t, zly)

n=0
= £(dz’) / dy'p™ (s, z|2")®(&; 2, v )p™ (=, ly)
R4 R-
~1(s > t)pM (s —t,zly), £eME, v> -1, (2.25)
where .
o¢z,2) = ] s, (2.26)

acenfaye £ @
and 1(w) = 1 if w is satisfied and 1(w) = 0 otherwise (Proposition 2.1 in [29] and Theorem 2.1 in
[30]). The function ®(£,z, z) is an entire function of z € C expressed by the Weierstrass canonical
product with genus 0, whose zeros are given by supp £ N {z}° [39, 28].
As direct consequences of Theorem 2.1, we have the following equalities for multitime correlation
functions;

= M M
En2o5(t, 2l itaaii)] = V0t + 0% &l tn + ok aly)  (227)
withxm eWﬁ‘,m,lSmSM, and
BN a5t 2l st ai)l = (0 + 0% ol st + 0% 2y))  (228)

with xgz;:j € W+m, 1<m< M,forany M € N,0 < t) <--- <tp < o0o. Therefore, infinite systems
of equalities between determinants of correlation kernels are obtained as a corollary of Theorem
2.1.

Corollary 2.2 For any NNM € NJO < t; < -+ <ty < 00,Npp € {1,2,...,N},;1 <m < M,
02 >0,

= m)., _(»
Enon ISjSNS?ltSkSNn[K (bmy 255ty 2]
1<m,n<M

- Néo (m). (n)
1<J<N,(,i,',31<k<1vn[IK (tm + o’ &5 tn + o’ zk )l (2.29)
I<mn<M

(v) = M. (")
By 1<J<N,(-,i,,1<lc<N (K (tm, @ itk )]
1<m,n<M

- K% (m). (m)y). .
153’31\/2?{699/ K% (tm + 0%, 5™ tn + 0%, 2] (2.30)
1<mn<M



In particular, as M =1,Ny =L < N,

E . Néo
Ey g2 [IS?,%EL[K (t,zj;t, $k)]] d?cEL[K (t+ o2 , Tt + o2 ,Tk)], (2.31)
(v) = . Néo
ENa- [1<(Ji%t [KV (t: Z4; t; $k)]} 1<?€;ct<L[K (t -+ J y L33 t+ 0’ xk)] (232)

hold for any t > 0,02 > 0.

The proof of Theorem 2.1 is given in Sect. 3.1.

The main purpose of the present paper is to show that the equalities in Corollary 2.2 are
nontrivial even in the special cases given by (2.31) and (2.32), and from them the determinantal
expressions for the ensemble averages of 2n-products of characteristic polynomials of random ma-
trices are derived for any n € N. We show two sets of determinantal expressions. The first one is
given by the following theorem.

Theorem 2.3 For any N,n €N, a = (a1, as, - ,02,) € C*, 0% >0,
n(2N+n)
M, 2n, a; N, 0?) = NI
GUE( ) hn(al)"' 7a’n)hn(an+17"‘ aa2ﬂ>
1 Hyin(ej/V20?)  Hnin(onir/V20%)
x det |——— 5 5 (2.33)
1<jk<n | @j — omgk | Hyyn-1(oj/V202) Hyin-1(0mir/V202)
with "
(N +n—
—_ 9—-n(2N+2n-1)/2 .34
YN,2n 2 I—_;[ N+n—1 (23)
and forv > —1
(v) 2\n(2N+n)
7N 2n(20’ )
MY (2n,0; N, 0?) =
( s e ) hn(aly"' 7a'n)hn(an+1a"' ,OﬁQn)
x  det [———1——— Lirn (23/2°)  Lign (0nsr/20%) H , (2.35)
1<5.k<n [ O — Gtk LN+n—1 (%‘/2‘7 ) LN+'n.»1 (an+k/20 )
with . "
—1n-— n
)~y (W EDE N oy g TT(V 4 m— 1) 2.36
W= 0 () TIrw+va g I em-1t (230)

=1 m=1
By setting v € No,v = 1/2 and v = —1/2 in (2.35), the determinantal expressions are given for
Mc(}x;g;UEaMclassC and Massp through (1.14)-(1.16).

Proof is given in Sect. 3.2. The above expressions can be simplified by using the following iden-
tity, which was given by Ishikawa et al.[22]. For n > 2, = (z1,...,2Zn),¥ = (¥1,---,Yn), @ =
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(a1,-..,an), b= (b1, ..., by) € C",

1 )
det [ 1 aj }
1<jk<n [y — 25| 1 bk
1z - 2P a1 am oagal?
1 zo --- mg_l az asTy - -a2xg_1
_ (=1)nn-1)/2 1 2 -+ 271 ap apzn, ---apal? (2.37)
o ey — %) | 1 oy - y?’i bt biyr 'bly?_i ' '
1y - yy~ b2 boyo - boyy”
1 yo -+ yﬁ"l bn bayn - bnyg_l

Remark 2. For n € N,p,q € Ny satisfying p + ¢ = n, and x,a € C", denote by VP4(x;a) the
n X n matrix with j-th row

, =l AT 971
(Lizj, - 2y 505,025, 052 ).

If =0, then p = n and V™*%(z;a) = V*O(x) = ($§_1)15j,k5n is the Vandermonde matrix and its
determinant det V™%(x) is equal to the product of differences of n variables, h,(x), given by (1.4).

As a generalization of the Cauchy determinant

i (L) = e
1<k \zj +yk ) [Diy [Thai(z + 9k)’
x,y € C", Ishikawa et al. [22] proved the following equalities involving the generalized Vander-

monde determinants VP4, Let n € N, p,g € Ng. For z = (21, ,Zn), ¥ = (y1,"** ,Yn),@ =
(a1, - ,an),b= (b1, - ,bp) €EC" and 2 = (21, - , 2p4q), C = (c1, - ,Cp+q) € CPTY

det [

1<5,k<n Yk — Tj

(_l)n(n—l)/Z 1

S k) det VP4(z, C)"~1 det VP H(z, y, 21 a, b, C). (2.38)
j=1 [Te=1 (w — ;)

When p = ¢ =0, det V%9(2,C) = 1 and

det Vp+1’Q+1 (xjy Yk, 2,44, bka C)]

det VI (x5, yk; aj, bg) = , 1 ZIZ
Then as a special case of (2.38), (2.37) is obtained.
For 02 > 0 define
Hola: o?) = o 2 &
g(a,d)—(z) Hg(m), a €eR, (2.39)
L¥(a; 02) = (~202) 1LY (5‘;—‘5) , acRy, (2.40)

¢ € Ny, which are both monic polynomials of o with order £. By using the identity (2.37) and
recurrence relations of Hermite polynomials and Laguerre polynomials, we can prove the following
second set of determinantal expressions.



Theorem 2.4 For any N,n € N a = (a1,0z, -+ ,a2,) € C¥, 6% > 0,
1 ~
Mgug(2n, &5 N, 0*) = hon () 1<§~1222n [HNH_I(ak;az)} ’
MY, (2n, a5 N o?) = —— det [TX ;o2 N
chGUE( n,o; N,o°) = ij EEM[ N+j—1(ak7‘7 )} y v &Ny,
1 ~1/2
_ 2 _ ' 2, 2
Meessc(2n, @; 2N, 0%) = hzn(a@)) 1Sg](2’22n [LN—F]—l(ak: o )}
1

= det [ﬁ2N+2j~1(ak;02)} s

han (@) [T72; o 1<5k<2n

and
1 ~_
. 2y _ 1/2 2.
Metassp (21, @6 2N, %) = hon(a®) 1521?5271 [LNﬂ—l(a’“’O
1

= ————— det [ﬁg(N+j_1)(06k§‘72)}'

hon(a?)) 155 k<2n

(2.41)

(2.42)

(2.43)

(2.44)

The determinantal expressions (2.41)-(2.44) can be obtained from the general formula given by
Brézin and Hikami as Eq.(14) in [8]. (See also [17, 41, 18, 19] and Sect.22.4 in [40].) Since our
new expressions (2.33) and (2.35) are independently derived in the present paper, if we combine
the present result and that of Brézin and Hikami [8], the special case of identity (2.37) of Ishikawa

et al. [22] is concluded.

Remark 3. In this paper, we derive the ensemble averages of products of characteristic polynomials
of random matrices from the equalities (2.31) and (2.32). As stated in Corollary 2.2, these equalities
are special cases with M = 1 of the systems of equalities (2.29) and (2.30). It will be an interesting

problem to clarify all the information involved in (2.29) and (2.30) (see [13]).

3 Proofs of Theorems

3.1 Proof of Theorem 2.1

By (2.16) and the fact that Hy,(x/2) is a monic polynomial of order n € Ny and thus

det [Hj—1(zk/2)] = hn(x),

1<4,k<N
we obtain the equality
(+), 2 pn o2 (€) il A
hy’ (0%, @; Ndog) = —h} GE = _5_ Oz, € My, ¢ € Wy
N

j=1
Combining this with (2.12) gives the equality

ity ®O|2)AS) (02, 23 Noo) = A (b1, 205 ) iy 02 (€)

(3.1)

(3.2)
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for any t; > 0,6 = Y21, 6,; € My, x™) € WA Then (2.14) with £ = Ny gives

pm"(ffz,ﬁ;h + 02,5(1); oty 02,§(M))
M-1

= hg\,_)(tM+o2,:c(M);N60) H f(tm+1 —tm;x(m+1)lz(m))f(t1,m(1)|m)h§$)(02,m;N50)
m=1
M-1
= A5 (tar, 2;6) T] Ftmsr =t @™ )G (11, 203 ) 02(6)
m=1
= N2 (E)p (1, €D tar, €M), (3.3)

where (2.11) was used. Integrating the both sides with respect to £ over My according to (1.5),
(2.20) is obtained. Similarly, the equality

f (k2 M@)hl ) (0%, 2 Noo) = hiy ™ (11,205 6)uy)(€) (34)
is established for any ¢t; > 0,£ = Z;V:I 0z; € ot £ € Wt and then we have
B (0P (81, €05 tag, €00) = plY% (02,6511 + 0%, 6D; . stag + 0%, €MD), (35)
Integrating the both sides with respect to £ over M}, according to (1.7), (2.21) is obtained. g

3.2 Proof of Theorem 2.3

First we derive the expression (2.33) from (2.31). We observe that the LHS of (2.31) is written as
follows.

Lemma 3.1 For any 0?2 > 0,t >0,1< L < N,z = (z1,...,7L) GW%,

Ey 2 L det [KE(t,mj;t,xk)]]

w202 5-L@N-L)

= du dwe” o p(t, zjlu;)p(—t, iw;|z

Lo, ]Hl (bl ugles) e
th(u)hL(iw)MGUE(2L, (ul,...,uL,iwl,...,le);N~L,a ) (3.6)

Proof Assume that £ = Z;V:I dq; with a = (ay,...,an) € Wj‘\‘,. Then

p(tv wL) = det [Kg(t’ mjvta .'L'k)]

iw — ay
1<J k<L ':Zp (t,zjlaq) /dwp —t, iw|zg) H — ae:l

1<¢<N,l#£q g

iw; — ay,
=L! Z / dw H { —t, iwj|z;) H —————Egi} 1<(Ji?ct< [p(t, z5]aq, )]

1<q1<-<gn<N 1<€;<NLi#q;

where multilinearlity and antisymmetry property of determinant have been used. Let Iy
{1,2,...,N},Iy = {1,2,...,L}. For a given ordered set of indices qr, = {q1,92,...,q1},1

IA



q < ---<qr <N, we see

L 3 R
S

j=1 <z,<N€ﬁéqJ ?
= ()LD L((aj)jEIN\qL)

xH H (aq, — aj)(iwk — ay) XH H (fwk — ap,).

kel jeln\ar kel jely,,j#k

We also note that ) ) ,
o-N o—(N-L) o LE@N-N")

= X .
NICy  (N-L)!Cn-p  2m)E2[IEZ3(N —n)!
Then the LHS of (3.6) becomes

N2
/ da e 2y (@ (4 1)

(—1)L(L=1)/25~L2N~L)

N (;ﬂ)L/QHTI;;é(N— L Z / dep t’“’ﬂ%)H/da e, /20°

|
n) 1<q1<+<qL <N

H H (iwe — ag,, 1<d%t< [p(t, zjlaq )| BN 02 {H H (ag, — a;)(iwk — a;)

L€l mely,m#L kel jelr\qr

( )L(L 1)/25—-L(2N-L)

AT ™ w [T (~tivgl) [ doe ™" AT G-

Jj=1 k=11<j<L,j#k
X 1<d%t< [p(t, iEJ'Uk;)]MGUE(zL (vi,...,vp,iws,...,iwg); N — L,o ),
where we have replaced the integral variables (aq,,...,aq,) by (v1,...,vr) = v. By definition

1<<ji%t< p(t, z5|ve)] = Z sgn(T) Hp (t, zjlvr())s
’FESL

where S1, denotes the collection of all permutation of (1,2,...,L). For each 7 € St, set Vr(j) =

uj, 1 < j < L, that is, v; = u,-1(5),1 < j < L. Then the above equals

(_I)L(L—l)/20.~L(2N—L)

L
du | dwe /2 TT p(t, z;|u; )p(—t, iw;|z;
ST (V= Lo, [T ote ash)o(—t susy)

L
X Z sgn(r) H H (wg — ur-1(5)

TESL k=11<j<L,j#k
. . 2
XM(_‘;UE(QL, (UT‘l(l)a e ,u,-l(L),lwl, o ,le); N — L, g )

By definition (1.9), Mgue(m, a; N, 0?) is symmetric in a, and thus

Mgue(2L, (Ur-1(1y; -+ -, Ur-1(1),1W1, - - -, iWL); N — L,c?)
= MGUE(2L’ (Ul, s ,'LLL,i’lUl, .. ,le)’N - L’az)'
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We can confirm that for any n > 2,z,y € R”
n
Yosen) [[ II @ —ve) = (1) ha(@)ha(y).
KESn k=11<j<n,j#k

We can see that [L/2] + L(L — 1)/2 is even for any L € N. Then (3.6) is obtained. g

Then we consider the RHS of (2.31). By the first expression of (2.24) and the fact (2.16), we
have the Hermite kernel {40, 15]

—z2/2(t+02) N-1
KNS (t + 02, 25t + 02, y) = — 3 L 4 7 )Hn( Y ) (3.7)

V2r(t+02) 2= 2"\ (2t + 0?) V20t +0?)

t > 0,02 > 0,7,y € R. By the extended version of Chapman-Kolmogorov equation (2.3), the
following integral formulas are derived.

Lemma 3.2 Fort> 0,02 >0,ne€ Ny,z,y €R

u 2 2 0‘2 (n+1)/2 X 2 2
dupl(t, H —u?/20% _ ( ) H. | 2 |22t )’
/m up(tzfu)H (\/202> ¢ t+ o2 "\ V20t +02) ¢

(3.8)
v . _ t+ o n/2 x
foom ()= ()" ) o
KN% (¢ + o2, 25t + 02, y) = m/l;du/Rdve’“z/z"zp(t,mlu)p(—t,iv|y)
L1 Hy(u/vV20?)  Hy(iv/v20?) (3.10)
u—iv| Hy_1(u/V20?) Hy_1(iv/V202) | '

Proof  Since the equality
/Rdup(t, zlu)p(o?, uls) = p(t + 02, z|s)
holds for t > 0,02 > 0,z € R, s € C, (2.6) gives
[ duplt, s o ) = 69+ 0%, 336),

n € No,t > 0,02 > 0,z € R. If we set £ = N&p and use the fact (2.16), we obtain (3.8). Similarly,
by the equality

/dvp(—oz,isliv)p(—t,ivla:) =/dvp(02,s|v)p(t,v|—ix)
R R
=p(t + 0,5 —iz) = p(—(t + 0?),is|z),

t>0,02 >0,z € R, and by the definition (2.7), we see

/dv¢%—)(02,iv;§)p(~t,iv]m)= %_)(t-f—az,x;g),
R



If we set £ = Ny and use the fact (2.16), we obtain (3.9). Inserting (3.8) and (3.9) into the RHS
of (3.7), we have

1 2 2
KN t+o zt+o%t) = /du/dve”“ /20 t, z|u)p(—t,iv
( ) Nl A A p(t, z|u)p(=t,iv|y)

N-1 .
1 U v
—H, | —= | H, | —— | -
X,;Wn! ”<\/202> "( 202)
Here we use the Christoffel-Darboux formula (see, for example, [4]),

N-1 . @  Hy)
7;}2n—n!Hn(ac)Hn(y) 2N(N — DI x—y)| Hy-1(z) Hn-1(y) ”

and then (3.10) is obtained. g

The RHS of (2.31) is thus written as follows.
Lemma 3.3 For any 02 > 0,t >0,1< L < N,zp = (z1,...,71) € Wé,

Nég
1<cjl§:ct<L[K (t+ % zj;t + 0%, z1)]

L
= /RL du /RL dw e~ IW?/20? Hp(t,mj\uj)p(—t,iwjlmj)
i=1

Hn(u;/V20?)  Hy(iwg/V202)
Hpy_. 1(u]/\/—_—) Hpy_ 1(1wk/\/_)

|

X 1 det 1
(2N (N — D)Iy/m) L 1<G,k<L | uj — iwy,
(3.11)

Proof By definition of determinant, the LHS of (3.11) is given by

' ~[ul?/20
— I Z sgn 7‘)/ du dve
( 1 '\/_) TES],

XH{ txgluj 1

Note that for each permutation 7 € Sy,

HN(uJ/\/'Q‘(? ) Hy(iv;/V202)
Hy_ 1 u]/\/~_2 Hy_ l(wj/\/——)

( t, l’UJlCL'T(]))} X

L L

Hp(_ta ivjlwr(]’)) = Hp(_t’ iUT_l(j)lmj)'

Jj=1 J=1

We set v.-1; = w;,1 < j < N, that is, v; = wy;),1 <j < N. Then the above equals

1
ONL((N — 1))LrL/2

L 1
X Z sgn(7) H {

— lw)

L
/R [ dw o~ lul?/20? jl;[l{p(t, i |u;)p(~t, iw;|z;) )}
HN(uJ/\/g) HN(i’wT(])/\/gd_)
Hy_ 1 uj/\/—) Hy_ l(lwrg)/\/—)
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which is the RHS of (3.11). 3

Proof of Eq.(2.33) in Theorem 2.3  Since the equality (2.31) in Corollary 2.2, holds for any
t > 0,02 > 0, Lemmas 3.1 and 3.3, imply that the integrand of multiple Gaussian integral in
the RHS of (3.6) is equal to that in the RHS of (3.11). By replacing L and N — L by n and N,
respectively, and (uy,...,ur,iwy,...,iwg) by (@1,...,0n, 0nt1,...,a2,) = a € C?*, we obtain
(2.33). 1

Next we prove (2.35). The LHS of (2.32) is written as follows.

Lemma 3.4 For any 0? >0,t >0,1<L< N,z = (z1,...,2L) ewz,

(v)
Ey o2 [Kglit KE(t, z;;t, xk)]]

2\~L(2N—L+v)
N / du/ dw H“ e~u/2" M, z;lu;)p™ (-, wjlz;) =% o)
RL RE [l T(N+v+1-£0)(N - 0)!

xhr(whp(w)M® (2L, (uy, ..., up,wi,...,wy); N — L,0?). (3.12)
Since we can prove this lemma in the similar way to Lemma 3.1, we omit the proof.

Then we consider the RHS of (2.32). By the first expression of (2.25) and the fact (2.18), we
have the Laguerre kernel [15]

KY%(t+ 02, 23t + 0%, y)
_ gves/Aa) Nzl nl z L Y (3.13)
{2(t 7 0-2)}V+1 2 P(n T+ 1) n 2(t + 02) n 2(t +0'2) ) .

t>0,0% > 0,z,y € R;. By the extended version of Chapman-Kolmogorov equation (2.4), the
following integral formulas are derived.

Lemma 3.5 Fort > 0,02 >0,n€ Ny, z,y € R4

2 n+v+1
v v_—uf20% _ g v T v, —z/2(t+o0?
dup el (gr3) e = () 1k (e ) e

Ry
(3.14)
t+0'2 " T
v p® _ v
/ dv LY, (=t vlz) (—02 ) L (—Q(HUQ)), (3.15)
K§50(t+0 »x;t+02,y)
= — N! v,—u/20% (v) w)(_
= TGN T 0) Jp, W fp BT P G el (=t vly)
1| LX(u/20%) L (v/20%) (3.16)
u—v| L%_;(u/20?) L% _,(v/202) | .

Proof  Since the equality

/ dup® (t, alu)p™ (0%, uls) = p¥) (¢t + 0%, 2]s)
Ry
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holds for t > 0,02 > 0,z € Ry,s € C, (2.8) gives
/ dup(t, z[u)¢% ) (0%, u; €) = WP (t + 02, ;€),
Ry

n € Ng,t > 0,02 > 0,z € Ry. If we set £ = N and use (2.18), we obtain (3.14). Similarly, by the
equality

[ @08 (=% —uloptole) = [ dup) (o wlp ¢l o)
- +

= p(")(t + 02,w| —-z)= p(”)(—(t + 02), —w|z),

t>0,02>0,z,w € Ry, and by the definition (2.9), we see

dv ¢ (02, v; E)p™ (~t,v[a) = ¢ (t + o2, 73 €).
R_

If we set £ = Ndp and use (2.18), we obtain (3.15). Inserting (3.14) and (3.15) into the RHS of
(3.13), we have

K%t + o2zt +02t) = @ _4_1/R du A dvu’e™2 pW) (¢, z|u)p™ (~¢, v]y)
+ -—

N—
w2 (2
Z n+y+1 "( 02>Ln (20’2> ’
Here we use the Christoffel-Darboux formula [4]

AR N I Be D
g n+u+1)L n(@)In(y) = I“(N—H/)(x—y)‘ Lg-l(m) Lg—l(y) l

Then (3.16) is obtained. y

The RHS of (2.32) is thus written as follows.
Lemma 3.6 For any 0® >0,t >0,1< L < N,z = (z1,...,21) € Wz,

1<det [KN%(t + o2, zi;t + 0%, xp)]
<jk

= /]RL du/RL dw Hu”e_“f/z" (L, z]u; )p® (—t, wj|z;)

Jj=1

L (uj/20%)  L¥(wg/20%) H
LY (uj/20%) LYy (we/20%) ||

(i) it
(3.17)

Proof of Eq.(2.35) in Theorem 2.3  Since the equality (2.32) in Corollary 2.2, holds for any
t > 0,02 > 0, Lemmas 3.4 and 3.6, imply that the integrand of multiple Gaussian integral in
the RHS of (3.12) is equal to that in the RHS of (3.17). By replacing L and N — L by n and
N, respectively, and (u1,...,ur,w,...,wr) by (a1,...,n,0m41,...,02,) = a € C*", we obtain
(2.35). 1
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3.3 Proof of Theorem 2.4
First we prove that (2.41) is equal to (2.33). Since

1 HN+n(aj/V 2‘72) Hy n(omek/V 202)
a; — Qnik | Hyin-1(0/V20?) Hnin-1(0ntk/V20?)

a, (8%
= HNjn-1 (———,‘——2;2> Hyyno1 <————T;;I;)

w1 1 Hnin(aj/V202)/HNin-1(;/V20?)
Ontk —~ 5 | 1 Hyyn(0ngk/V202)

we can apply the identity (2.37) and obtain the following,

HN+n(aJ/\/%— HN+n(an+k/‘/2—U—2)
HNin-1(0;/V20?)  Hyin-1(cnik/V202)

|

S5 LSS PRI ) E L

1
det
1<G,k<n | 05 — Qptk

Jj=1
- Hynl ) \" [ Hwen(S) \'
x V™ (al,...,an),(an+1,...,aQn); F—-——(r) y H—W
N+n-1 V202 j=1 N+n-1 \/—2 ";2" j=1

(-1)n(n-1)/2 sl .
= e B ’
;'L=1 [Tici(an+k — an) N+n-1 AN+n

where Ay is the 2n x n rectangular matrix whose (7, k)-element is given by a;-“‘ng(aj /V202),
1<j <2n,1<k<n. Here we use the recurrence relation of Hermite polynomials

Hpy1(z) = 2zHp(z) — 2nHp-1(z). (3.18)

Then we find that

k-1
- — [0
O{k 1HN+n—1 (J%ﬁ) — (20.2)(’9 1)/2 | |(N—|-n —Z)HN+n_k (\/—"'2-.;_-—2-)
=1

+linear combination of {Hg(a/\/2a2) N4n—-k<f<N+n+k- 1},

. . N o
- — )= = H _
o T Hyin ( 20_2) ( 2 ) N4n+k—1 ( 202)

+linear combination of {Hg (a/V20%) : N+n—k<fl<N+n+k- 1},

for k = 2,3,.... Therefore, by the multilinearlity of determinant,

n

nln— (N+n-—
det[Anin-1 Angn] = o™V H d et[BC],

where B and C are 2n X n rectangular matrices whose (j, k)-elements are given by

[0 7] (7]
Hyyn—k (\/—2%) and HN+n+k—1( 222),
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respectively. Since det[B C] = (1) dety < k<on[HNrr-1(0/V202)], (-1)/2+nn=1)/2 — 1 for
any n € N, and

n

hn(ai,...,an)hn(0nt1, ..., aon) H H(am_k — o) = hop(a, . .., am), (3.19)
j=1k=1

proof of the equivalence of (2.33) and (2.41) is completed.

Next we prove that (2.35) is equal to

I'N+v+n) 1 det
(N+n)! hon(a) 1<),k<2n

E’fv+j_1(ak; 02)} (3.20)

for any v > —1. By applying the identity (2.37), we have

LY n(aj/20%) L% (ansr/20%) H
L},V-i-n—l(aj/QJz) L7V+n—1(an+k/20'2)

[ 1
det S
1<G,k<n [ O — Opy
(_l)n(n—l)/Q q [;{ i ]
= et - N ’
?:1 szl (an-l—k - an) Nn-t o

where A, is the 2n x n rectangular matrix whose (4, k)-element is given by a;?_lL'; (aj/20%),1 <
7 < 2n,1 < k < n. Here we use the recurrence relation of Laguerre polynomials

(n+1)Ly (@) =(-z+2n+v+1)L;(x) — (n+v)L;_i(2). (3.21)

Then we find that

k-1
s () = 0 T 6 0 ()
=1

+linear combination of {L'g(a/Qoz) :N+n—-k<l<N+n+k-— 1},

(0%

ak—lLJVV—i-n (5_'

k-1
0_2) = (—202)k—1 H(N +n +£)L,1/V+n+k—1 (%ﬁ)

+linear combination of {LZ(a/202) i N+n—-k<l{<N+n+k- 1},
for k = 2,3,.... Therefore, by the multilinearlity of determinant,

n—-1n-1 | o
F(N+n+1/)) (N +n+2£) detB 0,

~ - _ 2\n(n-1) —_—
det[An4n-1 ANin] = (207) ( (N +n)! P D(N+v+¥)

where B and C are 2n x n rectangular matrices whose (j, k)-elements are given by
Q; o
Ntn—k (ﬁ) and Ly nik—1 (ﬁ) )
respectively. Since det[é 5’] = (-1)lr/2 detlgj,kggn[L‘I(,+k_1(aj/202)], and (3.19), the equivalence

of (2.35) and (3.20) is proved for v > —1. For v € Ny, (2.42) is immediately obtained. The first
expressions in (2.43) and (2.44) are obtained by setting v = 1/2 and v = —1/2 in (3.20) and by
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applying the relations (1.15) and (1.16). For the second expressions in (2.43) and (2.44), we use
the following relations between the Hermite polynomials and Laguerre polynomials with v = £1/2,

2 n
2 (=2 _ (=) z
an/ (3_) = MHan <%> ) (3.22)

L;Y? (-’f;) = %H% (%) . (3.23)

Then the proof of Theorem 2.4 is completed. g
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