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MORE ABOUT MEASURES AND JACOBIANS OF
SINGULAR RANDOM MATRICES

J. A. DIAZ-GARCIA

Communicated by Teo Mora

ABSTRACT. In this work are studied the Jacobians of certain singu-
lar transformations and the corresponding measures which support
the jacobian computations.

1. Introduction

First consider the following notation: Let L, n(¢) be the space of all
N x m real matrices of rank ¢ < min(N, m) and £;7N(q) be the space of
all N x m real matrices of rank ¢ < min(N,m), with ¢ distinct singular
values. The set of matrices Hy € L, y(m) such that H/H; =1, is a
manifold denoted by V,, v, called Stiefel manifold. In particular, Vi, », is
the group of orthogonal matrices O(m). Denote by S,,,, the homogeneous
space of m x m positive definite symmetric matrices; and by S;}(q), the
(mgq — q(q — 1)/2)-dimensional manifold of rank ¢ positive semidefinite
m X m symmetric matrices with ¢ distinct positive eigenvalues.

Assuming that X € E:;“ ~ (@), [4] proposed the Jacobian of nonsin-
gular part of the singular value decomposition, X = H;DW/, where
H; € V,n, D is a diagonal matrix with Dy > Dy > --- D, > 0 and
Wi € Vym. Also, note that the Jacobian itself defines the factoriza-
tion of Hausdorff’s measure (dX) (or Lebesgue’s measure defined on the
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manifold Efn’ ~ (@), see [1, p. 249]). Analogous results for V € S (q)
considering the nonsingular part of the spectral decomposition of V were
proposed by [14] and [5]. Based on these two results, [8] and [9] com-
puted the Jacobians of the transformations Y = X+ and W = V™ (see
also [11]), where A" denotes the Moore-Penrose inverse of A, see [12,
p.49].

In the present work, assuming that X € E; ~ (), we propose the Ja-
cobian of nonsingular part of the singular value decomposition assuming
multiplicity in the singular values of X and the corresponding Jacobian
of Y = X under the same conditions. Analogous results for V € S (q)
and W = VT considering the nonsingular part of the spectral decom-
position of V are proposed assuming multiplicity in the eigenvalues of
V and/or assuming that V is an indefinite singular matrix. Also we will
determine the explicit measures with respect the Jacobians are we give
computation.

2. Jacobian of symmetric matrices

Consider again A € S,,, it remains to study: A as a (nonsingular)
indefinite matrix, i.e., A € Sk (m,mso), with m; + ma = m, where
my is the number of positive eigenvalues and ms is the number of
negative eigenvalues; and A as a (singular) semi-indefinite matrix, i.e.
A € SE(q,q1,q2), with ¢1 + g2 = g, here ¢; is the number of positive
eigenvalues and ¢» is the number of negative eigenvalues.

First suppose A € S (my,m2) such that A = HDH', is the spectral
decomposition (SD) of A, where H € O(m), D is a diagonal matrix.
Without loss of generality, let Ay > --- > A, >0and 0> —§; > -+ >
—0m,, explicitly

A 0 0 0 7

B 0 Amy 0 0 ,

A=H1 0 -6 o |[H-
L0 -~ 0 0 - =, |

Now let A € SF(1,2) and let A = HDH' be its SD, then
dA = dHDH' + HdDH' + HDJH’,
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thus by the skew symmetry of H'dH we have, see [10, p. 105]
H'dAH = HdJdHD + dD + DdH'H = H'dHD + dD — DH'dH

Moreover,

0 —hhdhy —hjdhy A0 0
HdAH = | hhdhy 0 —hhdhy 0 —& 0
hidhy  hjdhs 0 0 0 —d

+ 0 —do 0

[ d\ 0 0
0 0 —ddg

(X 0 0 0 —hhdhy  —hidhy
— 0 -6 0 hbdhq 0 —hfdhg
0 0 =& || Mydhy  Bydhy 0O
0 01hhbdhy  dah5dhy d\q 0 0
= Arhhdhy 0 dohbdhy | + 0 —do 0
Mhhdhy  —6ihhdhy 0 0 0  —db
0 —Mhydhy  —Aihhdin
| —6uhbdm, 0 511 dhs
—dahldhy  —d3h5dhg 0
d\; ()\1 + (51)hl2dh1 (/\1 + 62)hédh1
= | (O 46 Rhd —d5, (65 — 61)hydhs
(Mt + Go)hhdhy (=81 + 8o)hydhs —db,

We know that (H'dAH) = (dA), then a column by column computation
of the exterior product of the subdiagonal elements of H'dHD + dD —
DH'dH gives, ignoring the sign,

3 3
(dA) = (Ar+81)(M+02)(=61+62) [ N\ N\ Rjdhi | Ad\iA—doyin—d,.
i=1j=i+1

Recall that, if for example, the first element in each column of H is
nonnegative, so, A = HDH' is one-to-one transformation. Then the
corresponding Jacobian must be divided by 2™, see [10, pp. 104-105].
Thus we have

(dA) = 273(A\1 + 61) (M1 + 62)(61 — 62) (H'dH) A (dD),

where (H'dH) is the Haar measure on O(m) and

(H'dH) = A Ijdh;, (dD) = d\y A ddy A dby,
1<j
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(dD) is an exterior product of all differentials d\; and dd; ignoring the
sign.
Analogously, if A € Sgt(Q, 1),

(dA) = 273(\1 — A2)(A1 + 61) (A2 + 61)(H'dH) A (dD).
Similarly, let A € Si(2,2), then
(dA) = 2_4(A1—)\2>((51—(52)()\1+(51)()\1+52)()\2—1—(51)()\2+(52)(H,dH)/\(dD).
By generalization we get

Theorem 2.1. Let A € SE(mq,ma) such that A =
H € O(m), D is a diagonal matriz with Ay > --- >
0>—61 > > —0my,, mi+ma=m. Then

HDH’, where
Am; > 0 and

m2 mi,m2
(dA)=2"™ H M) TT@k =) T (N + 6x)(HdH) A (dD).
1<J k<l i,k
where
mi,m2 mi1 m2
IT i+ =T[T]x+0r), (HdH) = /\h’dh,,
i,k i=1k=1 1<J

/\d)\ /\dék
=1

A similar procedure for A € SE(q, q1,q) gives:

Theorem 2.2. Let A € SE(q,q1,q2) such that A = HiDH/, where
H, € V,m, D is a diagonal matriz with A\y > --- > Ay > 0 and
0>—01 > > —=0g, 1 +q2=¢q. Then

q

)q
(dA) =2~ QHA’” qném qH/\ — )\ Hék—él) i_f(/\i—i—ék)
ik

1<j k<l
AHdH1)A(dD),

where
q1,92 q1 g2
[T+ =TT T +6k),  (HidHy) = /\ /\ W, dh;,
i,k i=1 k=1 i=1j=i+1

/\ d\; /\ d6y.
=1
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3. Jacobians of symmetric matrices repeated eigenvalues

As a motivation for this section, consider a general random matrix
A € RmX™ explicitly

aii to Q1m
A=
am1 " Omm

Any density function of this matrix can be expressed as
dFA(A) = fa(A)(dA),

where (dA) denotes the Lebesgue measure in 8™, which can be written
by using the exterior product, as

m m
= A\ N dais
i=14=1
see [10].
However, if A € §,,, and it is nonsingular, then the Lebesgue measure
defined on S,, is given by

m
= /\ daij.
1<j
Remark 3.1. Note that the above product is the Hausdorff measure on

mm* defined on the homogeneous space of positive definite symmetric
matrices, see [1].

In general, we can consider any factorization of the Lebesgue measure
(dA) on S} as an alternative definition of (dA) with respect to the cor-
responding coordinate system. For example, if we consider the spectral
decomposition (SD), A = HDH', where H € O(m), and D is a diagonal
matrix with D; > -+ > D,, > 0 or we consider the Cholesky decom-
position A = T'T, where T is upper-triangular with positive diagonal
entries, then we have respectively

m
2—m H(Dl — Dj)(H'dH) A (dD), Spectral decomposition;

(dA) = <
2m ]h_[thrl {(dT), Cholesky decomposition,
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see [6], where

(H'dH) = /\h’ dh;, /\dD and (dT) /\dtw
1<j i=1 1<j

Given a matrix A € S, (q), sometimes it is difficult to establish an
explicit form of the Hausdorff measure in the original coordinate system,
that is, to define (dA) in terms of da;j. In particular, if A € S (¢) some
unsuccessful efforts have been trailed, see [13] and [2]. A definition of
such measure in terms of the SD is given by [14]:

q q
(dA) =27 [[ D" [[(P: — Dy)(HidHy) A (dD),
i=1 i<j
where Hy € V, ,,, D is a diagonal matrix with Dy > --- > D, > 0 and

q
"dH,) = /\ /\ Widh;, (dD) = J\ dD;;
=1

i=1j=i+1

for alternative expressions of (dA) in terms of other factorizations see
[6] and [7].

Now suppose that one (or more) eigenvalue(s) of A € S, has (have)
multiplicity greater than one. Then consider A = HDH’, where H €
O(m), D is a diagonal matrix with Dy > --- > D,,, > 0. Moreover, let
Dy, ... Dy, be the [ distinct eigenvalues of A, i.e., Dy, > --- > Dy, > 0,
where m; denotes the repetitions of the eigenvalue Dy, j = 1,2,...,1,
and of course my + - --my; = m; finally denote the corresponding set of
matrices by A € S;f(m,1). It is clear that A exists in the m(m + 1)/2-
dimensional homogeneous subspace of the symmetric matrices of rank
m; more accurately, when there exist multiplicity in the eigenvalues,
A exists in the manifold of dimension ml — (I — 1)/2, even exactly
for computations we say that A € S (I). For proving it, consider the
matrix A € S5 (2,1), such that A = HDH/, here H € O(2), and D is
a diagonal matrix with D1 > Dy > 0 where D1 = Dy = k, then the
measure

2
(dA) =272 [[(Ds — D;)(H'dH) A dD = 272 (k — k) (H'dH) A dD = 0.
1<j
Also note that, in fact the measure (dD) = dD1 AdDy = dk A dk is zero.

This is analogous to the following situation, to propose for a curve in
the space (R?) the Lebesgue measure defined by dzi A dxs.
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Now, when we consider the factorization of the Lebesgue measure in
terms of the spectral decomposition, we do not have 2(2+1)/2 = 3 but
only 2(1)—1(1+1)/241 = 2 mathematically independent elements in A,
because in D, D1 = Dy = k and then there is only one mathematically
independent element.

Also, observe that the space of positive definite m X m matrices is a
subset of the Euclidian space of symmetric m x m matrices of dimension
m(m++1)/2, and in fact it forms an open cone described by the following
system of inequalities, see [10, p. 61 and p. 77 Problem 2.6]:

(3.1) A>O<:)a11>0,det[ @i i ] >0, ,det(A) > 0.
az; a2

In particular, let m = 2, after factorizing the Lebesgue measure in S,
by the spectral decomposition, the inequalities (3.1) are as follows

(3.2) A>0&D;>0,Dy>0,D1Dy > 0.
But if Dy = Dy = &, (3.2) it reduces to
A>0&k>0k">0.
Which defines a curve (a parabola) in the space, over the line D; =

Dy (= k) in the subspace of points (Dj, D2).
A similar situation appears in the following cases:

i): When we consider multiplicity of the singular values in the sin-
gular value decomposition (SVD); such set of matrices will be
denoted by X € L} \(q,1) ¢ > 1;

ii): If we consider multiplicity of the eigenvalues; the corresponding
set of matrices will be denoted by A € S;1(q,1), ¢ > I;

iii): And if A is nonpositive definite.

As a summary we have the next results, which collect the main con-
clusions of Section 2 and the present section, the proofs are similar to
the proof of Theorem 1 in [9]:

Theorem 3.2. Consider Y € L}, y(q) and Y = X*, then

k

i=1
where X = H1D, P} is the nonsingular part of SVD of X, with Hy €
Vin, P1 € Vi, Do = diag(o1,...,0%), 01 > -+ > 0}, > 0, the measure
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(dX) is

k k
(@X) =27 F [ oM [] (02 — o) (H}dHy) A (P1dPy) A (dDy),
i=1 i<j
and
L { g, XeLy n);
I, Xelh (gl

Similarly, for symmetric matrices we have,

Theorem 3.3. Let V € R™X™ be a symmetric matriz and let W = VT,
then
1)
B
(dW) = [T x>0 (@v),
i=1
where V.= HiD\H/ is the nonsingular part of SD of V, with
H, € V@N, D, = diag()\l,...,)\g), ’)\1‘ > e 2 |)\5| > 0, the
measure (dV) is

B B
@v) =27 TT ™ P TT(Nl = A1) (HidHy) A (dDy),
i=1 i<j
and
m, Vor-VeS§S:;
5= I, Vor-VeSh(m,l);
T ) ¢ Vor-VeSi);
k, V or—VeSh(qk).
(2)

(e %) (¢5)]
(dW) _ H )\;Q(mfal/2fag+l) H 6;2(m7(a71)/2) (dV),
i=1 j=1

where a = a1 + ag, V. = HiDH) is the nonsingular part of SD
Of V, with Hy € V%N, D = diag()\l, ceey )‘0417 —01,..., _5(11);
AL > o> Aoy > 05 (01 > -0 > |day| > 0, the measure (dV) is
a1 a2 (o5} a2 aq,02
@v)=2T[rrTLom =TI = A0 T[]0 —a) [ xi+60)

i=1 r=1 i<j r<l ir

A(H}dH;)A(dD).
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and

m, V€ St(my,ma);
, V e Snil(ll,lg),‘

q, Ve Sﬁ(q7q17q2);
ka Ve S;E(q, kla k?);

and V € S,fl(ll,lg), l1 + 1o =1 < m denotes a nonsingular in-
definite matriz with repeated eigenvalues and V € Sf,i(q, ki, ks),
k1 4+ ko =k < g < m denotes a singular indefinite matriz with
repeated eigenvalues.

4. Conclusions

This work determines the Jacobians of the SVD and the SD under
multiplicity of the singular values and eigenvalues, respectively. For the
SD case, we compute the Jacobian for nonsingular and singular indefinite
matrices with and without repeated eigenvalues. Also, we calculate the
Jacobians for a general matrix and its Moore-Penrose inverse, and for
a symmetric matrix with all its variants (nonpositive, nonnegative and
indefinite). In every case we specify the measures of Hausdorff which
support the Jacobian computations. We highlight that the results of
the paper is the foundations of an explored problem in literature: the
test criteria in MANOVA when there exist multiplicities in: the matrix
of sum of squares and sum of products, due to the hypothesis Sg; the
matrix of sum of square and sum of products, due to the error Sg; the
matrices SySL'; (S + Sk)~'Su; see [3].
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