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GENERALISATIONS OF SOME PROPERTIES OF
INVARIANT POLYNOMIALS WITH MATRIX ARGUMENTS

Abstract. Some extensions of the properties of invariant polynomials
proved by Davis (1980), Chikuse (1980), Chikuse and Davis (1986) and
Ratnarajah et al. (2005) are given for symmetric and Hermitian matrices.

1. Introduction. A number of integrals in distribution theory of ran-
dom matrices are expanded in terms of zonal polynomials; see |Constantine
(1963) and Diaz-Garcia and Gutiérrez-Jaimez (2001) among many others.
However, important distributional problems cannot be solved via zonal poly-
nomials, such as the distribution of the eigenvalues of a noncentral Wishart
distribution or the doubly noncentral Beta type I and II distributions. So-
lutions of such problems have been provided via invariant polynomials with
matrix arguments; see for example |Davis| (1980), |Chikuse (1980)), |Chikuse
(1981)),|Chikuse and Davis| (1986)), |[Diaz-Garcia and Gutiérrez-Jaimez (2001)
and [Ratnarajah et al.| (2005), among many others.

The fundamental property of the real invariant polynomials is the fol-
lowing;:

Ci (A, B)CEANX,Y)
Co(I)

1) | C.AH'XH)C\(BHYH)(dH)= )_
O(m) PER-A
(see Davis| (1980)) or its generalisation for r matrices in |Chikuse (1980, eq.

(2.2)) and |Chikuse and Davis (1986} eq. (2.2))), where A, B, X and Y are
m X m symmetric matrices, (dH) is the invariant Haar measure over the

group O(m) of m x m orthogonal matrices, C;”’)‘ is the invariant polynomial

and Cy denotes the zonal polynomial (see Davis (1980), |Chikuse (1980) and
Chikuse and Davis| (1986)).
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An analogous property for invariant polynomials of Hermitian matrix
arguments can be found in Ratnarajah et al. (2005, eq. (7)).

Many other characteristics of the invariant polynomials are a conse-
quence of the following basic property:

Cy(A)CEAX,Y)

Cy(I) !

(2) | CONAWXH, AH'HY)(dH) =
o(m)

see Davis| (1980)), |Chikuse and Davis| (1986)) for the real case, and Ratnarajah
et al.| (2005) for the complex case.

In the present work we generalise the property when the product
of the zonal polynomials is replaced by the product of invariant polyno-
mials. To obtain this fundamental property we need to generalise by
placing a new matrix B # A in the second argument of the invariant poly-
nomial. We emphasise that the generalisation of provides alternative
derivations for most of the invariant polynomial properties given indepen-
dently by Davis (1980), Chikuse and Davis| (1986|) and |Chikuse (1980); see
Diaz-Garcial (2006]). The same generalisations and alternatives apply to the
complex invariant polynomial expressions of Ratnarajah et al.| (2005).

2. New properties of invariant polynomials. A detailed discussion
of invariant polynomials may be found in Davis| (1980)), (Chikuse| (1980) and
Chikuse and Davig| (1986). In addition, the zonal polynomials are studied
in detail in [James| (1960), |[James (1961), Saw| (1977)), [Muirhead| (1982)) and
Takemura (1984)). For convenience, we shall introduce their definitions and
some notations, although in general we adhere to standard notations.

Let X be a symmetric m X m matrix, and ¢(X) a polynomial in the
m(m + 1)/2 different elements of X. Then the transformation

(3) o(X) = o(L7IXL'Y), LeGL(m),

defines a representation of the real linear group GL(m) in the vector space
of all polynomials in X. The space Vi of homogeneous polynomials of de-
gree k is invariant under the transformation and decomposes into the
direct sum of irreducible subspaces, Vi, = @,. Vi ., where & = (k1,...,kn),
ki > -+ > ky > 0, runs over all partitions of k into not more than m parts.
In each Vj, ., the irreducible representation {2k} = (2k1,...,2k,,) of GL(m)
acts, each of these representations occurring exactly once in the decomposi-
tion. Each V}, ., contains a unique one-dimensional subspace invariant under
the orthogonal group O(m). These subspaces are generated by the zonal
polynomials, Z,,(X). Being invariant under the orthogonal group, i.e.,

(4) ZN(H/XH) = ZH(X)7 He O<m)7

they are homogeneous symmetric polynomials in the eigenvalues of X.
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The normalised Z(X) are obtained by assuming that the coefficient of
s in Z,(X) is 1, where s; = tr(X) denotes the sum of the eigenvalues of X.
This way the normalised zonal polynomials are defined as

o
C(X) = (X[z"ég? ‘ >ZH(X)

where X[2,(1) is the dimension of the representation [2k] of the symmetric
group on 2k symbols, and furthermore

o RIEO—ky—i—3)
X[2n]( )_ H;)ll(kl_i_m_z)'

The zonal polynomials were defined above only for symmetric matrices X.
However, since they are polynomials in the eigenvalues of X, their defini-
tion may be extended to arbitrary complex symmetric matrices. Alternative
definitions are given in Saw| (1977), Muirhead| (1982)) and Takemura; (1984).

Invariant polynomials with two (or more) matrix arguments are a di-
rect extension of the zonal polynomials. Davis (1980) has defined this class

of polynomials C’g”\(X,Y) in the elements of the m x m symmetric com-
plex matrices X and Y, having the property of being invariant under the
simultaneous transformations

X —HXH, Y—HYH HeO0Om).

These invariant polynomials satisfy the basic relationship , where Cy, C)
and Cy are zonal polynomials, indexed by the ordered partitions x, A and
¢ of the nonnegative integers k, [ and f = k + [ respectively into not more
than m parts and “¢ € k- A” signifies that the irreducible representation of
GL(m) indexed by 2¢ occurs in the decomposition of the Kronecker product
2k ® 2\ of the irreducible representation indexed by 2x and 2.

Now, the following theorem generalises eq. (5.4) of Davis| (1980).
THEOREM 2.1. Let A, B, X and Y be m xm symmetric matrices. Then
Ci (A, B)CEANX,Y)

(5) | CoMAH'XH,BH'YH)(dH) = —*——
O(m) 05" Co(I)

with
Ko\
o CLT)
¢ Cy(I)

Proof. We give a straightforward proof by extending the procedures of
James| (1961)) and by using the results of |[Davis| (1980)),
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From Muirhead (1982} eq. (3), p. 259) we have

(6) | etr(AH'XH + BH'YH)(dH)
O(m)
= ZZZZ k'l' | C.(AH'XH)C\(BH'YH)(dH).
O(m)

Then from Davis| (1980, eq. (5.8)) and by using the notation for the sum-
mations given in [Davis (1980)), we get

| etr(AH'XH + BH'YH)(dH)
O(m)

o0 QHA

_ KA / / .
= W‘ | ¢ (AH'XH,BY'YH)(dH);
KA O(m)

but from [Davis (1980, eq. (5.12)),

o0 Cl‘i,)\ A,B CH,)\ X,Y
| ct(AHQXQH+BHQYQH)(dH) = 3 —¢ (A,B)C; (X, Y)
O(m) v KN Cy(I)

so the required result follows. m

REMARK 2.1. Observe that no recurrence is used in the proof of Theo-
rem i.e., we do not require to demonstrate (5.12) in [Davis| (1980),
because the last expression is obtained by integrating (6) via (4.13) of Davis
(1980).

REMARK 2.2. Different approaches can be implemented to prove this
result, for instance: we can assume that there exists a differential operator
for the invariant polynomials, like the operator given in equation (3.41) of
Chikuse| (1980), and then we can generalise the proof of Theorem 7.2.5 in
Muirhead| (1982)); we can proceed as in the proof of Theorem 1, pp. 27-28
of [Takemura, (1984); or, we can follow the ideas of |[James (1961) and |James
(1960)).

For r matrices we have the following generalisation of |(Chikuse| (1980, eq.
(3.14)):

COROLLARY 2.1. Let Aq,...,A, be m X m symmetric matrices. Then
M | oMARXH, ... AHX, H)(dH)
o(m)

(AL, AN (X, X))
0" Cy (1)

I
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where we keep the notations of |Chikuse and Davis (1986)), i.e., afs,r] =
(as,...,ap), in particular al,r] = afr] = (aq,...,ay).

It is important to note that from Theorem [2.1]and Corollary [2.1|most of
the results in Davis| (1980)), |Chikuse (1980) and |Chikuse and Davis| (1986))
can be derived in an alternative way. For example, by taking A = B and by
using equation (5.1) in Davis| (1980), we find equation (5.4) of |Davis (1980).

Analogously, from we have

Ci N (AA! BB))CSN(X,Y)

8 crA A’'HXHA ,BH'HYB)(dH) =
) | o5 )(dH) PR

O(m)
Thus, by replacing X =I, YA =RorY =1, BB =S in (§) and by using
Davis| (1980, eq. (5.2)), we obtain

CiA R, BB')CA(Y)

| CiAR, BHHYB)(dH) = X0

O(m)

and
CEMNAA,S)Ck(Y)
Cr(T) ’

| CIMA'HHYA,S)(dH) =
O(m)

respectively (see |Davis (1980} eq. 5.13)).

Of course, a number of new properties can be established from Theo-
rem and Corollary For instance, when is mixed with |Chikuse
and Davis| (1986, eq. (2.7)), then the following generalisation of expression
(1.1) in Davis| (1980) is obtained, with the product of zonal polynomials is
substituted by a product of invariant polynomials:

COROLLARY 2.2.

9) S Cg[q](AlH/XlH, ... 7AqH’XqH)C’f[q+1ﬂ
O(m)
x (A1 H'X 1 H, ..., A, H'X, H)(dH)
ol Alr]
— Z Wﬁ[r};¢C¢ (Ala e ,Ar)C¢ (Xl, cee Xr)
o,T 9,-;[7«] C¢(I) 5

pETH-T*

where 71';[:]:(;5 is defined in |Chikuse and Davis (1986, Lemma 2.2(iii)) and o*
denotes the partition o ignoring multiplicity.

3. Complex case. Now, we can apply the above procedures to simi-
lar expressions of complex invariant polynomials for deriving extensions of
Ratnarajah et al.| (2005).
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Let Y,B,A;, X;,7=1,...,r, be m x m Hermitian matrices. Then

_ C*MNA,B)CPNX, Y
(10) | ¢rraufxu BUTHYU)(EU] = -2 (m A)J’ X, ¥)
(m) 05" Co(D)

i

1) | A ufxiu,A,UX,U, . A UX, U) U]
U(m)
7] KT
(AL ANCT (X, X))

05" Cy (1)

Y

with _

Cg[r]£17 e 71)
Cy(I)

Gl _

)

(12) | Cilda,ux, U, A UX, U Ol
U(m)

x (Ag1UPX 01U, ... A, UX,U)[dU]
~k[r] ~kl[r]
S e (AL, AT (X, LX)
pETH  T* 7 QZ[T]C¢(I)
K[r]):¢

where 757 are similar extensions of |Chikuse and Davis| (1986) to the com-
plex case, [dU] denotes the unit invariant Haar measure on the unitary group

9

U(m) and ézm denotes the invariant polynomial with Hermitian matrix ar-
guments (see [Ratnarajah et al.| (2005)).
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