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EIGENVALUE DISTRIBUTIONS OF BETA-WISHART MATRICES*

ALAN EDELMANT AND PLAMEN KOEV?

Abstract. We derive explicit expressions for the distributions of the extreme eigenvalues of the
Beta-Wishart random matrices in terms of the hypergeometric function of a matrix argument. These
results generalize the classical results for the real (8 = 1), complex (8 = 2), and quaternion (8 = 4)
Wishart matrices to any 38 > 0.

Key words. random matrix, Wishart distribution, eigenavalue, hypergeometric function of a
matrix argument

AMS subject classifications. 15A52, 60E05, 62H10, 65F15

DOI. XX . XXXX/SXXXXXXXXXXXXXXXX

1. Introduction. Recently, the classical real (8 = 1), complex (8 = 2), and
quaternion (8 = 4) Wishart random matrix ensembles were generalized to any 8 > 0
by what is now called the Beta—Wishart ensemble [2, 9]. In this paper we derive the
explicit distributions for the extreme eigenvalues and the trace of this ensemble as
series of Jack functions and, in particular, in terms of the hypergeometric function of
matrix argument. These results generalize the classical expressions for the real and
complex cases as series of zonal polynomials [17] and Schur functions [18], respectively.

This paper is motivated by the importance of the real and complex Wishart
matrices (and in particular their eigenvalue distributions) in multivariate statistical
analysis. We refer to the classical text by Muirhead [17], as well as [8, 10, 18].
Recently, it is becoming increasingly apparent that the classical matrix ensembles
(and perhaps all of random matrix theory) generalizes from the Dyson’s three-fold
way (8 =1,2,4) [5] to any 8 > 0 [6]. Recent examples include the Beta-Hermite [3],
Beta—Laguerre [3], Beta—Jacobi [4, 7, 12, 14], and Beta—Wishart ensembles [2, 9].

Our new results are particularly convenient for practical evaluation using our
algorithms for the hypergeometric function of matrix argument [13], see section 5.

2. Definitions and background. Since the eigenvalue distributions will be
expressed as series of multivariate symmetric polynomials, we start with the relevant
definitions.

For an integer k > 0 we say that k = (k1,kz2,...) is a partition of k (denoted
Kk k) if k1 > k2 > -+ > 0 are integers such that |k| = k1 + K2 + -+ - = k. Partitions
with ¢ equal parts are denoted as (a)! = (a,a,...,a). For two partitions A and k we
write A C k to indicate that \; < k; for all 7.
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For a partition k = (k1,K2,...,Kkm) and 8 > 0, the Generalized Pochhammer
symbol of parameter S is defined as

(2.1) (5)—ﬁﬁ<a—6+j—l>.

i=1j5=1

The multivariate Gamma function of parameter 3 is defined as

5 L mele 1)5 (m—1)8
(22)  T¥(c) IIF( ) for R(e) > ———.

For an m x m matrix X, the Jack functions C®(X) are symmetric homogeneous
polynomials in the eigenvalues x1, 2, ..., 2, of X. The C¥’s are indexed by parti-
tions k and form an orthogonal basis of the space multivariate symmetric polynomials.
We refer to Stanley [19], Macdonald [16], and Forrester [8] for details and assume the
reader has some familiarity with these functions.

For integers p > 0 and ¢ > 0, and an m X m complex symmetric matrices X, Y,
the hypergeometric function of a matriz argument is defined as

a1 )P - (a,) P CO(X)CO(Y)
(2.3) FP(a;h;X,Y) = : R LIRS
ZZ TR a0

where (a) = (a1,a9,...,ap) and b= (b1, bs,...,by). For one matrix argument X,
S (a;0; X) = JFy7(a; 0, X, 1)

Following [2], an m x m Beta—Wishart matrix with n (n > m) degrees of freedom
and covariance matrix ¥ (denoted A ~ W (n, X)) has joint eigenvalue density

=7 o (n (omis_y 3
(2.4) (20 I e =217 - o P52 (=557,
2 ) i1 j<k
where A = diag(A1, Ag, ..., Ap) are the eigenvalues of A, |X| = det ¥, and
! 2\ ™% T®) (o) (1B
(2.5) /Ciﬁ)(a) = % . <> . %ﬂ"bgﬁ)_
rE A\ (r'(3))

3. Identities involving ,F”. We present several identities, including a new
one, which we need in the next section.

First, we incorporate the Vandermonde determinant into a new measure p to
prevent it from appearing in all the integrals that follow:

du(X) = H|xl — z;|PdX.

i<j
Also, define
T (b)
T b) = m .
m (@:0) = o T )

m i

| s
¥ = mi’j;m H I'(% );
i 4 1 P 5)

N

i=

m

(3.1) pz—§£B+L
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Then, for a nonnegative integer r,

(32) o F(XI+Y) =" X R (X, Y);

(3.3) 157 (- X) = I = X[

3.4 FPa,b;¢;X) = oF” (e —a,bye; =X (I — X)™Y) - [T - X|7%
241 241

(35) FP(a,—ric; X) = Lm (e —atr)

T (c— a)l @ (c+7)
X oF{? (a,—ria— 1+ 14+ 218 — ;1 — X);

36 Fky) = 0D [ R oy X X (X
: 147 a3 03 = & o] 0fo ) H ;
1
(37) 1F0(ﬂ)((l; Y) — e — / e—tI‘ (X)OFéB)(X7 Y)|X|a_de(X)7
cm' T'm (a) R™
(3 8) O(ﬂ)(Yil) - |Y‘a+P
' : e T (a+p) - (a+p)y)
x / oFS (— X, V)| X[*CY (X)dp(X )
(p+r CPO(-X1)
(3.9) 27 (p, 13 X) = F(IS) =X Z Z B

k=0 ktk, k1 <r

The identities (3.2) and (3.8) were conjectured by Macdonald [15] and proven by
Forrester and Baker [1, section 6].

The identities (3.3), (3.4), and (3.5) are due to Forrester: see (13.4) and Propo-
sitions 13.1.6 and 13.1.7 in [8], respectively. Note that (3.3) was established for ar-
guments X whose eigenvalues are in [0,1]. When r > 0 is an integer, however, (3.3)
is true for any X—we have polynomials on both sides,! which must be identical
everywhere.

The integrals (3.6) and (3.7) are due to Macdonald [15, (6.20), (6.21)]. For com-
pleteness, we repeat his argument here.

The integral (3.6) follows directly from Kadell’s extension of Selberg’s integral
[11, Theorem 1]

(@
(b)Y

C¥(X) B b
(3.10) / Zr ) X [P ] — X|PePdu(X) =
G X X )
by multiplying both sides by ﬁCff’(Y) and summing over all k.

To deduce (3.7), we change variables y; = Nx;,i = 1,2,...,m, in (3.10), where
N = b — p, to obtain

Y a—
/[ON]MC(B) I Yl pH|1

& (a)®
(ﬁ)(a N+p) (N+p)(5)
L@ (N +p — a) N™etlsl
L (N +p)(N +p)

(V) = Nmatlal

= I (@ (@

m

n the series for 1F(§ﬂ) on the left, if k has any part greater than r or has more than m parts,
then (=) = 0 or C{P)(X) = 0, respectively. Either way the  term in the series is 0.
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We take limits as N — oo. The identity I'(z + 1) = 2I'(z) along with the definition
(2.2) imply

'® (N _
(3.11) lim —m((m FP =) Nma _ .
N—oo  Tw/(N +p)

From (2.1), limy 00 N*|"”"|(N+p)§f) = 1. Also, imy_ 00 |1 - N evi for i =

1,2,...,m, and therefore

(8)
[ e )~ ey - 0

Multiplying both sides by |H—1“C’ff> (X) and summing over all k, we get (3.7).

Finally, (3.9) is a new result which we now prove.

THEOREM 3.1. The identity (3.9) holds for any nonnegative integer r.

Proof. We combine (3.4), o F\” (p, —r;c; 1 — X) = o F\” (c—p, —r;c; T — X 1) X|"
with (3.5) to get

Le—p+7r) o (m-1)p
m o1 (p,—rip—r+ 14 525 - X)

L +r) m-1 - .
= F(g)(p) '2F1(ﬁ)(07p>77"5*p*7‘+1+( Q)B;X 1)|‘X|

(m=1)8 1)

We replace X by —cX, use the fact that p = By 1, and move a ¢™" factor to

the left to get:

L (c—p+r)

(312 T 2P P oo -G —eX)
' (p+r) _
= 7F(6)(p) W F(c—p,—r;—r;—1X Hhep =X

We take limits on both sides as ¢ — oo. From [8, (13.5)]

lim 2F1(ﬂ)( —r;—r —¢;—cX) = QFSM(P, —r; X);

c— 00

) _ nr CO(-X"1
B . L1 1y _ § : § : K
cli)rgoZFl (Cfpv 77377”775)( ) - k! .

k=0 ktk, k1 <7

Combining this with (3.11) above, we obtain (3.9). O

4. The distributions of the extreme eigenvalues and trace. We start with
the extreme eigenvalues.

THEOREM 4.1. Let p = mTflﬁ + 1 and let t = ”’Tm“ﬁ — 1 be a nonnegative
integer. For the extreme eigenvalues of a Wishart matric A ~ W (n,X) we have:

T (p)
I‘“”( ﬁ+p)

o zB+y )

k=0 ktk, k1 <t

(1) POua(d) <) = I%E*!%Fﬁ’(%;%+p,——2)
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Proof. We follow the ideas in Muirhead [17].

For the first part, the condition Apm.x < z is equivalent to \; € [0,z],i =
1,2,...,n. To obtain the desired distribution, we integrate the joint density (2.4)
over [0,x]™, make a change of variables L = 27, then use dL = 2™dZ and (3.6) to
obtain

nﬁ m

|2‘ nom+tlg g _

P < ) = /[ R LR g
2™ 2 /=1

mn T T onemiig

= [T - i)
m o [0,1]™ —

g ng
|.’L‘E ) . F%)(T)F%)(p) lFl(ﬁ)(%ﬁ. n+72n—15+ 1: _%ﬁz—l)
KR T (58 +p)

with ¢ defined in (3.1). We use (2.2) and (2.5) to simplify

m(m—1)8 m mnp
—_—a= 2

1 N . i 5
—mam T (F) = [[r(2) = (2 7
K (%) 2) % o (ms)

B m A2

implying (4.1).
For the second part, the change of variables is L = z(I + Z) with dL = 2™dZ:

P()\min > CL’)

Dol -
]C([-I) nﬁ (2,00 ™ H)‘f OF(ﬁ) 2 E 1)d:u(L)
_n8
(43) _xnnl.B& ‘I‘f‘th F(B)(I-i-Z—ﬂZ_l)d (Z)
: B K:(B)(nﬁ) R 0°0 » T2 H
+

RN e (0P (-2) e
(44) :etr( 5 2 )Ic(ﬁ)(nﬂ)/ Z#OFSB)(Zv_TﬂE 1)d,u(Z),
m 2 rK/C(mf) .

where we used (3.2) and (3.3) to go from (4.3) to (4.4). Next, from (3.8),
P(Amin > $)

(45) = tri-gem P22
: K(ﬁ)( 6)
—)lEl(—p)®
« ¥ B [ ep@) ok 238 i)
~kC(mt) +
(4.6) = eroEmT >',C<ﬁ>(n'5) Z(| )l, CO (= Z0)| 285717l TE (p) (p)
277 kC(mt)
_ tr(—zpn) |28w-1|t T (P) (=D)L P)k Ao 2

which along with (3.9) implies (4.2). O
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Note that the sum in (4.2) is o Fy” (2571), truncated for partitions x C (m)*, and
is thus particularly convenient to evaluate using our algorithms [13].

The following theorem generalizes Theorem 8.3.4 in Muirhead [17] to all 5 > 0.

THEOREM 4.2. If A~ W (n,X), then the density of the trace of A is

o0
n

(4.8) [58571 e %Zir Ty am) 2 (39, O (T A,
=0 rkkk

where X\ is arbitrary.
Proof. We follow, Muirhead’s argument, which carries over to any g > 0.
From (2.4), the moment generating function of tr A is:

(t) = Ele™ D]

Dol tr (L) T | S A1
2 i=1 j<k

We make a change of variables L — —tL and use (3.7) to obtain

_n (—t)~"2F ® B8
o(t) =272 — FP (38557
(BT (3BK (38) 1 ° 2
=|-t3 El“ﬁ I —£2x-t=328
=|I-%%]*
For 0 < X\ < oo write
_ 2t |~ 28
=[I-%x3]*
) -8
meg —z -
=(1-FN" e —m(l—)@ H

e

)\(I— )\2‘1)>

_mn o 1 " _
(4.9) = (1-2N) T Iy s Z 1-22) ZH(Eﬂ)f’Cg‘”(I—AE b,

rEk

where ¢ and A are such that ||/ —AX 7! < |1— %L so that the | F§” function above
converges.
Since (1 - %)*T is the moment-generating function of the gamma distribution

with parameters r and % and density function

(u>0),

the moment-generating function (4.9) can be inverted term by term to obtain (4.8)—
the density function of the trace of A, where X is arbitrary and, as in Muirhead [17,
p. 341], can be chosen as A = ﬁ7

eigenvalues of X, respectively. O

where X and )" are the largest and the smallest
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CDF of &
max CDF of ;‘m

1 T t - in

+  theoretical prediction

x theoretical prediction
empirical 1 01l |
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Fic. 5.1. The empirical distributions from 20,000 replications of the largest and smallest
eigenvalues, respectively, of a 3 X 3 Beta—Wishart matriz with 5 degrees of freedom, B = 4/3,
3 = diag(1.3,1,0.7), plotted against the theoretical predictions (4.1) and (4.2).

5. Numerical experiments. The theoretical distributions of the extreme eigen-
values of the Beta-Wishart ensemble are particularly conveniently evaluated using our
algorithm for computing the hypergeometric function of a matrix argument [13]. We
performed extensive numerical tests of the theoretical eigenvalue distributions in this
paper against the empirically predicted ones by the Beta—Wishart model from our
recent paper [2]. The results were always a match. In Figure 5.1 we report one of our
experiments in which we plotted the largest and the smallest eigenvalues of the same
Beta-Wishart ensemble. More experiments are reported in [2].
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into the subject of hypergeometric functions with matrix argument from Ian Mac-
donald’s unpublished manuscript on the topic [15]. We also thank Iain Johnstone for
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