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Abstract

This paper defines and discusses the complex Hermite and Laguerre polynomials associ-
ated with the complex matrix-variate normal and Wishart distributions, respectively. Various
properties of these polynomials are investigated, including generating functions, Rodrigues
formulae (differential and integral versions), and series expressions. These polynomials are
also discussed from the viewpoint of the multivariate complex Meixner distributions. We pres-
ent applications in asymptotic distribution theory on the complex Stiefel manifold. The theory
of complex zonal polynomials is of great use in the derivations.
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1. Introduction and preliminary results

Statistical analysis on the complex matrix spaces is useful, in particular, in time
series analysis. In this paper, we define and investigate the complex Hermite poly-
nomials with Hermitian and complex matrix argument and the complex Laguerre
polynomials with Hermitian matrix argument, which are associated with the Hermi-
tian and complex matrix-variate normal distributions and the complex Wishart dis-
tribution, respectively. These unitary polynomials play important roles particularly
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in asymptotic complex distribution theory. This paper extends the results of Chikuse
[4-6], in which Hermite and Laguerre polynomials with real matrix arguments were
thoroughly investigated.

In Section 2, we define the (standard) complex normal Ny (0, 1) distribution
(see (2.1)) on the space of m x m Hermitian matrices

Sy = {S(m x m); S = S*}, (1.1)

where S* indicates the conjugate transpose of an m x m complex matrix S; the con-
dition § = §*,i.e., S| + S, = S| —iS}, indicates that S and S; are m x m symmet-
ric and skew-symmetric, respectively. Now, let O (m) denote the unitary group, i.e.,
é(m) ={H(m x m); H*H = I,,}. Here, we note that the complex notions Hermi-
tian and unitary correspond to the real symmetric and orthogonal, respectively, and
that we will put ™ on real notations to denote the complex counterparts in this paper.
A Hermitian matrix S € S‘m can be expressed as S = H*DH, where H € O(m) and
D = diag(dy, ..., d,) with d;s real latent roots of S. When all d;s are positive, S is
positive definite, and we let S’,f,' denote the set of all m x m positive definite Hermi-
tian matrices. The inverse matrix S~ and the determinant || are defined similarly
to those for the real case.

The complex Hermite polynomials I:IA('")(S), A=1=0,1,..., are defined as a
complete system of unitary polynomials associated with the normal Ny, (0, )
distribution. Here A - [ denotes that A is an ordered partition of an integer / into
not more than m parts; A = (I1,la, ... L), 1 =L > =21, 20, Y7 i =1
We discuss various properties of the polynomials H. A(m)(S), i.e., generating function

(g.f.), Fourier transform, Rodrigues formulae, and series expressions for I:I)Em)(S)
and for its differentials. In particular, the integral version of Rodrigues formulae is of
great use in asymptotic distribution theory for complex matrix variates; see Section
6 for applications.

Section 3 is concerned with the (standard) complex normal ]\Nlm,k(O; L, Ir) dis-
tribution (see (3.1)) on the space of m x k complex matrices

Rux={Z(m x k) =7, +1Zy; Z; and Zp m x k real matrices}. (1.2)
The complex Hermite polynomials ﬁ;mk)(Z), AHE1=0,1, ..., constitute a com-
plete system of unitary polynomials associated with the normal 1\7,,1, 1 (0; Ly, Iy) dis-
tribution. A similar line of discussion on the properties of the polynomials Fl)fmk) (2)
is carried out.

The complex Laguerre polynomials iK(W), AFEI1=0,1,..., are defined as a
complete system of unitary polynomials associated with the complex Wishart dis-
tribution. Section 4 gives a discussion on the properties of the polynomials I:f{(W),
including a limit normal Ny, (0, 1) property of the Wishart distribution and a rela-
tionship of EK(Z *Z) with I:I)Emk)(Z) polynomials.

Here we note that Andersen et al. [1] gave a thorough discussion of the complex
matrix-variate normal ]\7,”’ r and Wishart Wm distributions.
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Section 5 gives a brief discussion of the multivariate complex Meixner classes of
invariant distributions, which include the two kinds of normal and Wishart distribu-
tions considered in the previous sections.

In Section 6, we present applications of the previous results on the complex Stie-
fel manifold Vk m- We define the complex matrix Langevin distribution on Vk ms
and derive large sample asymptotic distributions for the sample mean matrix using
Rodrigues formulae.

In the rest of this section, we present some results, which are relevant for the
derivations throughout this paper.

1.1. Theory of complex zonal polynomials

We give a brief discussion of the theory of complex zonal polynomials (mainly
due to James [13]), which play important roles in the multivariate complex distribu-
tion theory, corresponding to the more familiar one of real zonal polynomials (e.g.,
[10,13]).

The complex zonal polynomials C; (S) are defined by the theory of group repre-
sentation of the full linear group GI(m, C) of all m x m nonsingular complex matri-
ces under the congruence transformation,

S — LSL* for L € Gl(m, C),

in the vector space of homogeneous polynomials of degree / in a matrix S € S
where )\ corresponds to the irreducible representation indexed by [2A], A 1 =
0,1,.... The C‘A(S), AF1=0,1,..., constitute a basis of all homogeneous sym-
metric polynomials in the latent roots of §, having the property of invariance under
the transformation S — HSH*, H € O(m).
The basic property is
C.($C(T)

C,(HSH*T)[dH] = 22"~ 1.3
/é(m) a ) Ci.(Im) -

where [dH] denotes the normalized invariant measure (i.e., f é(;n)[dH ]=1) on

O(m) Chikuse [8] investigates the (normallzed) invariant measures on the complex
Stiefel manifold Vk m» Which includes O(m) Vm,m as a special case and will be
treated in Section 6.

The Laplace transform is

/S L er(=9)ISIC(AS)AS) = (@)l C(A), (1.4)

where etr A = exp(tr A), the Lebesgue measure (dS) is defined by (1.19), and we
define the complex multivariate gamma function

F,,,(a):/~ etr(—S)[S|*™(dS) = #""— 1)/21_[F(a—1+1) (1.5)
S

i=1
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and the complex multivariate hypergeometric coefficient
p
lal, =[J@—i+ 1y forr=(1h.....1)).
i=1
with (a); =a(a+1)---(a+1—1).

Following a similar argument to that due to e.g., Davis and coworkers [9,11], we
can express

Co($)Cy(S) = Y 8k yCon(S), (1.6)
reo-p
and
Co(87) = Y fiungCo(S), (1.7)
¢pev-v

for suitably defined coefficients g and 7. Here, A € o - ¢ indicates that the irreducible
representation indexed by [2A] occurs in the decomposition of the Kronecker prod-
uct [20] ® [2¢] of irreducible representations indexed by [20] and [2¢], and 2«
denotes the summation ignoring the multiplicity. The generalized binomial coeffi-
cients b are defined by

!

Co(S + I)
%—ZZbMN . (1.8)
CA(Im) s=0 oks O' m)
We can readily show that
~ A B
byo = Z 'f'gw, for g defined by (1.6), (1.9)
G-
(reo- ¢)
and
Z Z(—l)”“l;k,ul;,,,g = 68,4, for Kronecker’s delta 8. (1.10)

s<n<l vkn

The complex hypergeometric functions with Hermitian matrix arguments are
defined by

~ [a1ly - [apls Ci(S)
F, ..., ap by, ..., by S , 1.11
pFq(ar ap; b g S) = 12(;; (b1l byl 1! (I.1D)

and
pFyar, ... ap by, ... by S, T)

=f~ pFyar,....ap by, ... ,by; HSH*T)[dH]
O(m)

ZZ [ai] - ap A CA(S)CA(T) (1.12)
e il gl 1Co () '
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foray,...,ap, by, ..., b, complex constants. The special cases are

0Fo(S) = etr(S),
and

- 1
oFi (m; —Z*Z) = / etr[Re(ZH)][dH],
4 O(m)

where Re(A) = Ay, the real part of A for A = Aj +iA».

1.2. Differentials and measures

Let us define the complex matrices of differential operators
0S = 08| +i0S;, for S =S| +iS: € Sy,

where

0
0S| = ( (I438;)) (1)> with S = (s; { )) symmetric,

1
: 2
08, = (5(1 8ij) (2)> with §> = (5;;”) skew-symmetric,

and
0Z =07y +10Zy, forZ = Z| +iZy € Ry,
where

0 0
6Z1=<W), Wlch[ ( j)’ l:1,2

ij

We can show the following properties for suitable analytic functions f(-):

f@S)etr(TS) = f(T)et(TS), forS,T €Sy,
(1) f(©02) etr[Re(T*Z)] = f(T)etr[Re(T*2)],
for Z, T € Ry k-
(i)  Taylor’s expansions:
f(S+T)=etr(TOS)f(S), forS, T €S,
f(Z+T) =etr[Re(T*02)1f(Z), forZ,T € Ry.

The Lebesgue measures on S’ and I?m,k are

ds) = /\ dsf} - /\ ds(z), for S = S| +iS»,

i<j i<j

with § = (s). 1=1.2,

95

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)
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2k m
@z)y= NN\ N\dzll. forz =2z +iz, withz = (). 1=1.2.

(1.19)

respectively, where we use the symbol A to indicate the exterior product of differ-
entials. Throughout this paper, the probability density functions (p.d.f.’s) of distribu-
tions on S, and R,, x are expressed with respect to these Lebesgue measures.

2. Hermite polynomials with Hermitian matrix argument
2.1. Associated normal distributions

An m x m random Hermitian matrix S = S| + 1.5, is said to have the m x m
Hermitian matrix-variate normal N, (0, I,,) distribution if the p.d.f. is

G(S) = Gy etr(—S?) = @y etr(—S} S — $582),
with &, = 2mm=1/2 /zm*/2, 2.1

That is, sl.(i]), si(}) and si(jz) @i, j=1,...,m,i < j)are all independently distributed as
normal N (0, %), N (0, 41_1) and N (0, 41_1)’ respectively. The moment generating function

(m.g.f.) is given by
. 1
Ms(T) = Eetr(TS) = Eetr(S,T; — $,T») = etr <1T2> , (2.2)

for a Hermitian matrix 7 = 7 + i7>».
The normal N,nm (0, I,,) distribution is obtained as a limit of the complex Wishart
distribution, which will be discussed in Section 4.
In general, for m x m matrices 2 € S‘,j; and M € S‘m, and an m x m random Her-
mitian matrix V distributed as normal Nmm (0, I,), the random matrix
s=x2yx12 4 m
may be said to have the m x m Hermitian matrix-variate normal Ny (M, %) distri-
bution, whose p.d.f. is
am| 2| ett[—(S — M)Z (S — M2,
Here, A!/? denotes the unique square root of a matrix A € S’,;E .

2.2. Complex Hermite polynomials I:I){m)(S)
The complex Hermite polynomials H )Em) S),AH1=0,1,...,constitute the com-

plete system of unitary polynomials associated with the normal Ny (0, 1) distri-
bution.
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Generating function
The g.f. for the "™ (S) is

(m)
($)C(T) 1 2>/ i
—-T HSH*T)[dH]. 2.3
ZZ TR er( Z a<m)e”( )dH] (2.3)

=0 AHL
Now, various properties can be derived from (2.3).

Fourier transform ~ ~
On multiplying by etr(i¥ )@ (S), for Y € S, and integrating over S € S, both
sides of (2.3), we can evaluate the right-hand side of the resulting equation as

1, 1o 1o\ = (L
etr( —=Y etr | -iHYH™T |[dH] =etr| —-Y ol =iy, T ),
4 é(m) 2 4 0 2

from (1.12) and (1.13).

Expanding the o Fy function in terms of complex zonal polynomials using (1.12) and
comparing the coefficients of C, (7") in the resulting equation, we obtain the Fourier
transform

/ etr(Y $)@"™ (S) ™ (8)(dS) = etr (-11/2) c <liY> 2.4)
= A - 4 A ) . B

Sm

Rodrigues formulae
On multiplying both sides of (2.3) by @ (S), we can evaluate the right-hand side
of the resulting equation as

1
/~ gm <—H*TH — S) [dH]
O(m) 2

1
zf etr (——H*TH@S) ¢ ($)[dH], from (1.18),
O(m) 2
. 1
= oFy (-565, T) ¢ (S), from (1.12),

which, on comparing the coefficients of C; (T'), gives the differential version of Ro-
drigues formulae

H" ($)§"(8) = C, <——as) 5(S). 25)

Inverting (2.4) gives the integral version of Rodrigues formulae (inverse Fourier
transform)

=) ) e () 2mm=1) 1 o\~ (1
H S)@ S) = tr| —iST — =T~ ) C, | =iT ) (dT).
OO = e /smer< B ) A(2‘ )( :

(2.6)
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Series expression for I:I)fm)(S) in terms of the Cy (S) and vice versa

Expanding the right-hand side of (2.3), that is, etr(—%T2)0Fo(S, T), in terms of
complex zonal polynomials using (1.12) and (1.13), then the formulae (1.6) and (1.7)
for the coefficients g and 7, respectively, and comparing the coefficients of C.(T),
we obtain

A" (s) :2’:2 303 M.680p | Co(S) 0
1C.(Im) s=0ots L vFn (gﬁeev:;) (=d)"n! | 51Cqs (In)

Hence, the term of the highest degree of le(m) (S)is (:‘,\(S), and for / even (odd) only
the terms of even (odd) degree in S appear in the expansion.
Next, we multiply both sides of (2.3) by etr(}—th) and carry out a similar pro-

cedure. We obtain the series expression of Co(S) /1 'C;.(1,,) which is given by the
right-hand side of (2.7) with 4" and ﬁ;m)(S) replacing (—4)" and C,(S), respec-
tively.

Series expression for the differential

Applying C,(dS) on both sides of (2.3), the resulting right-hand side becomes
C,,(T) X [the left-hand side of (2.3)], where (1.17) is used. Comparing the coeffi-
cients of CA(T), we obtain

C,@A™(S)

& (m)
. P A 2.8
NG (L) ) 2-8)

S (L =m)Co (Iy)

(rev-o)

3. Hermite polynomials with complex matrix argument
3.1. Associated normal distributions

An m x k random complgx matrix Z = Z; +1iZ; is said to have the m x k com-
plex matrix-variate normal N, x (0; I,,, Ix) distribution if the p.d.f. is

P2y = n MM etr(— 2% Z) = n MM etr(— 21 21 — Z52)). (3.1
ForT e Iém,k, the m.g.f. is given by

4

In general, for 2 € S‘n"; 2h € S‘,j and M € Iém,k, and an m X k random complex

Mz(T) = Eetr[Re(T*Z)] = etr <1T*T> . (3.2)

matrix Y distributed as normal 1\~/m, «(0; I, I1), the random matrix
z=3"vz+m

may be said to have the m x k complex matrix-variate normal ]\~/m, r(M; 2, 2») dis-
tribution.
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3.2. Complex Hermite polynomials I:Ik(mk)(Z)

The complex Hermite polynomials ﬁ)fmk)(Z), AE1=0,1, ..., constitute the

complete system of unitary polynomials associated with the normal ]\Nlm,k(O; L, Iy)
distribution.

Generating function
The g.f. for the A" (Z) is

Z 54 A"(Z)C,(T*T)
1=0 Al 41 k])»lvc)»(lm)
=etr <——T*T>/ / etr[Re(HZ Q*T*)][dQ][dH]. (3.3)
4 O(m) JOk)
As in Section 2.2, we can obtain from (3.3) the following results, where the dis-
cussions involving the o Fo functions carried out in Section 2.2 are replaced by those

involving the | F functions in this section.

Fourier transform

/~ etr[i Re(Y*2)1¢""P (2) A" (2)(dZ)

Rm.k
= t< 1Y*Y)6 ( 1Y*Y> (3.4)
= elr —Z A —Z . .

Rodrigues formulae
~ (mk -
" (2)§" (2)

=C, Gaz*az) "0 (z) (3.5)

= 7(27;2](’” /1? etr [—iRe(Z*T) — %T*T:| é/\ (—%T*T) dr). (3.6)
m,k

Series expression for I:I)Emk)(Z)

A"z ; C,(Z*Z
2) —ZZ( b, Lo 22 37)
[k Ack(lm) s=0 oks (ko Co (L)

where the coefficients b are defined by (1.8).
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Series expression for the differential

C,(z°02) A" (2) 3 g, A" (Z) 38)
AEDCr(Tn) L K (1= n)!Co (1)
(rev-o)

4. Laguerre polynomials
4.1. Complex Wishart distributions
The following lemma is useful.

Lemma 4.1 (Chikuse [8]). Let the unique complex polar decomposition of Z € Iém, k
be

Z = HyT)?, with Hy = 2(2*Z)""? € Vi and T, = 2*Z € §f.
(4.1)

Then the Lebesgue measure (dZ) is decomposed as
dZ) = [x"" /T (m)]| Tz | (dT2)[dHz). (4.2)
Letting the n x m complex matrix Z be distributed as normal 1\7,1’ m(0; I, 2) with

2 e S’; and using Lemma 4.1, W = Z*Z has the complex Wishart W,, (n, %) distri-
bution having the p.d.f.

W (Wi n, 2) = (D) 21" etr (=27 W)W, (4.3)
The m.g.f. is given by
Eet(TW) = |I,, — XT|™", forT € S,,. 4.4)

If Z is dist@buted as normal ]Vn,m(M o 1, X), W = Z*Z has the noncentral com-
plex Wishart W (n, 2; 2) distribution, with noncentrality matrix Q = X —IM*M, hav-
ing the p.d.f.

W (Wi n, 2; Q)
=2 etr(=Q) etr(=Z ' W) | W' "o F1(n; QE~'W).  (4.5)

4.2. Complex Laguerre polynomials I:K( W)

The complex Laguerre polynomials ZK(W), AE1=0,1,...,constitute the com-
plete system of unitary polynomials associated with the Wishart Wi Qu + m, %Im)
distribution. We give some results on the polynomials EK(W) in the following.
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Generating function
Z Z L (W)CA(T)
1Cy.(In)

1=0 AL
—2u—m 1 —1
f etr| —HWH*T (Im — —T) [dH]. (4.6)
é(m) 2

1
Im_ET

Laplace transform
/~+ etr(—Y W)|W X LY (W) (dW)
SVM
=T Qu+m)[2u +ml Y72 " Co(ly — Y1), 4.7)

We may define the polynomials ZK(W) by

LYW) = etr(W) /S § etr(—R)|R|*“C(R)A,(WR)(dR), (4.8)
where the complex Bessel function A, is defined by

Au(R) = oF1Qu +m; —R) /T (2u + m). (4.9)
Rodrigues formulae

The inverse Laplace transform (integral version of Rodrigues formulae) of I:K w)
is given by

LYW (Ws n, Iy)

[n]x
2m(m—l) N
_ T / etr(—iWT) Iy — T Cs (g — (I —iT)")(AT),
@y Js,
1
with u = E(n —m), 4.10)

noting that |7, —1T'|~" is the characteristic function of the Wishart Wm (n, 1) dis-
tribution.

From (4.10), the property (1.17), and the uniqueness of the Laplace transform, we
obtain the differential version of Rodrigues formulae

O.OW)YW,, (W3 2u + 2l +m, I,) = Zf{(W)zI)m(W; 2u +m, L), 4.11)
where we have the differential operator
§.(OW) = [2u +ml| I + W Co(ln — (I +3W) 1), (4.12)

and OW is defined by (1.15).
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Limit normal property
The p.d.f. (2.1) of the Ny (0, 1,,) distribution and the g.f. (2.3) for the "™ (S)
are obtained by letting

W — u1/25+ulm and T — —u_l/zT, and then u — o0,

in the p.d.f. (see (4.3)) of the W,, (2u + m, 3 1,,) distribution and the g.f. (4.6) for the
ZK(W), respectively. So we have

A" (S) = ugngou—l/zig(ulﬂs +uly). (4.13)

Series expression for lN,K(W)
As for the case of the I:Ik(m)(S) polynomials, we can obtain the series expres-

sion for ZK(W) based on the g.f. (4.6), and, in view of (3.7), we can establish the
relationship

A"™(z) = (=)' L4(Z*2), withu = l[max(m, k) — min(m, k)]. (4.14)

It is seen from (1.8) in conjunction with the property (1.10) that, if we write the
series expression for L”(W) as L”(W) Z,\[C (W)], then we can express C,\(W)
as Z}L[LZ(W)].

5. Multivariate complex Meixner classes of invariant distributions

We define the multivariate invariant (biinvariant) Meixner distributions of random
complex matrices, extending the real ones discussed by Chikuse [2]; the Meixner
distributions were first characterized by Meixner [16]. The distribution of an m x m
Hermitian (m x k complex) random matrix S is defined to be invariant (biinvari-
ant) if the distribution of S is invariant under the transformation S — HSH*, for
H e O(m) (S — HSQ*, for H € O(m) and Q € O(k)). Here we confine our dis-
cussion to continuous random complex matrices; a similar argument can be applied
to the case of discrete random complex matrices, which is omitted in this paper
though.

A random matrix § € S, is said to belong to the class of invariant complex Meix-
ner distributions defined by U(T) if the g.f. for the associated unitary polynomials

{P{™(8)} is of the from

ZZP(’”)(S)CX(T) / etr[HSH*U(T)][d
O(m)

k H], 5.1
1Cy.(Inm) Ms(U(T))

1=0 AHL

for T € S‘m and the m.g.f. M5(~) of S. Here U(T) is an analytic m x m Hermitian
matrix-valued function of 7" with U (0) = 0.
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A random matrix Z € Iém, « is said to belong to the class of biinvariant complex
Meixner distributions defined by U (T') if the g.f. for the associated unitary polyno-
mials { """ (Z)} is of the form

00 p (mk) ~ * T
ZZ P (%)CA(T T) _ /~ /~ etr[Re(~HZQ U (T))][dQ][dH],
20 (U o Jow MUY

(5.2)

for T € Iém,k and the m.g.f. Mz(-) of Z. Here U(T) is an analytic m x k complex
matrix-valued function of 7" with U (0) = 0.

Thus, we see from (2.3), (3.3), and (4.6) that our distributions Ny (0, I,y),
Nm,k(O; I, It), and W, (n, %Im) are the invariant (biinvariant) complex Meixner

distributions with the associated unitary polynomials ﬁ)fm)(S), I:I}Emk)(Z)
(or H"™¥(2)/4[k];), and LY(W) (n = 2u + m), defined by U(T) = T € §,,, T €
Rm,k, and =T (I, — %T)’1 forT € S'm, respectively.

6. Applications

We define the complex Stiefel manifold Vk,m (m > k) as being represented by
the space of all m x k complex matrices Z satisfying Z*Z = I, that is, X'X +
Y'Y =Liand X'Y — Y'X = 0for Z = X +iY. It is known that the most commonly
used and tractable distribution defined on the (real) Stiefel manifold Vi , = {X (m x
k) real; X'X = I,,} is the matrix Langevin distribution; see e.g., [3,7,12,14,15], for
discussions and statistical analyses of the matrix Langevin distributions on Vj .
We introduce the complex matrix Langevin distribution on kam whose p.d.f. with
respect to the normalized invariant measure is given by

etr[Re(F*2)1/o Fy (m; %F*F) , 6.1)

where F is an m x k complex matrix. The distribution (6.1) has properties similar to
the (real) matrix Langevin distribution. Putting F = 0 gives the uniform distribution
on Vk,m-

We are now interested in testing the null hypothesis Hp of uniformity, against a
sequence of local alternative hypotheses H| : F = n~'/2Fy for an m x k constant
complex matrix Fp, indicating a slight departure from the uniformity as n becomes
large.

Given a random sample Z1, ..., Z, of size n from the complex matrix Langevin
distribution (6.1), we define the standardized sample mean matrix as

n
U= mm)?Z, withZ= Z Zi/n.
i=1
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The statistic U may play important roles in the above mentioned test of uniformity,
but the exact distribution of U is only given in an integral form which is difficult
to evaluate. We will derive asymptotic expansions for the distributions of U and
W = U*U, under the hypotheses Hy and Hy, for large n.

The inversion of the characteristic function E etr[iRe(T*U)] of U leads to the
p.d.f. of U under the hypothesis H;

etrfm /2 Re(F;U)]
~ nf. 2k
[OFI <m§ ﬁF(TFo)] R (2T)7"

x [oﬁ] (m; —%z*z)]n d2). 6.2)

etr[—iRe(U*2Z)]

fulU) =

We expand the oF) functions in (6.2) in view of (1.11) and (1.6), for large n. Then
the integral with respect to (dZ) in (6.2) becomes

1 : * 1 *
= . et —iRe(U*2) — -72"Z
(27[) Rm,k 4

1 - 1
x [1 +- > ac <—ZZ*Z> + O(n‘2)] (d2),

A2
1 m?

with ¢, = — (— — g ) , (6.3)
2 \ [m]y, 8,1

and using the Rodrigues formula (3.6) in (6.3) yields an asymptotic expansion for
the p.d.f. of U in the form

fu(U) = §mh (U— o )

2ml/2

1 ~ -

x !1 + > e[ W) - G@] + o<n-2)} :
A2

with Q = (4m) ™' F} F, 6.4)

in terms of the normal ]\Nlm,k((Zml/ 2y=1Fy: I, I) distribution and the associated
complex Hermite polynomials I:I)\(’"k) ).
The p.d.f. of W = U*U is expanded, using Lemma 4.1 in (6.4), as

SwW) = wp(W; m, Ii; Q)

x {1 + % ST [LYRw) - Cu@)] + O(n_z)} , (6.5)
A2

in terms of the noncentral Wishart Wm (m, Ir; ) distribution and the associated com-
plex Laguerre polynomials Z;m_k)/ 2(W).
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Putting Fy = 0 in (6.4) and (6.6) gives the asymptotic expansions under the null

hypothesis of uniformity.
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