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ON THE DISTRIBUTIONS OF THE MAXIMUM LATENT
ROOTS AND TRACES OF TWO POSITIVE
DEFINITE RANDOM MATRICES
TAKESI HAYAKAWA
1. Summary
Recently, T. Hayakawa [4] and T. Sugiyama [9] have given

the density functions of the maximum latent roots of some pbsi-tive definite
random matrices which appeare in multivariate analysis. - We give herer
some exact densitby functions of the maximum latent roots of a multivariate
qua'draticrform in nor‘fnal sample and of a non-central Wishart matrix with
Z = Im' We also give a density function of traces of th‘enl. To derive these
density functions we introduce a gene‘ralized Hermite polynomial, discuss
some properties.and give a generating function of generélized Hermite poly-

nomials,

2. Notations and preliminary results

Let S be an mxm positive definite symmetric matrix. There exists
a zonal polynomial C,(S) which is given by A. T. James [6] corresponding

t iti = “a >0 e
o each partition X (kl’ ,km), kl" 2 km;O of integer k not more



than m parts,
The following integrals are used in the sequel, which are fundamental

properties of the zonal polynomials :

, __Cu(A) Cx(B)
K (_;—)k 1
(2) ’ & (TrXH) d(H) =Z a Ck( 2 XX,
o Tk

where the invariant orthogonal measure d(H) is normalized to make the
volume of the orthogonal group O(m) unity, and A and B are mXm

symmetric matrices, and

. k

(3) (), = T (a-=—(i-0), , (a) =a(at1) - (ark-1),
L= i

The most important T’-type integral (Laplace transform) of zonal

polynomial which was given by A. G. Constantine [1] is,

(4) L etr (-R2) (det Rf' P Cy(R) dR
. [7 (@0 (det 2" CH(Z-I),
where
7 (k) =)T7|"‘“"“°ﬁr7(oz+ kié > (i-1)
and Re @) + k> p-17 ) p='—;—'(m+1)_

3

If & 1is such that the gamma functions are defined, then the binomial type

coefficient is

(5) e, =) [T e,
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where

-;j— H(m-1)

7 (o) =JC T (ot - ——(i- 1),
m

(Al
Constantine [2] has defined the generalized Laguerre polynomials as

follows. Let A)’(R) be a Bessel function, thatis, for ¥ -1,

(6) A(R)=——1———§Z——g‘f‘(—_—®——: F.AY+P; ‘R)- —t
Y UL +p) 4o 50 (replk! 01 o r+p

then the generalized Laguerre polynomial corresponding to a partition X of

an m¥Xm matrix S is defined as

(7) etr (-3) Ly(S) = f Ap(RS)(det 8)" etr (-R)C, (R) dR.
k>0 |

It should be noted that (7) is same as the Y -Hankel transform of a function ;
etr (—R)C)L( R), [ Herz, 5]

Constantine has discussed some properties of a generalized Laquerre
polynomial.

(i) The Laplace transform of a generalized Laguerre polynomial,

\S etr (-RS) (det S)X LL(S) ds
S0 ’
, _ ) -¥-p -1
= r’m(x+p ) (det R) CI-R )

s Y -
(ii) L, (0 =(y+p), Cy(l_ ).
(iii) ILIS)] £ (r+p)yC,01 etr(S)
Pt = X% m ’
. ¥ . : : .
(iv) L,(S)'s are orthogonal polynomials with respect to the weight function
Y
etr(-S)(det S) , thatis,
¥y 1 Y
55 etr (-S)(det S) L, (S) L. ()dS
>0 .
= 1 .
wr % k! [ (r+pik) Gulr ),
where k and ,Z are degrees of L}; and L% , respectively.
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{v) The generating function of the generalized Laguerre polynomials

det (1-2) TP S etr (—SHZ(I-Z)_IH') d(H)
o(my .
oo L, (S)C,(2)

i 2;5 % KIC ) fzli<1,

where ||Z] means the maximum of the absolute values of the characteristic

roots of Z.

3. The generalized Hermite polynomials

C. S. Herz [5] defined the generalized Hermitepolynomial of matrix

argument as

W

etr (-TTYH(T) = —F/—— j etr (-2iTU') etr (—UU')’((U) du,
1 z -

zmmn

where U and T are mxn (m¢n) matrices and 7 (U) is a homogeneous

polynomial of degree d. Here we define the generalized Hermite polynomial

(g.H.p) H(T) as

. k '
(8)  etr (-TTHHUT) = —F0_ J etr (-2iTU") etr (-UU')C, (UUU,

I’Y”’L"b
U I
where C,(UU') is a zonal polynomial of degree k with a partition x .
It should be noted that (8) is a Fourier transform of a fux;ctién etr(-U'U‘)C)C(’UU').

Hence the Fourier inversion formula of a g.H.p. is

1 -
(9) —m J
% T

The following lemma which gives a relation between the Fourier transform

etr (2iTU"etr (-TTHH,(T)AT = etr (-UUNC,(-U).

and the Hankel transform is very important.

4
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Lemma, Let f(U) = f(UU') be a real valued function defined for a
positive semi definite matrix UU' where U is an mxn (m¢n) matrix, If

f(UU') is square integrable over UU', that is,

14
XH(R)iz(detR) dR < 0 | == -p,
R>0

then we have for a Fourier transform

L
=" g(TT") =J etr (-2iTU")f(UU")dU,
U

the ¥ -Hankel transform of f{, i.e.

g(TT") = S AX(TT'R)(det R)Xf(R) dR.
>0

Proof. This lemma is a special case of Herz [5] = We here show that
the Fourier transform of f(UU') can be reformulated by the Hankel transform

of f(UU").

1

g(TTY = —zmm j etr (-2 TU") £(UU")AU
U

= + J dU j etr (-21 THU") f{UU")d (H) -
U Oty ' '
From (2) and (8),

g(TT")

v

' n

I

—_—— Ax . (TT'UUN) £(UTU")AU
7C U 2 7

M3

| P

5 A, (TT'R)(det R f(RdR .
2

R>0 .

1

The second equality is shown by the Hsu's lemma., Hence the R.'Hi S. is

a (‘;— -p) Hankel transform of f(R), which completes the proof. |

Theorem 1.

| o
(10) H(T) =(-1)° L, (TT".
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Proof, Let f(UU') = etr(—UU')Ck(-UU') in lemma, then from (7)

and (8) we have (10) immediately.

Corollary 1.

(11) HK(T) = HL(HlT) = HK(TH2)’

where HlE O{m) and H2e O(n), respectively.

L is clear from (8) byfa

Proof. The invariance with respect to H
simple calculation. The invariance with respect to H2 is also clear from

theorem 1.

Corollary 2,

k, n
(12) H)C(O) = (-1) ( > ))L Cx(lm)
Proof. (12) is obvious from theorem 1 and (ii) when Y = —;-' -P.
(12) is also given by a direct calculation of (8) when T =0,
Remark : From corollary 2 we can consider that the g.H.p. H(T)

corresponds to the generalization of a univariate Hermite polynomial of even

degree.

Corollary 3. The g.H.p!s are orthogonal functions with respect to a

weight function etr (-TT").

‘ , _
N EH - T O
XTetr(-TT )H, (T)H(T) dT 'f/{ea jﬂz ki( 5 ))LC)‘(Im),

~where H, (T) and HZ(T) are g.H.p. corresponding to k degrees and
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[ degrees zonal polynomials C,(UU') and C,(UU'), respectively.

Proof, From theorem 1 and (iv),

j etr (-TT') H (T)H(T) dT

TP F-f
- (c)kHe _( etr (-TTH L (TT)L_ (TTdT

oV
—zm n_, m ~
L ) Z-F 5 T 7
2 (pkt J etr (-Z)(det 2) L, (2)L_ (2)dz
rm(?_) 7z >0
g~ n
=3k12 dxz T k! (T))‘C)C(Im),
where the second equality is shown by the Hsu's lemma,
Corollary 4.
‘ n
(13) | 5D & (), €1 ) etr(TTY.
Here we consider the generating function of the g. H.p.. In the univariate

case the generating function is given by

H, (1)
) &0
exp (-s + 2ts) = Z '——kl'{'— sk
. = !

Herz [5] has given the generating function of the g.H. p.'s H’L(T) by the
using the extension of a Hilbert schmit kernel of a generalized Weber function

etr (- —%—TT')H{(T). Here we can give it in the following way.

Theorem 2. . Let S and T be mxn (ingn) matrices, then the generat-

ing function of g.H.p.'s is given by

(14) f etr (-SS' + 2H1TH28')d(H1)d(Hé)
O ~O0(m)



o I—gﬁ(T)C(SS')
kg ; k1(%),C (1)

where Hlé O(m) and Hze—O(n) , respectively.

Proof, We prove this theorem by the uniqueness of a Fourier transform.
Let multiply etr(+ 2iTM')etr(—TT') on both side and integrate term by term

over T. Using (1) and (2), the left hand side of (14) becomes

L.H.S.

etr (+2i TM'A)e,t,r(—"I»“T')_

T . , ~ |
(f( 0 etr(-SS' + 2H TH,S')A(H )d(H,)
(» U(n)

etr (-S9) | etr (-TT' + 2T(H) SH} + iM)")dT d(H,)d(H,)
A(my 0cn)

=" etr(-MM')J f etr (2iH| SHM") d (H )d(H,)
O(m>” O(m>
23" etr (-MM! F. (5. ¢
' (-MM") fmo 18 -HSS H MM A,

=" "etr (-MMY) oF (% -SS', MMY).
On the other hand, the right hand side becomes, using (9),
1
HK(T) C)t(SS )

00
R. H. S.= etr (2iTM!") etr(-TT") dT
L ™I Ty, Co (L)

c, (SS")

P
= Z Z 3 J etr (2iTM")etr (- TT')H (T)dT

-0 x k! (5 ))LC (Im

C, (58" L
& k'(—)kcx(1m> T etr CMMIC,(-MM')

r’]%

ﬁ

v
<

| ,
=™ L
= L %etr(fMM') 0F(lm)(—rz1 ; -SS', MM'),

iwhich equals the previous expression, Q. E. D.
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Remark : Corollary 1 1is obvicus from the orthogonal invariance of

the orthogonal measure and theorem 2,

Corollary 5.

(5" + k)

k . mn mn ,
(15) * Zx: H,(T) =(-1) etr(TT') HEE 1F1( 5tk -TrTT)
n » _, mn
(16) Zx: (T)kck(lm) = ( 5 )k
Proof, To prove (15), we need the following equality which is given
by Khatri [8]
(17) S etr(-R) (det R P (Tr$)" C_(SR)dR
R>0 '
_ gy Amd +kt )
= [ @0 Plma s+l CetS)

where ACt(s) is a zonal polynomial of [ degrees with partition * . Now

. from the definition of a g.H.p.

k
2 H (T) ="(‘:‘%?)an etr (TT") etr (-2iTU"Yetr (-UU"2.C (UU") dU
X # =" v L~ x

k .
='(7'5:%sz etr (TT')J (etr(-ZiTHU')etr(-UU')(TrUU')kd(H)dU
T o

k |
=%_T_etr(TTv)j oF1 (2= 5 ~TT'UUY) etr (-UUNTr UU*aU .
T

Applying the Hsu'S lemma, we have

=—___<-(1;f) etr (TT") ‘[ 4F 1 (—5=; -TT'R)(det R  etr(-RNTrR)dR

l”m 2 k20" R

=[§ (ﬂ) yetr (T 22 (:(2) f etr(-R)(detR) (Tt R“C(TT'R)dR.
m < = C LN e %50 e ’

O



Hence from (17},

(~1)ﬁ TNk L)

k o0
= (- ' C(TT'
(-1) etr(TT )Q;Za; 7 P(%m vy )c( )
mm
(= +k) >
- k W % mn .mn :
=(-1)"etr(TT") V(%ﬂ 1Fl( 5 +k; 5 TrTT')

where 1F1 is a univariate hypergeometric function.

If we set T =0 in (15), from (12) and (Fy =1, we obtains

n _ , mn
T Cully) = (T

Corollary 6,

(18) T = am— etr (TTT')
= % k! 92
(19) e D) =etr (-I_) F (—o—; TT"
=% k@, T U oMt e
Proof. (18) can be shown from the definition of a generalized Hermite

polynomials. (19) can be shown when we set SS' = Im in (14).

4. The density function of the maximum latent root

Here we give the useful transformation and related Bata type integrals.

Lemma, Let S be an mxm positive definite (p.d.) random symmetric

L3

matrix, We decompose S as follows,

S = H[N Vl H',

" where H is an mxm orthogonal matrix which has only (m-1) independent
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variables and V is an (m-1)x(m-1) p.d. symmetric matrix which ranges

7\‘ Im-l)V> 0. Then the Jacobian of this transformation is given by

J(S— A, H, V) = det(Al - V) 5
1’ > 1I'"m-1 m

Zﬁ,’

N ‘ 3 17

Proof, See Hayakawa [4]

The following corallary is very impoftant to give the density function of the

maximum latent root,

Corollary 7.

(20) 5 (det\W)o‘—p det(I-W)Cx(l' W) dw
In>w>0
(of )]7 (p) m (o)
=rm m I’(;) @ mt ) —%— c.(1 )
[m(®tP) T2 (A+p), %'m
' m m 7 ! N ”
(21) - g (M w0 JTa-w,) m (wd"*")cx( “, )ﬂdw;
=2 iz2 v 22;4)'5/7»\ ¢ ‘wrm <2
l)lﬂ)}n-} wm7o (d )r (p) r (”&) (d )
: rm((y+p) T3 (¢+p), * ' m

‘Proof, It is well known that the following integral holds,

_ oA )7 _(P)
(22) J (det'S) & (5)as _I'm (urf’) :dl’f)
In28>0 T7m P p)(,

CL_).

To prove (20), we have decompose S as

[AI Ql]
S = H H',
0 AW

where W is an (m-1)X(m-1) p.d. symmetric matrix which ranges

Im-l > W>0. Then the Jacobian is given by

M
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Tim-)(me2) ' 1

J(S—A,, W, H) =A det (I _,-W) =

| V- S he
Hence the left hand side of (22) becomes , =2
‘ omrf~1 of - 1 1

L.H.S. =j7\‘ d?\,j (det W) F det(I—W)Cx( w> e W dH

0 In-17W>0 ,—‘-Ziﬁi/

i=
oy T‘/(L":’}) f (det W) P det (1-w) ¢, (1 ) aw,
Tma7W 20
since

1 e
j Ad'm«-ﬁ*l 1 S\ d—H - 71:2
= ——— and =

} I odm+k > p 2 m
gﬁ%é‘l"‘éz&z/ Y (%)
1=2

To prove (21) we decompose further W =H1/\wH1' where Hle 0(m-1)

and Aw = diag (@, , ---,, ), then the Jacobian is

WAy B = T (@, - @)

| ' agigjgm
Hence inserting these results to (20) we obtain (21) since

_(m-n

1 j GE = L
pooet) T (mty ¢
2 0(m-n r’m-l( z)

(21) is the same result as Sugiyama [9],

4, 1. The density function of the maximum latent root of a multivariate
quadratic form.

Let X be an mxn (m¢n) normal sample matrix with mean ‘g -and
covariance 5: , and A be annxn p’. d. symmetric matrix. Hayakawa [3]
has given the density function of a multivariate quadratic forin Z =XAX!' ‘as

follows

' | -1

2P o= C(-zYZ2)C(A ")

ey Lzﬂr = (det Z) 0. s =
[ E)Ndet 27)* (det A) foo % k.cx(zn)

12
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The joint density function of the latent roots A=diag(x,, ---,A,) of Z

is given by’

T~ L-p
(23) . —aldet /) T[ % -2)
I m(2) 7 (3)(det 25)” (det AY <
] -1
" C (N C (-7 TN C AT
i 5 KIC, (L)1 )

To give the density function of the maximum latent root 7&‘ , we set 7\-{: /\'wé

(i=2,---,m) in (23) and integrateit with respect to 1>W,> «..>W, > 0,
2
sm

JC , }tﬁzﬂf' - )"ﬂ’,
T E)det 22)7 (det AF P

Cxl- %Z.‘)CA(A -1

L -y =
)34 [ TTa-@) T eo-ap (%, T dw
C, (I1)C (I ) o R TN e s U A Rt
x ¥ m W+ 3,20 ‘ 215 gem i
Hence from (21), we have
T (Z+p)det 2% (det A)F "
m I -4 -1
&, (Z1+k) 7\;&2 (2,)% Cyl-z E7)C (A )
e k! PR (2 ) C (1)
z TPy n
Theorem 3. Let X be distributed with a density function
1

LT e
o IFNEL ST etr(- — T XX,

then the density function of the maximum latent root of XAX' .is given by (24),

Corollary 8. The cdf of the maximum latent root A, of the multivariate

quadratic form XAX' is given by

13
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N T'm(P Lomm
. m' 2
) o -1
m -
21 ke (2 GlzzIGA )
s
4=0 k! Z (F+p), C)t(In)
Corollary 9. If we set A= In in (24) then we have the density function

of the maximum latent root K, of a central Wishart matrix, which is the

same as Sugiyama [9],

4,2, The density function of the maximum latent root of a noncentral Wishart
“matrix with ¥ =I_.
m :
The joint density function of the latent roots . A= diag ()\l , ,Am) of a

non-central Wishart matrix with - Y. =Im was given by

[
zm

(26) etr (-%MM')etr(-%A Ndet /4 )FT Tf ()\i -A)
K4 ¢

/
¢, (-z4)C, (MM

oo
) ) m
ko T kUED G )

However, (26) is not an appropriate form to derive the density function of

the maximum latent root A, when we use (21). Hence we give an another

form of the joint density function of the latent roots /A which is appropriate

to discuss.

o

Lemma.  Let X be distributed with a density ‘function

(27) ——— etr(- —— XX' + XM") etr (- —— MM"),
(2/7_‘)2 " 2 72

then the joint density function of the latent roots /Nl of XX is given by

14



zm m

zP
etr (- —— MM") (det /) T -Ap

(28) Tan

\ l
H (75 M) C (/)

k=0 % kI(F),C ML)

Proof, We here decompose X in (27) as follows

: A
(29) X = H N L

where Hl is an orthogonal matrix with positive element in the first column
]
and /| *isa diagonal matrix of square roots of latent roots ZAYEEEN Am of

XX' in descending order and L is a nxm Stiefel matrix satisfying LL =Im.

The Jacobian of this transform is

zmri(m*m)% _,_,\__P
L 2
X = Smo (detd) TT()\\.‘ -2 d Ad(H ) d(L).

e

where d(L) is a normalized Stiefel invariant measure with volume unity. Thus

inserting (29) to (28), we obtain the joint density function of /] , Hl» and L.

2.
m

etr (-5 MM") 2" zP
(det Ay TT (A -A;)
t<[)_

22T (D3

1 )

0 2 2
etr (- -—-;—/r L'L /‘2+ Hl/\z L'M"),

Hence we only integrate (30) with respect to Hl and L. Ifwe set L-?H2’ 1,

H2€ O(n), then L'H2H‘2 L =1'L = Im and the Stiefel invariant measure d(L)

is unchanged.

Thus

) A ) .
= 2 =
—= ( ( etr (——é——/\ L'LA+ Hl/l L'M') d(H) d(L)
acm> L—I/thlfm

V]

|5
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! \ 1
5 Al 4
=j d(L) —1—;,; etr‘(-—l—A LLA+ H A L'H_ MYd(H )d(H,)
2 2 1 2 1 2" .
FL=Im 0wy “0en)
Hence we can see that the integral with respect to H1 and H2 is the same .
I

. |,z | ,
; 3 ; - — i = == i
form as theorem 2 if we set S JZA L' and T 53 M in (14), thus

M I
00 H (\/——Z-) C (-—Z—A )
S m -

i d(L)
Lier, k1B, G )

M |
H,(F) CK(-Z—A )

I
) n
which completes the proof.

Now we derive the density function of maximum latent root A, . Ifwe
set li =3,w,(i=2,***, m) in (28) and integrate it with respect to 1> w, >

«*7¢>0 by the use of (21), then we have

)

(p) Lmer 2 (BTHK) H (7= M)

I etr (- i RS2 Ayl N2

9% r’ (';—l+p) 2 1 £=0 k! % (F+py
m

(31)

Theorem 4, ‘The density function of the maximum latent root ;l, of a

non-central Wishart matrix of n degrees of freedom with Y= Im is given

by (31).

Note : Hayakawa [4] has given the density function of the maximum

latent root R‘ by the use of two expansions of zonal polynomial such that

oo X
Cy(A+B) =G§, a, Cg(A)C(B),

‘ and

Ca)Cla) = T by C4lA).

16



However (31) is more exact form than Hayakaywra [4,(33)].

5. On the distribution of a trace of a non-central Wishart matrix with 1. =I
Let /A be distributed as. (28). We derive the density function of T =Tr XX!

=Tr A from the inversion formula of a Laplace transform §O(t).

Let (f(t) = E(etr(-t/ )) .
) o My, 1K
T oo H (=)=
= 7C’ etr(———l—‘MM')Z x/z 2
2% MG 2 ko X k1(Z) C (1)
2 200 Db ARSVY

S etr(—t/\)(det/])f~r \T]’()\- —A«)C LAVAA
R .

A Wo v<d L .
‘oo H (T’") 1 'k -%mv\—k

1
S Fn etr(-mMM')ZZ o 5 )t
If we use the well known formula
C"’l;°°, mm —z‘-mfn* k"‘
1 JT ST AL T
270 7= +k) ’
C-i00
then the density of T is given by
!
) 1 1 ] 3_—0'\/'\—'
(32) . T etr (- ‘—2" MM') T
22D
s 1 T .k M
Y (=) L H (=),
R~o k!(@zﬂ K 2 e vz

since r’( an _+k) =

Theorem 5, Let /\ be distributed with the density function (28), thén

the density function of T =Tr/ is given by (32).

(7



40

Corollary 10. If we set M =0 in (32), then we obtain the density

2
function of L with mn degrees of freedom since

(1]

(2]

(3]

[ 4]

[ 5]

[ 6]

(7]

[8]

[9]

mn)
2 'k’

n -
% (T))cc)t(lm) =(
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