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Zusammenfassung

In der Versicherungsmathematik und bei der Modellierung von Kreditrisiken wird
oft von Poisson-verteilten Schadensanzahlen mit gammaverteilten Intensitidten
ausgegangen, da derartige Modelle Uberdispersion zulassen. Diese Diplomarbeit
befasst sich mit der Moglichkeit, diesen Vektor von Poissonintensitdten mithilfe
einer matrixwertigen Gammaverteilung zu modellieren.

Zunéchst fithren wir Wishart- und matrixwertige Gammaverteilungen, einschlief3-
lich ihrer degenerierten Varianten, ein und beweisen, dass erstere eine Teilmenge
von letzteren sind. Anschliefend definieren wir eine allgemeinere Version von
matrixwertigen Gammaverteilungen, die auch singulire Wishart-Verteilungen
einschliefit, und beweisen einige grundlegende Eigenschaften dieser Verteilungs-
familie. Dabei leiten wir auch matrixwertige Versionen von Exponentialverteilun-
gen her, von denen wir zeigen, dass sie gedéchtnislos beziiglich einer geeigneten
Halbordnung sind.

Weiterfithrend fithren wir zunéchst Poisson-Mischmodelle im Allgemeinen ein,
um dann Matriz-Gamma Poisson-Mischmodelle vorzustellen. Diese haben den
Vorteil, dass damit komplexere Abhéangigkeitsstrukturen modelliert werden
konnen, wihrend die eindimensionalen Verteilungen noch immer negative Bi-
nomialverteilungen sind. Dieser Vorteil geht jedoch mit dem Nachteil einher,
dass im hier beschriebenen Stand der Matrix-Gamma Poisson-Mischmodelle
nur nicht-negative Korrelationen zwischen den Ausfallzahlen modelliert werden
konnen. Wir diskutieren einige Eigenschaften dieser neuen Modellklasse und
legen dabei einen besonderen Schwerpunkt auf wahrscheinlichkeitserzeugende
Funktionen und den Bereich der moglichen Abhéngigkeitsstrukturen. Abschlie-
Bend leiten wir im Rahmen der Matrix-Gamma Poisson-Mischmodelle einige
bedingte Verteilungen her, die sich fiir Versicherungs- und Kreditrisikomodelle
als niitzlich erweisen konnten.

Schlagworte: Matrixwertige Gammaverteilung, Wishart-Verteilung, Kredit-
risikomodellierung, Versicherungsmathematik, Poisson-Mischmodelle.
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Abstract

In the fields of actuarial science and credit risk modeling, the claim number is
often assumed to have a multivariate Poisson distribution, where the random
intensities follow gamma distributions, allowing for overdispersion. We propose
to model this vector of random Poisson intensities in terms of a matrix-valued
gamma distribution, leading to the formulation of matriz-gamma multivariate
Poisson mixture models.

This thesis starts with discussing Wishart and matrix-valued gamma distribu-
tions, including their degenerate variants. After proving that the former are a
subset of the latter via characteristic functions, we define general matrix-valued
gamma distributions, which include the subclass of singular Wishart distribu-
tions, and explore and derive properties of this distribution family. This also
includes deriving matrix-valued versions of exponential distributions, which we
prove to be memoryless w.r.t. an appropriate partial order.

Moreover, we introduce Poisson mixture models in general before defining and
discussing matrix-gamma multivariate Poisson mixture models. These models
possess the advantage of capturing more sophisticated dependency structures
among default numbers as compared to existing models, while preserving the
property that each individual default number follows a negative binomial distri-
bution. However, this advantage comes with the trade-off that only non-negative
correlations between the default numbers can be modelled in the current state of
the framework. We discuss and illustrate multiple properties of this new model,
with particular emphasis given to the probability-generating functions and the
range of dependency structures that can be effectively represented within this
framework. Finally, we derive conditional distributions within the context of
matrix-gamma multivariate Poisson mixture models, which could prove valuable
for the application of this model in insurance or credit claim modeling scenarios.

Keywords: Matrix-valued gamma distribution, Wishart distribution, Credit
risk modelling, Insurance mathematics, Poisson mixture distribution.

Mathematics Subject Classification (MSC2020): 60B20 (primary), 62H30,
91G05, 91G40 (secondary)
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1. Introduction

In the realm of insurance mathematics and credit risk modeling, it is popular to model claim
counts with Poisson mixture models due to their ability to flexibly capture heterogeneity in
claim frequencies. In particular, the mixture distribution is often chosen to be a gamma
distribution because it is well-suited for accounting for overdispersion, a common feature
in claim count data. Additionally, the unconditional distribution of N is then given by a
negative binomial distribution.

Extending this to a multivariate Poisson mixture model enables the simultaneous modeling
of multiple claim counts depending on distinct, possibly interconnected, Poisson intensities.
Previous works, such as [29, Theorem 7.39], have shown that this vector of Poisson intensities
can be modeled to have any given covariance structure by using linear combinations of
independent gamma distributed risk factors.

This thesis explores the possibility to use a matrix-valued gamma distribution, see
Definition 3.24, to derive the vector of Poisson intensities for a (multivariate) Poisson
mixture model. For a random matrix Y following a matrix-valued gamma distribution,
the random variable (v, Yv), where v € RP, follows a one-dimensional gamma distribution,
as will be proven in Corollary 3.39. We utilize this property to define a matriz-gamma
(multivariate) Poisson mixture model, where the Poisson intensities are derived from one
common matrix-gamma distributed Y, potentially with different vectors vy, ve,...,v,, to
extract one-dimensional gamma distributions. This approach provides us with the possibility
to model more sophisticated dependency structures among both the Poisson intensities and
the modeled default numbers.

Figure 1.1 illustrates the difference between a matrix-gamma Poisson mixture model
and a pair of negative binomial random variables, whose dependency is induced by adding
independent negative binomial random variables.

(a) Matriz-gamma Poisson mizture model (b) Sum of independent NegBin r.v.

Figure 1.1. Joint probability mass function of dependent r.v. (N1, N3) in different models
with the same marginal distributions and correlation, elaborated in Remark 4.534.
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2 CHAPTER 1. INTRODUCTION

In both graphs the joint probability mass function of a pair of default numbers (N7, No)
with the same negative binomial marginal distributions and the same correlation 5/6 is
depicted; refer to Remark 4.34 for detailed information on the exact parameters.

We observe that a matrix-valued Poisson mixture model is able to model a high correlation
more smoothly than the other model, where the “artificially” induced correlation results in
a high probability mass concentration on the diagonal of the graph, where N; = N.

The difference of the graphs illustrates how matrix-gamma Poisson mixture models
could be useful to model correlated default numbers with a smooth dependency structure.
Another advantage is that within this model, all default numbers still follow a negative
binomial distribution with different scale parameters p, which cannot be achieved by adding
independent gamma random variables; see Remark 4.34 for further details. Furthermore,
independent claim counts in a matrix-gamma Poisson mixture model can be easily modelled
and detected, as their independence is equivalent to the corresponding Poisson intensities
having zero correlation, which again can be traced back to a simple condition on the
corresponding vectors and the parameters of the matrix-gamma distribution; refer to
Theorem 4.36 for an elaboration of this property. However, it must be noted that the main
limitation of matrix-gamma Poisson mixture models, as far as explored in this thesis, is
that it can only model default numbers with non-negative correlation; see Lemma 4.33.
Moreover, the resulting marginal negative binomial distributions must all have the identical
shape parameter «, as opposed to their flexibility in the second parameter p.

The thesis is organized as follows: Chapter 2 lays the groundwork by introducing several
essential tools for working with matrix-valued gamma distributions, including Definition 2.36
of the multi-dimensional gamma function and the essential Theorem 2.37. In Chapter 3,
we begin with the introduction of Wishart distributions, followed by an exploration of
matrix-valued gamma distributions as a generalization of the former, with both distribu-
tions extended to their degenerate cases; see Definitions 3.8, 3.24 and 3.34. Subsequent
sections analyze various properties of matrix-valued gamma distributions, in particular their
characteristic functions in Corollary 3.35, scaling properties in Corollary 3.39, and their
distributions under biased probability measures in Theorem 3.64. Additionally, we derive the
subclass of matrix-valued exponential distributions, which we prove to be memoryless w.r.t.
the Loewner partial order; see Definition 2.10, Lemma 3.49. In Section 4.1 of Chapter 4, we
discuss Poisson Mixture models generally before introducing matrix-gamma Poisson mixture
models in Section 4.2 and the multivariate version in Section 4.3. There, we also derive
several essential properties of these models, most importantly the probability-generating
function in Theorem 4.20 and its alternative form given by Lemma 4.22; expectations
and covariances in Lemma 4.33, and conditions on independence within the model in
Theorem 4.36. Finally, Section 4.4 presents results on conditioning on observations within
matrix-gamma (multivariate) Poisson mixture models.
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2. Preliminaries

This chapter will introduce a variety of tools necessary to define and work with the matrix-
valued gamma distribution in the following chapters. This includes several basic properties
of matrices, in particular of positive definite matrices, as well as the definition of the
multi-dimensional gamma function.

For this thesis, let K denote either the field R of real or the field C of complex numbers.
Furthermore, for every p € N the p x p-dimensional identity matrix is denoted by I,,. For
further conventions, abbreviations, symbols and notation, see Conventions.

2.1. Matrix Algebra and the Weinstein—Aronszajn ldentity

This section demonstrates a few basic properties of matrices that will be needed for
subsequent statements and proofs. Some are stated more generally for commutative rings
(with one), which include fields and K in particular. We start with a property of the trace.

Lemma 2.1 (Cyclic permutation of matrices inside the trace). Let R denote a commutative
ring. For p,q € N, let A € RP*? and B € RT*P be two matrices. Then

tr(AB) = tr(BA). (2.1)

Proof. For A, B of the given dimensions

P P q qg p
tr(AB) = > (AB)mm = > > Gmnbum = Y Y bumtmn = tr(BA),
m=1 m=1n=1 n=1m=1
where we use the definition of the trace of a matrix. O

Lemma 2.2 (Representation of a determinant as a product of determinants, see [17, Eq.
(0.8.5.1)]). Let R denote a commutative ring with one. For p € N and A € RP*P let
a CA{l,...,p} be a non-empty index set such that Ala], defined as the |a| X |a|-dimensional
submatriz of A containing all rows and columns with index in «, is invertible. Then, with

a={1,...,p}\ a,
det A = det(A[a]) det(A[ac] — AlaS, a]Ala] ' Ala, %),

where A[SB,~] is defined as the |B| x |y|-dimensional submatriz of A containing all rows with
index in [ and columns with index in v for all non-empty 5,v C {1,...,p}.

Proof. For every non-empty o C {1,...,p} there exists a permutation matrix P, € RP*P
such that ] [ |
Ala Ala, af
T _ ’
FodFy = (A[ac, o] Afaf] )
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4 CHAPTER 2. PRELIMINARIES

As every permutation matrix is orthogonal, i.e. PaT =P
det P, det P} = det P, det P,' = det(P,P, ") = det(I,) = 1,

where we use the multiplicativity of the determinant. Therefore,

det A = det(P,AP]) = det < Aiy[ca ]a] AAOE&?]C]> .

Note that

dot <A[a]_1 —Ala] ' Ala,

=de o] ™) = (det Ala]) ™! .
0 I >—d 6(Ala] ™) = (det Ala]) (2.2)

as the first matrix is an upper triangular block matrix! and as A[a] invertible is equivalent
to det A[a] having a multiplicative inverse element. Therefore,

o Ala]  Ala,af]
et (st i) )
@detA([a])det( Ale] A[O"O‘C]) det (A[Oa]_l ‘A[O‘}_llAl[o‘vacg
= det(A[a]) de L 0
= det(4lal)d t(A[ac,a]A[a]_l A[ac]—A[ac,a]A[a]_lA[a,ac])’

=det(A[ac]—Alac,a]Ala] 1 Ala,ac])

where multiplicativity of the determinant as well as the fact, that the last matrix is a lower
triangular block matrix, is used. O

Lemma 2.3 (Weinstein—Aronszajn identity, see [26, Appendix B.1]). Let R denote a
commutative ring with one. For p,q € N and matrices A € RP*? and B € RY*P,

det(I, + AB) = det(I, + BA).

Proof. Since I, and I, are self-inverse,

det(I, + AB) = det(I,) det(I, — (—A)I, ' B) = det <f§ _IA)
q

= det(I,) det(I, — BI, ' (—A)) = det(I, + BA),

where Lemma 2.2 is used for the second and third equality with o = {p+1,...,p+ ¢} and
a={1,...,p}, respectively. Ol

! The fact the the determinant of a upper (lower) block diagonal matrix is given by the product of the
determinants of the blocks can e.g. be seen using the Leibniz formula.
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2.2. POSITIVE DEFINITE MATRICES AND CHOLESKY DECOMPOSITIONS 5

Lemma 2.4 (Cauchy-Binet formula, see [1, Theorem 2.34]). Let R denote a commutative
ring with one. For p,q € N with p > q let A € R?*P and B € RP*Y be two matrices. Then
the determinant of their product is given by

det(AB)= > det(Aq, g,)det(Bs i, q);

where Agy . qy,5 denotes the g X q matriz, whose columns are all columns of A with their
index in S. The matriz Bg (1 g4 s defined analogously to be the q X q matriz, whose rows
are all rows of B with their index in S.

The following theorem as well as its proof can be found in [17, Theorem 2.5.3, Theorem
2.5.6].

Theorem 2.5 (Unitary decomposition of Hermitian matrices). For p € N, let A € KP*P be
a Hermitian matriz. Then there exists a unitary matriz® S € KPXP, which is an invertible
matriz satisfying SH = S71, and a diagonal matriz D = diag(\1, ..., Ap) with A1,..., A\, € R
such that

A=SDsH.
Furthermore, the diagonal entries of D are the eigenvalues of A (with their corresponding
multiplicities) and the columns of S are the corresponding normalized eigenvectors. Hence,

rk(D) = rk(A).

Remark 2.6 (Unitary decompositions of Hermitian matrices are not unique). Note that the
decomposition given in Theorem 2.5 is never unique for the Hermitian matrix A € KP*P.
Take a decomposition A = SDSH with D a diagonal matrix of eigenvalues and S unitary.
Even if all of the entries of D are pairwise different, every matrix S which is equal to S
with only the sign changed for some of the columns also satisfies A = SDS™.

2.2. Positive Definite Matrices and their Cholesky Decomposition

In this section we recall the notion of positive (semi-)definite matrices along with several
basic properties before stating and proving the Cholesky decomposition, see Theorem 2.12
below, which will be used to parameterize the submanifold of positive definite matrices in
the subsequent sections. In particular this will enable us to be able to integrate over the set
of positive definite matrices, which, in turn, will be used to define the multi-dimensional

gamma function.
Definition 2.7 (Definite matrices). For p € N a Hermitian matrix A € KP*? is called
(i) positive definite if 2" Az > 0 for all 2 € KP\ {0},
(ii) positive semi-definite if "9 Az > 0 for all z € KP,
(iii) negative definite if 21 Az < 0 for all z € K? \ {0},
)

(iv) negative semi-definite if 2" Az < 0 for all 2 € KP.

2In the real case the matrix S here is called an orthogonal matrix, which is an invertible matrix satisfying

ST =51
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6 CHAPTER 2. PRELIMINARIES

Lemma 2.8 (Properties of positive (semi-)definite matrices). For every p € N, the following
statements about positive (semi-)definite matrices in KP*P hold.

(i) The set of all p x p-dimensional positive definite matrices is a convex cone, i.e. it is
closed under addition and multiplication with positive® scalars.

(ii) The set of all p x p-dimensional positive semi-definite matrices is a convex cone, that
1s also closed under multiplication with non-negative scalars.

(iii) The sum of a positive definite and a positive semi-definite matriz of the same size is
positive definite.

(iv) For a positive semi-definite matriz A € KP*P and x € KP, the product zM Az = 0 if
and only if Az = 0.

(v) A positive semi-definite matriz is positive definite if and only if it has full rank.
(vi) The inverse of a positive definite matriz is positive definite.

(vit) A Hermitian matriz A € KP*P is positive definite if and only if there exists a real
0 > 0 such that
Az > 6, z e KP with ||z = 1, (2.3)

where || - ||2 refers to the FEuclidian norm.

Proof. Ttem (i): Let @ > 0 and 8 > 0 be two scalars and let A, B € KP*P be two positive
definite matrices. Then

(A + B = aA" + 8B" = a4 + 8B

and the calculation 2" (aA + B) x = a(a" Az) + B(z"Bz) > 0 holds for all x € KP \ {0}.
Hence, aA + 8B is a positive definite matrix as well.

Item (ii): The proof can be done in analogously to Item (i), where o and (8 only have to
be greater or equal than zero.

Item (iii): Let A € KP*P be a positive definite matrix and let B € KP*P be a positive
semi-definite matrix. Then A + B is Hermitian as well and for all z € K \ {0}

H __H H
x (A+B)xfa:>/01:1: + x>fx>0.

Item (iv): For the non-trivial implication take # € K? with 27 Az = 0. Then, as A is
positive semi-definite, for all A € R the equality

0< (\z+ Ax)M ANz + Az) = X2 M Az +2)(Ax)H Az + (Ax)H AAz = 20| Az|2 + C
0 Y
= =C>0

must hold, with || - |2 referring to the Euclidean norm, which can only be fulfilled if
|Az||2 = 0, implying Az = 0.

31n this thesis positive refers to x € R satisfying © > 0, whereas non-negative is written for z € R
fulfilling > 0. The set of all real positive numbers is denoted by R*, which means 0 ¢ R™.
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2.2. POSITIVE DEFINITE MATRICES AND CHOLESKY DECOMPOSITIONS 7

Item (v): This follows from combining Item (iv) with the fact that a matrix A € KP*P is
of full rank if and only if Az # 0 for all z € K? \ {0}.

Item (vi): Let A € KP*P be a positive definite matrix. Since A is of full rank due to
Item (v), its inverse A~! exists and is Hermitian as

—1 _ qH -1 —1\H 41 —1\H gH 41 —1\H 4 41 —1\H
AT =1JAT = (AAT)"AT = (A)TATAT = (AT)TAAT = (AT)T,
where we use that A is Hermitian. For every z € KP \ {0},
aMA e = (A4 )M A e = (A )P AR (A1) > 0

as A = AM is positive definite, thus proving that A~! is positive definite.

Item (vii): For the first implication, fix a positive definite A € KP*P. As the map
KP 5 z — 2" Az € R is continuous and the set of all z € KP with Euclidian norm equal
to one is compact, the extreme value theorem tells us that the infimum (supremum) of
this function over the compact domain is attained and equal to the minimum (maximum).
Hence, there exists a real § satisfying

min 2" Az = 6.
reKP
[|z][2=1

Since A is positive definite, § > 0 and Eq. (2.3) is satisfied for this §.
Conversely, assume that for a Hermitian A € KP*P Eq. (2.3) holds. Every y € KP \ {0}
can be written as y := ax with a == ||y|2 € R" and = = y/||y||2 € KP. Hence,

YAy = 22 Az > o6 > 0. O

The following lemma provides a characterization of positive definite matrices and can be
found in [17] along with its proof.

Lemma 2.9 (Sylvester’s criterion, see [17, Corollary 7.1.5, Theorem 7.2.5]). For p € N, let
A € KP*P be a Hermitian matriz. Then A is positive definite if and only if all of its leading
(or trailing) principal minors are positive.

Using the definition of positive (semi-)definite matrices, we can define a partial order on
the set of quadratic p x p-dimensional matrices for every p € N.

Definition 2.10 (Loewner order). For p € N, let A, B € KP*P be two quadratic matrices.
Then A is defined to be smaller or equal then B in the Loewner order if B — A is a positive
semi-definite matrix. We use the notation A <; B. In an analogue way, A <; B if B— A
is positive definite.*

4 Note that this relation between <r and <y, is not the usual relation between < and < for a partial
order, i.e. x < y if and only if z <y and x # y.
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8 CHAPTER 2. PRELIMINARIES

Lemma 2.11 (The Loewner order is a partial order). For every p € N the Loewner order
giwen in Definition 2.10 is a partial order on KP*P,

Proof. This lemma is proven by showing that the defined relation is reflexive, anti-symmetric
and transitive. Fix any matrices A, B,C € KP*P,

Since A — A = 0 and the zero matrix is positive semi-definite, A <j A is proved.

If A, B satisfy A <; B and B <, A, then both B— A and A— B = —(B — A) are positive

semi-definite matrices. Hence, for all x € KP,
dM(B—-A)z>0 and —a2"(B-A)z>0,

implying 2™(B — A)z = 0. Using Item (iv) from Lemma 2.8, (B — A)z = 0 for all x € K?,
which can only be satisfied for B — A being the zero matrix. Hence, A = B.

For transitivity, assume A <j, B and B <y, C. Due to Item (ii) of Lemma 2.8, C' — A =
(C — B) + (B — A) is positive semi-definite and therefore A <j C. O

One very convenient property of positive definite matrices is that every one of them can
be represented by their Cholesky decomposition, characterized by a corresponding unique
triangular matrix.

Theorem 2.12 (Cholesky decomposition of positive definite matrices, see [24, Theorem
6.23]). A matriz A € KP*P is positive definite if and only if there exists a lower triangular
matriz T € KP*P | where the diagonal entries are real and positive, such that TTH = A. For
each positive definite A, this matriz T is unique.

Proof. First, we want to prove the implication, that for all lower triangular T € KP*P with
real and positive diagonal entries, A := T'TH is positive definite. It can be seen that A must
be Hermitian as

AN = (rrtH = (MR R —7H = A

Considering that T has full rank,
e Az = 2HTTHe = 29T )2 > 0, 2 e KP\ {0},

where || - [|2 is the Euclidean norm.
For the other implication, the proof is done via induction over the dimension p € N.
For p = 1, the matrix A must be equal to a positive real . The matrix T must also be
equal to a positive real ¢ that fulfills > = a. Hence, T' = (y/a) is the unique solution.
Now for p € N, p > 2, suppose there exists a Cholesky decomposition for all (p—1)x (p — 1)-
dimensional positive definite matrices and let A € KP*P be a positive definite matrix. Since
A is Hermitian, it can be written as

where A,_; € KP-Dx(p-1) ig Hermitian, a € KP~! and o € R. Due to Lemma 2.9, Ap—1
must be positive definite.
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2.2. POSITIVE DEFINITE MATRICES AND CHOLESKY DECOMPOSITIONS 9

Suppose there exists a p x p-dimensional lower triangular matrix 7" with real positive
entries on the diagonal that fulfills 77" = A. Then T can be written as

[Ty 0O
= (% 9),

where T),_1 € K®P=Dx#=1) ig g lower triangular matrix with real positive entries on the
diagonal, t € KP~! and 6 € R*. In order for TT" to be equal to A, the equality

h (T O\ (TH, t\ _ (T}, Toat \ 1 (Apr a) _
T _<tH 0 0 0) (T tHt+0?)  \a" « =4

must hold. Since A,_1 is positive definite, there exists a unique Cholesky decomposition of
Ap1 = Tp,lTpH_l, where T),_; is a lower triangular matrix with real positive entries on the
diagonal. Now we are left to prove that the two equalities

Tyat=a, tt+6*=a

have unique solutions ¢t € KP~! and # € R*. Since T,—1 is of full rank, the first equation
has the unique solution ¢ := T p__lla. We can rewrite the equation for 6 as

02 =a—tht=a— (Tp_fla)H Tp_fla =a— aHAgjla
AL\ A, @)\ (—ATNa
— p—1 p—1 p—1
—_—

since A is positive definite. Hence the unique solution is 6 :== va — tHt € RT. O

Remark 2.13 (Cholesky decomposition of positive semi-definite matrices, see [17, Corollary
7.2.9]). The positive semi-definite matrices can also be represented by a Cholesky decompo-
sition in a slightly altered form: A matrix A € KP*P is positive semi-definite if and only if
there exists a lower triangular matrix 7" € KP*P| where the diagonal entries are real and
non-negative, such that 77" = A. Such a Cholesky decomposition is not necessarily unique
for positive semi-definite matrices as for the example

0 0
=)
00 0 0 0 0
Tl_ (0 1>7 TQ_ <_1 0)7 T3_ <1 0)7

can be used for a Cholesky decomposition of A.

all of the matrices
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10 CHAPTER 2. PRELIMINARIES

Let us point out that the argumentation used in the proof of Theorem 2.12 also leads to
the following lemma.

Lemma 2.14 (Mapping positive definite matrices to their Cholesky decompositions is
bicontinuous). For p € N let ']I‘]E denote the set of all lower triangular matrices in KP*P
with positive diagonal entries. Then the function ¢ that maps every T € T]E to the positive
definite matriz TTH € KP*P is a homeomorphism?® between ']I‘];I)< and the set of positive
definite matrices in KP*P where both sets are equipped with the topology induced by a matrix
norm on KP*P,

Proof. The function ¢ is continuous as multiplying and transposing matrices are continuous
operations. It is bijective as a map from ’]I‘}]I,f to the set of positive definite matrices in KP*P
due to the uniqueness of the Cholesky decomposition of positive definite matrices shown in
Theorem 2.12.

For every positive definite A € KP*P the induction over the dimension p € N used in
the proof of Theorem 2.12 can be used to find the unique lower triangular matrix 7" € T%If
satisfying TTH = A. We are going to prove by the same induction that ¢! is continuous.

For p = 1, the now real T is given by v/A where A € RT in this case. As the function

Rt — RT
x =

is continuous, this operation is continuous.
For p € N with p > 2, assume ¢! is continuous for dimension p — 1. Due to the proof of
Theorem 2.12, we can represent A and T' by

A= <A;H1 Z) , T = <1%H1 g) , Ap—lan—l c K(P—l)x(p—l); a,t e Kp—l; a,9 c R+,

where T}, 1T, prl is the unique Cholesky decomposition of A;,_1 from the induction hypothesis,

t = Tp__lla and § = Vo — tHt. Due to the induction hypothesis, the function that maps
Ap—1 to Tp_1 is continuous. Inversions of matrices of full rank are continuous as well, since

the inequality
JA™ = BV = |A7Y(B - B < A IB - B~

holds for all invertible A, B of the same dimensions, where || - || stands for a matrix
norm, which is a submultiplicative norm, on K®-1*®=1)  Together with the fact that
matrix multiplications are continuous, (7—1,a) — Tp:lla =t is continuous. Last, («a,t) —
Vo — tHt = 0 is continuous as composition of continuous functions and as a — tHt € RT,
as discussed in the end of the proof of Theorem 2.12. The extraction of submatrices is
continuous as well. Therefore, ¢! is continuous for dimension p. O

5 A homeomorphism is a function f: X — Y, where X,Y are topological spaces, that is bijective,
continuous and where the inverse function f~! is continuous as well.
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2.3. INTEGRATION OVER THE POSITIVE DEFINITE MATRICES 11

The next lemma, which can be found in [17] along with its proof, states another convenient
fact about positive (semi-)definite matrices.

Lemma 2.15 (The matrix square root of positive (semi-)definite matrices, see [17, Theorem
7.2.6]). Forp € N, let A € KP*P be a positive semi-definite matriz. Then there exists a
unique positive semi-definite VA € KP*P such that VAVA = A. In case that A is positive
definite, the matriz square root \/A is positive definite as well.

2.3. Integration over the Submanifold
of Positive Definite Matrices

For simplifying the notation in the following, let S} denote the set of all real positive definite
p X p matrices for p € N. Using the Loewner partial order given in Definition 2.10, S} can
be defined as

S§ = {A € RP*P | A > 0}.

Note that S; = R*. The definition of the multi-dimensional gamma function denoted by
I'p(+), that will be introduced in Section 2.5 below, uses an integral over S;. This section
discusses the concept of this form of integration as used in this thesis.

As the first step we need to show that S} is a submanifold of RPP = RP*P.

Definition 2.16 (Submanifold of R™, see [10, Section 14, Satz 4]). For k < n in N a set
M C R"™ is called a k-dimensional submanifold of R" if for every point a € M there exists
an open neighbourhood V' C M w.r.t. the relative topology® on M, an open set T C RF
and a C'-immersion” v: T — R™, that is a homeomorphism from 7" to V.

The following matrix inner product and corresponding norm will be useful for applying
this concept of a submanifold to matrices.

Remark 2.17 (The Frobenius inner product and the Frobenius norm, see [28, Definition
13.9]). For p,q € N and matrices A, B € KP*? the Frobenius inner product is given by

P P q
(A, B)p =tr(AB") =Y (AB");; = > ) " Ai;Bj;.
i=1 i=1 j=1
The corresponding Frobenius matrix norm for A € KP*? is given by

P g 1/2
4l = VA = (331452

i=1 j=1

SFor M C R™ and V C R™ the set V N M is defined to be open w.r.t. the relative topology on M if V is
an open set in R".

"For k,n € N and an open set T C R* a continuously differentiable function v: T — R™ is called
C'-immersion if the rank of the Jacobi matrix dv is equal to k for all t € T..
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12 CHAPTER 2. PRELIMINARIES

Remark 2.18. (Vectorization of matrices, see [13, Definition 1.2.7]) Several concepts and
theorems in this thesis, like the submanifolds introduced in Definition 2.16, are defined
for subsets of R™ for n € N. To formally use these concepts with matrices, we define
vectorization functions. Fix any p,q € N. For every A € KP*? the vectorized version is
given by
Al
AQ
vec(A) = | . | € K, (2.4)

A4
where A7 € KP is the j-th column vector of A for all j € {1,...,¢}. This function is a
linear bijection between KP*? and KP9. It is even an isomorphism of Hilbert spaces when

equipping KP*? with the Frobenius inner product given in Remark 2.17 and KP? with the
standard inner product (-,-), i.e.

(A, B)p = tr(AB") = ") " A;;B; = (vec(A), vece(B)), (2.5)

i=1 j=1

where the first equality follows from the definition of the Frobenius inner product given
above in Remark 2.17.
Similarly, for every lower triangular (or symmetric) matrix A € KP*P we define the partial

vectorization .
A
A? (p+1)
veep(A) = | . [ e KT, (2.6)
AP
where A7 = (ajj,...,apj)T € KP=7+! for j € {1,...,p}, are the columns of the matrix

restricted to on and below the diagonal. The function vecp(+) is a bijection when seen as a
function from the set of lower triangular matrices in KP*? to KP(?+1)/2. When seen as a
function from the set of symmetric matrices in KP*? to KP(P+1)/2 it is also bijective.

Remark 2.19 (Introduction of S;) For p € N, let ¢ be the map that translates the positive
definite, hence symmetric, matrices seen as their lower triangular version, denoted by S,
to the subset S of RPP = RP*P,

~ p(p+1)
St Cc R™ = Si C RPP & RPXP
ail ai;p a1 - ct Qpl
Y= a1 a2 a1 Gz a3 - ap2 | (2.7)
. .
apl DY app apl PEEEEY app

The lower triangular matrix in the domain is understood as an element of g;f via the
isomorphism vecp(+) discussed in Remark 2.18 and will be denoted by A®. So A € S} if
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2.3. INTEGRATION OVER THE POSITIVE DEFINITE MATRICES 13

and only if ¢(AA) € S;. This map 1 is a homeomorphism from S; to S as it is bijective
and the restriction of a linear map between the finite-dimensional vector spaces RP(P+1)/2
and RPP = RPXP,

Lemma 2.20 (S;“ is an open set). For p € N, let T, denote the set of all lower triangular
matrices in RP*P with positive diagonal entries,

T, = {T € R”*? | t11,...,tp, € RT and t;; =0 for all i < j in {1,...,p}}.
and let Tp be its vectorized version
T, = vecp(T,). (2.8)
Then both T, and the set S} are open subsets of RP(PHD/2,
Proof. Using Eq. (2.6) and Eq. (2.8)

vecp(Tp) = RT x RPH x RT x RP72 x ... x RY,

which is an open subset of RP(P+1)/2,
To see that S is an open set, recall that ¢ given in Eq. (2.7) is bijective, and by Item (vii)
of Lemma 2.8, A2 € RP®P+1/2 jg in Sy if and only if there exists a 6 > 0 such that

2TY(A%)e > 5, @ € RP with |2y = 1,

where | - |2 is the Euclidian norm. Fix A% € S;f. The function ¢ given in Eq. (2.7) can
be extended to a linear map from RPP+1)/2 to RPP with the same definition. Then every
vector B® € RPPHD/2 with ||A® — B2||y < 6/2 satisfies

T p(B® — A%)x| < ||zl l9]] | B> — A% |2llx]l2 < 6, = € RP with [z = 1,
<2

for all z € RP with ||z|s = 1, where ||¢)| is the operator norm of ¢: RP(P+D/2 s RPP and
the domain and the range are equipped with the respective Euclidian norm. Hence,

T h(B)x = 2" p(BS — A®) x4 2 Tp(A%)z > 6 + 6 = 0.
As this inequality holds for all x € RP with ||z|l2 = 1, it also holds for all x € RP\ {0}. O

Remark 2.21 (S} is a submanifold of RP? = RP*P). For p € N, let ¢ be the homeomorphism
between SIJ{ and S} given in Eq. (2.7). As 1) maps lower triangular matrices seen as elements
of RP(P1)/2 to the same matrix with additional elements above the diagonal, the Jacobi
matrix of ¢ has rank p(p + 1)/2. Hence, using Definition 2.16 and the fact that S; is an

open set in RPPT1)/2 due to Lemma 2.20, S} is a p(p + 1)/2-dimensional submanifold of
RPP = RPXP,
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14 CHAPTER 2. PRELIMINARIES

Remark 2.22 (Integration on submanifolds of R", see [10, Section 14]). For k,n € N let M
be a k-dimensional submanifold of R™. Then a C'-immersion and homeomorphism

0T =V CM,

where T is an open subset of R¥ and V is open w.r.t. the relative topology on M, is called
chart. The Gramian determinant g(t) corresponding to v = (¢1,...,%¢y) is defined as the
determinant of the matrix G(t) = (g”(t))f j—1, where each entry is given by

gy (1) = <‘9gt(;), 8§t(]?)> = aqg;ft) . 8%“, teTandije{l,.. k). (29

A function f: M — R, that fulfills f] my =0 for a given chart ¢: T — V is called integrable
over the submanifold M if the function

Tt f(e(1)Va(t)

is integrable over T w.r.t. the Lebesgue-Borel measure A¥ on R¥ restricted to 7. In this
case the integral is defined to be

/ f() da = / £ () v/g(8) Ne(dt).
M T

This definition does not depend on the choice of the chart ¢ as shown in [10, Secton 14, p.
168]. This form of integration can be generalized, relaxing the condition f| amy =0 for a
single chart ¢: T'— V', by using a partition of unity. As this will not be required for the
submanifold S;}, it will not be discussed further in this thesis and the interested reader
might consult [10, Secton 14, p. 168].

Remark 2.23 (Integration over S, the set of real positive definite matrices). This remark
describes how for f: S — K, satisfying certain integrability conditions, an integral

/S; f(A)dA

over the submanifold Sjf can be transformed to a Lebesgue-Borel integral.

First, let f take values in the real numbers. As described in Remark 2.22, we integrate over
the p(p + 1)/2-dimensional submanifold S} of RP? using a chart. For further calculations
we use the chart ¢ defined in Eq. (2.7). We refer to elements of the domain Sj{ of 1 as A
and to those in the range S} as A. Note that the domain S; is an open subset of RP(PH1)/2)
see Lemma 2.20. As the range of this chart is the entire submanifold S}, the basic criterion
fI my =0, discussed in Remark 2.22, for integrating a function f over a submanifold M,
is always fulfilled. Therefore,

FlAyaA= [ F(u(A%))/g(A%) A5 (@A%), (2.10)
S SF
for all f: S — R, for which the integral on the right side is well-defined, with g(A®) referring
to the Gramian determinant of the chart ¢ and A?Pt1)/2 being the p(p + 1)/2-dimensional
Lebesgue—Borel measure.
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2.3. INTEGRATION OVER THE POSITIVE DEFINITE MATRICES 15

The next step is to determine the Gramian determinant of this chart 1. According to
Remark 2.22, we start by taking the partial derivatives of the components of the chart. For
A® €S andi,j € {1,...,p},

Dij(A%) = 1z a0 + Licjyajis

where a,,, refers to the entry of A® for all m,n in {1,...,p} with m > n. Hence, for all
iyj, k,le{l,...,p} with k > 1,
Oy (A”)

aakl = 1{12]}1{l=k,j:l} + 1{1<]}1{7«:l,j=k}

For the entries in the matrix G(A%), given in Eq. (2.9), we calculate for & > [ in {1,...,p}
and m>nin {1,...,p}

1 ifk=1l=m=n,
=¢2 ifk=m>Il=n, (211)
0

otherwise,

8akl ’ 86Lmn 8akl 8amn

Op(AL) Op(A» P00 (AD) Oy (AD
<w< ) 9u( )>F Zw( ) 0vii(A%)

ij=1

where the Frobenius inner product is used instead of vectorizing 1(A%®) as described in
Eq. (2.5). To compute the determinant of the matrix G(A%), it is advantageous to vectorize
the entries of A” as described in Eq. (2.6) of Remark 2.18. As the Frobenius inner product
in Eq. (2.11) is only non-zero if (k,1) = (m,n), the matrix G(A%) is a diagonal matrix with
p times entry 1 and p(p + 1)/2 — p times entry 2 on the diagonal. Hence, the determinant
is equal to the product of the diagonal entries, resulting in

p(p—1)
2

g(A%) = det(G(A%)) =2

Inserting this into Eq. (2.10) results in

flAyaa =25 / F(A%) N5 (d42), (2.12)
S S

if f(1)(A%)) is integrable over S w.r.t. APHD/2,
Now for a f: S — C, we can split up the function into its real and imaginary part,

f=fi+ifa,

where fi, fo: S — R. Then the integral of f over S} is given by

FA)dA= | fi(A)dA+i [ fo(A)dA
S SF S

=25 [ At A @A) 12 [ p(e(a%) A @A),
S S
Hence, using the linearity of the integral, Eq. (2.12) holds for complex valued f as well,
if both its real part f(¢¥(A%)) and its imaginary part fo(¢(A%)) are integrable over S
P
w.r.t. APHD/2)
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16 CHAPTER 2. PRELIMINARIES

2.4. One-Dimensional Gamma Distributions
and their Characteristic Function

In this section one-dimensional gamma distributions will be introduced as well as their
characteristic function, as a corollary to Lemma 2.33 below. We will also discuss the special
case of x?-distributions, whose matrix-valued generalization, called Wishart distribution,
will be discussed in Section 3.1 of the next chapter.

First, we will show that the one-dimensional gamma function, which is needed for
the definition of the gamma distribution, is well defined, which is also a prerequisite to
demonstrate that the multi-dimensional gamma function is well-defined.

Remark 2.24 (One-dimensional gamma function). The one-dimensional gamma function is
given by

I'(«) ::/ t*te7tdt, z€C, Re(a)>058
0

As a first step to show that this integral is well-defined, we prove that it is finite for fixed
real @ > 0. Let n:= [a] +1 € N and using this let ¢y :== {/(2n)! € RT. Then all t > t,
satisfy the inequality ¢"/(2n)! > 1 and therefore

N n _ t?n .

<el, t>t,

ot < <gn—— =
- T 2n! (2n)! —

due to the power series definition of the exponential function. This can be rearranged to
, t>to. (2.13)

We split the integral into two parts at g,

to [e’¢)
INa) = / t* et dt +/ t*tet dt.
0 t

0

The first integral is finite as

to to t «
/ et dt < / gt gp = W0
0 0

(07

as et <1 for all t > 0. Due to Eq. (2.13) the second integral can be estimated by

/ t“letdtg/ —dt = — < o0.
to to t to

Hence, the gamma function is well-defined for real o > 0.
Now for o € C with = := Re(a) > 0, it is also well-defined as

|ta—1| _ |e(a—1)log(t)’ _ eRe((a—l)log(t)) _ e(:c—l)log(t) _ t:c—l’ t>0,

where log(-) denotes the natural logarithm on R™.

8 Note that the gamma function can be defined for all complex « except for zero and negative integers,
using the analytic continuation of the integral given here, see [18, p.219] for example.
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fr(y) 1a- — e=12.p=2
L2 o=1,p8=1

; —_—a=2,8=1/2
1.0%

i — a=5p8=1/5
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0 1 Y 2 3 4

Figure 2.1. Continuous probability density functions of one-dimensional gamma distributions
with different shape and scale parameters and the same expectation, see Eq. (2.15).

Definition 2.25 (One-dimensional gamma distributions). For a € RT an Rt-valued
random variable X with density

fx(r) = 2 te ™ xeR

is said to follow the standard one-dimensional gamma distribution with shape parameter a.
For g € ]Rar the Rar -valued random variable Y with stochastic representation

v L 5x (equality in distribution)

is said to follow the one-dimensional gamma distribution with shape parameter o and scale
parameter . This is denoted by ¥ ~ Gamma(c, ). We will also include the cases a = 0
by letting Gamma(0, 3) denote the degenerate distribution concentrated in zero.

There exists a more general version of one-dimensional gamma distributions, called
generalized gamma distribution, which additionally involves a power p € RT, which is equal
to one for normal gamma distributions.

Definition 2.26 (Generalized gamma distribution, see [28, Exercise 2.37]). For parameters

a,p € RT we say that an RT-valued random variable X with density

p ap—1 —aP +
r)=——z e, xelRT,
e =)
follows the standard generalized gamma distribution with shape parameter o and power p.
For g € RE{ the Rar -valued random variable Y with stochastic representation

v L 5x (equality in distribution)

is said to follow the generalized gamma distribution with shape parameter «, scale parameter
B and power p, denoted by Y ~ GenGamma(«, 3, p). Again, we include the case a = 0 by
letting GenGamma(0, 3) denote the degenerate distribution concentrated in zero.
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18 CHAPTER 2. PRELIMINARIES

Remark 2.27 (Density function of (generalized) gamma distributions). If 5 # 0, the
random variable Y given in Definition 3.34 via the stochastic representation Y 4 BX
with X ~ GenGamma(q, 1,p) has a continuous density function. For every Borel set

B € B(R"),
P[Y € B] = P|8X € B] = P[X € {b/8|b € B} = /
{v/BlbeB}

where the substitution R™ > y := Bz is used for the last equality. As this holds true for
every Borel set B € B(R"),

fx () de = /B Fx(v/B)B d,

ap—1
) = fx(y/8)8 = -2 (y) e wlor g

L)\ B
where we use the density function of X given in Definition 2.26. Hence,
_ p ap—1 ,—(y/B)P c Rt 2.14
fY(y) ,BapF(O[)y € ) ) ( : )

for Y ~ GenGamma(a, 5, p). By setting p = 1, we can derive the well-known continuous
density of the one-dimensional gamma distribution with shape parameter o and scale
parameter 3 to be

Fr(y) = m;m)yal e VB yeRT (2.15)

Definition 2.28 (x2-distribution). For n € Ny let Z1,...,Z, be i.d.d. random variables
following a standard normal distribution. Then a random variable

x<z24... 472

is said to be y?-distributed with n degrees of freedom, with the convention that the sum
over an empty set is equal to zero. This is denoted by X ~ x2.

Remark 2.29 (x2-distributions are a subclass of gamma distributions). For n € N a random
variable X ~ 2 follows the gamma distribution with shape parameter o = n/2 and scale
parameter S = 2. This is proven by the fact that the characteristic function determines the
distribution uniquely, see Remark 3.4 for a further discussion, and Corollaries 2.34 and 2.35
below.

Remark 2.30 (One-dimensional exponential distributions). Another subclass of the one-
dimensional gamma distributions is the family of exponential distributions. An ]Rar—valued
random variable Z is said to follow the exponential distribution with parameter 5 € Rar , if
Z ~ Gamma(1l, 5). Therefore, in case 5 > 0, a density of Z is given by

1
fz(z) = Be*'z/ﬁ, z € Rt
Exponential distributions have the powerful property of being memoryless, i.e. for all s,¢ > 0,
P[Z > s+t|Z > s] =P[Z > t].

In Lemma 3.49 below we will prove that matrix-valued exponential distributions, a subclass
of matrix-valued gamma distributions given in Definition 3.47, also possess a memorylessness
property using the Loewner order given in Definition 2.10.
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2.4. ONE-DIMENSIONAL GAMMA DISTRIBUTIONS 19

In order to look at the characteristic function of gamma distributions we need to define
complex logarithms.

Remark 2.31 (The complex logarithm and complex exponentiation, see [18, Section 4.3]).
The complex logarithms of a complex number z € C\ {0} are given by all w € C solving

e = Z.

This equation has infinitely many solutions as the functional equation of the exponential

function and .
Mk =1, kez, (2.16)

imply that for every complex logarithm w € C of z € C\ {0}, the complex number

W = w + 27ik for k € Z also satisfies e? = z. With the help of a polar form of z € C\ {0}
given by z = re? with # € R and r == |z| > 0 all complex logarithms of z are given by

log(r) +1i(0 + 27k), k€ Z,

where log(+) refers to the natural logarithm on R*. The principal value logarithm, which
extends the natural logarithm for z € RT, refers to the complex logarithm of z € C \ {0}
with imaginary part in the interval (—m, 7] and will be denoted by Log(-). Note that for
21, 29 € C\ {0}, which can be written as z; = r; €!% with r; == |z;| and §; € R for j € {1,2},
their product can be represented by

Z129 = 11719 61(01+02) .

The sum of the principal logarithms of z; and 29 satisfies

Log(z1) 4+ Log(z2) = log(r1) +1(61 + 27k1) + log(ra) + (02 + 27ks)
= 10g(7‘17’2) + i(91 + 69 + 27T(/€1 + ]{72)) = LOg(leg) + 2mik (2.17)

for certain ki, ko, k € Z. As (61 + 27k1) € (—m, 7| and (62 + 27k2) € (—m, 7] does not
necessarily imply that their sum is in the interval (—m, 7], the integer k in Eq. (2.17) can
be different from zero.
For this thesis we define complex exponentiation using the principal value logarithm, i.e.
for all a € C,
2% = etos®) o e ¢\ {0). (2.18)

Note that due to Eq. (2.17), the common power identities a*b®* = (ab)* and (a®)¥ = a™¥,
which hold for a,b € RT and z,y € R, do not necessarily hold if some of the parameters
are complex due to Eq. (2.17) or already if a or b is negative. This can be seen by the
counterexample ((—1)2)1/2 =1 # —1 = (=1)'. The properties that do hold are given in the
following proposition.

Proposition 2.32 (Properties of complex exponentiation). Note that the following equalities
hold for all a,b € C\{0} and x,y € C satisfying the corresponding restrictions.

(1) (%)Y = a™ if y € No.

(ii) (a®)¥ =a™ if x € (—1,1],
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(i11) a®a¥ = a* 1Y,
(iv) a®b® = (ab)* if a or b is real and positive,
(v) a®b* = (ab)® if x € Z,
(vi) a®b* = £(ab)® if 2z € Z.
Proof. Ttem (i): If y = 0, then both sides of the equality are equal to one. If y € N, then

(ax)y — a/x e a/x — exLOg(a’) . exLog(a) — e(:t++x)L0g(a) — exy LOg(a) — axy'
——

y times
Item (ii): Note that both z; := zLog(a) and z2 := Log(a®) solve % = a”, j € {1,2},
hence they can only differ by 27ik with k € Z as discussed in Remark 2.31. For a fixed
a € C let 6 € R satisfy Log(a) = log(|a|) + if, which means that a = |a|e? and 6 € (—m, 7).
Then z6 € (—m, 7] for z € (—1,1] and therefore

xLog(a) = log(|al®) + iz = Log(a”).

Item (iii): This holds true as a®a¥ = e*loe(@)tylogle) — olety)los(a) — 4=+y due to the
functional equation of the exponential function. Item (iv): W.l.o.g. assume that a € RT.

Then
a®bt = exLog(a) ezLog(b) _ ex(log(a)JrLog(b)) _ ezLog(ab) _ (ab)z

as the imaginary part of the logarithm of a is equal to zero and hence log(a) + Log(b) =
Log(ab).

Item (v): Due to Eq. (2.17) there exists a k € Z such that Log(a)+Log(b) = Log(ab)+2rik.
Hence,

a® b = exLog(a) eocLog(b) _ ex(Log(a)+Log(b)) _ exLog(ab)—i—waik _ (ab)z e?wikx _ (ab)x7

where the last step follows from Eq. (2.16) as kx € Z.
Item (vi): The same procedure as in the Item (v) with the difference that e™2** = £1 for
2kx € Z. O

The following lemma is on the one hand used for deriving the characteristic function of
one-dimensional gamma distributions and y?-distributions and, on the other hand, useful
for the proof of Theorem 2.37 below.

Lemma 2.33. For everyt € R and a € C satisfying Re(a) > 0,
2/ g0l ema?(14i) g — / 207 e UMY q2 — (1 4+ i)™ T(a), (2.19)
R+ R+

where the complex exponentiation is defined in Eq. (2.18).

The proof of this lemma is given after the following two corollaries, which derive well-known
characteristic functions.
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2.4. ONE-DIMENSIONAL GAMMA DISTRIBUTIONS 21

Corollary 2.34 (Characteristic function of one-dimensional gamma distributions). For
a, B e ]Ra' let Y ~ Gamma(a, ). Then the characteristic function is given by

E[e™] = (1—iBt)"®, teR,
where the complex exponentiation is defined in Eq. (2.18).

Proof. Using Eq. (2.15), the characteristic function of Y for a, 8 € R is given by

. . 1 _Y¥(1—j
EleltY :/ ity dy = / a=1,=5(1-181) 4 teR.
T WS Gy f 8
By substituting R* 3 2z == y/8,
. 1 i
EleitY] — / Bz a—1 —z(1-ift) Bdz = (1 —ipt)"*, teR,
= B S .

where we use Eq. (2.19) for the last equality. For the degenerate cases 0 € {«, 3}, the
random variable Y is equal to zero with probability one, hence the characteristic function is
constant and equal to one. O

Corollary 2.35 (Characteristic function of x2-distributions). Forn € N let X ~ x2. Then
the characteristic function is given by

22 (1-2it)

E[eitX] :(\/12? /Re2 dz)"z (1-2it)™2 teR, (2.20)

where the complex exponentiation is defined in Eq. (2.18).

Proof. Due to Definition 2.28 X can be written as X 4 Z2 4+ Z2% where Z1,...,Z,
are i.i.d. M (0,1) random variables. Hence,

By inserting the continuous density of the standard normal distribution each of the factors
is given by

. 1 1.2 : 2 2 .
E itz37 _ / —32%(1-2it) dz,= — —y?(1-2it) duy = (1—2it 71/27 teR, (2.22
)= = | e s= =] e y = (1-2if) (2:22)

where we substitute R 3 y := 2/4/2 and use the symmetry of the integrand for the second
equation and the last equality holds due to Eq. (2.19) with a = 1/2 combined with the
fact that I'(1/2) = /7. Now with Item (i) of Proposition 2.32, Eq. (2.20) follows from
Egs. (2.21) and (2.22). O
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Proof of Lemma 2.33. We start by using integration by substitution, to integrate over
R* 3 2z := 22 for the left side of Eq. (2.19),

2/ p201 =2 (14it) g, 2/ a3 o—2(1+it) s dz = 20t em2 (14 q (2.23)
R+ R+ 2\/E R+

The function

2 — za—l e~ ? (224)

f::{D::(C\(—oo,O] — C

is holomorphic since 2%~ = e(*~DLog(2)  the principal value logarithm Log(-) is holomorphic

on D and the composition of holomorphic functions is holomorphic. Note that for every
complex number z € D, satisfying Re(z) > 0, and r € RT,

aflzafl

)afl —r

(rz

due to Item (iv) of Proposition 2.32 as r € R*. Therefore,

a—l, ‘e—rz‘

. T a—1 _—rz| _ |, a—1| 1;
Jim [f(rz)] = lim |(rz)®"e™™| = [z%77] lim |r
= 227 lim pRe(@—1emrRe(z) — (2.25)

T—00

where we use |r®~1| = eRe((a=DLog(r)) — e(Re(@)=Dlog(r) gince r € RT. For w = (1 +it)/|1 +
it| and 7 < R in RY, let 71, 72 denote the paths from [r, R] to C with

7(8) = s, Y2(s) == ws, s € [r,R]. (2.26)

The paths 3 and 4 are defined to be the arcs with radii 7 and R from the x-axis to rw
and Rw, respectively. Formally, the two paths are given by

v3(s) = Rw®, va(s) = rw®, s€[0,1].

Now by Cauchy’s integral theorem?

(/71_/72+/y3_L4>f(2)d220' (2.27)

For the integral over 74, note that the length of this curve is bounded by the length of a
quarter of a circle with radius r. Hence we can write

/74 f(z)dz

As |w| = 1, the polar form of w is given by w = el for a € (—, 7| and therefore the
complex logarithm of w defined in Remark 2.31 is given by Log(w) = i6. Due to

-/ ' Fu(s)h(s) ds

1
< sup |f((8) / ho(s)ds.  (2.28)
$€[0,1] 0

<mr/2

Log(74(s)) = Log(rw®) = Log(r ¢"8")) = Log(r ¢*’) = log(r) + isb,

9 The theorem along with its proof can be found in [18] as Theorem 6.1.
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2.5. THE MULTI-DIMENSIONAL GAMMA FUNCTION 23

we can write for s € [0, 1]
Re((ar — 1)Log(v4(s))) = Re((a — 1)(log(r) +is8)) = (Re(a) — 1) log(r) — Im(ax)s,
where s € (—m, 7], and use this, with Eq. (2.24), for

sup | f(7a(s)] = sup [(3a(s))* e )| = sup |elomDEos0a())] o~ Rebuls)
5€[0,1] 5€[0,1] s€[0.1] < —— ,

< e(Re(a)—1)10g(r)+7r|1m(a)| _ CTRe(a)—l

9
where C refers to a real number that is independent of . Hence the integral over ~y, satisfies

< Eq.(2.28) < O pRe(@)—1T" _ mC Re(@)

R-‘r
5 5 , re

(z)dz

V4

and as Re(a) > 0 the integral vanishes for r 0. For R — oo the integral over the arc 73
vanishes due to Eq. (2.25). Therefore, Eq. (2.27) leads to

t Ji | 5120z =it [ 5620

= [zg+ 29 te 2 dz=T(a)
where the limits on the left side exist due to Remark 2.24 and hence the limits on the right
side exist. Using the definition of the line integral and of 79, this is equivalent to
MNa) = fwz)wdz.
R+
Now substituting y = z/|1 + it| and inserting the definition of w, which then fulfills
wz = y(1 +1it), and the definition of f from Eq. (2.24) leads to

I'(a)= /R+ (y(1 +it))* e v(HD (1 4 ir) dy

= (1+4it)” /+ y* e v(H) gy
R

which, combined with Eq. (2.23), proves the Lemma 2.33. O

2.5. The Multi-Dimensional Gamma Function

In Definition 2.36 below the multi-dimensional gamma function will be introduced. The
centerpiece of this section is Theorem 2.37, which on the one hand proves that the multi-
dimensional gamma function is well-defined and on the other hand gives us a very useful
Laplace transform for handling matrix-valued gamma distributions in Chapter 3 below.

Definition 2.36 (Multi-dimensional gamma function, see [13, Definition 1.4.2]). For p € N
the p-dimensional gamma function is defined as

T,(a) = /S e (det A= dA (2.29)
g

for all a € C satisfying Re(a) > (p — 1)/2.
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Theorem 2.37 (Computation of the multi-dimensional gamma function and a Laplace
transform of a function with matrix argument, see [13, Theorem 1.4.1, Eq. (1.4.6)]). For
p € N and a € C satisfying Re(a) > (p — 1)/2, the value of the p-dimensional gamma
function at « is given by

V4 .
p(p—1) j—1
T =(2 IN'o———1. 2.
(@) = n)* [Tr(a-157) (2.30

Jj=1
Furthermore, for a matric Z = X +1Y € CP*P, where the real part X € S} and the
imaginary part Y € RPXP is symmetric, the determinant’’ of Z satisfies det Z # 0 and can
be used for the equality

/ eftr(AZ)(det A)af% dA = (det Z)*O‘ Fp(a). (2.31)
S+

Note that for p =1, Eq. (2.30) reduces to I'1(a) = I'(«) and Eq. (2.31) with Z = (1 + it)
is the last equality in Eq. (2.19).

The proof of this theorem will be given below, subsequent an additional lemma that will
be used in its proof.
Remark 2.38 (Alternative formulation and interpretation of Eq. (2.30)). In the literature,
see [13, Theorem 1.4.1] or [21, Chapter 1.0, Example 1.24] for example, the integral over
the set of positive definite matrices is commonly only seen as integral over the positive
definite matrices seen as a subset of RPP+1)/2 This means instead of integrating over the
submanifold S, the integral is defined over g;,r , i.e. the entries on and below the diagonal
of the positive definite matrices. Under this interpretation

-1
I'y(a) = ﬂp(p . HF(Oz — ]>

This equation follows from Eq. (2.12) combined with Definition 2.36 and Theorem 2.37.

The equation (2.31) is independent of the interpretation of integrals over positive definite
matrices as either both sides of the equation include the factor 2P(P=1)/2 = 4p(r=1)/4 o hoth
do not.

The proof of Theorem 2.37 also uses the following fundamental analysis theorem which
be found in [3, Theorem 4.3.1] along with its proof.

Theorem 2.39 (Transformation theorem). Let D be an open subset of R™, ¢ an injective
Cl-map from D to ¢(D) C R™ and f a measurable function from ¢(D) to Q. Let dé(x)
denote the Jacobi matriz of ¢ at x € D. Then

/ F(y) \"(dy) = / £ (6(2)) |det dg()| A"(dz),
¢(D) D

where the existence of one integral follows from the existence of the other.

Note that as integration of vector-valued functions works component-wise, the theorem
also holds for f taking values in CP for p € N.

OFor Z =X +1iY with X € Sy and Y not symmetric, the determinant of Z can be equal to zero, as the
example X = I and Y = (_01 (1)) shows.
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The proof of the next lemma will use the higher dimensional chain rule.
Remark 2.40 (Chain rule, see [19, Proposition 10.1.18]). For [,m,n € Nlet f: Dy — R! with
Dy C R™ open, and g: D, — R™ with D, C R" open, be two continuously differentiable
functions. If g(Dy) € Dy, then the composition f o g is continuously differentiable as well
and

d(f o g)(z) = df (g(x))dg(z), =€ Dy

If additionally n = m = [, then we can use the multiplicativity of the determinant to write

detd(f o g)(z) =detdf(g(z)) - detdg(z), =€ Dj. (2.32)

Figure 2.2. Commutative diagram of the setting of the chain rule.

As the calculations of det d¢ needed for applications of Theorem 2.39 can be quite long,
the two relevant determinants for the proof of Theorem 2.37 are given by the following
lemma.

Lemma 2.41 (Deter]glinants of relevant Jacobi matrices, see [21, Theorem 1.29, Theorem
1.20]). For p € N let S} be the set of positive definite matrices seen as subset of RP(P+1)/2
and 1 be the map that extends S} to Si as defined in Eq. (2.7).

(i) Let T, be defined as in Eq. (2.8). Then

_[T = S§
qf—{ T s AD = (TTT)2 (2.33)

where T' € T), is understood as the matriz version of T e Tp C RPPHD/2 filled up with
zeros, is well-defined. The determinant of the Jacobi matrix of this map is given by

p
detdg(T) = 2° [ ™", T €T, (2.34)
m=1

where t;; fori > j in {1,...,p} refer to the entries of the matriz version T of T.

(i) Let B,C € RP*P be matrices let ¢p, Pc: Sl‘f — g; be two continuously differentiable
maps satisfying detd¢p = (det B)P! and det d¢c = (det C)PFTL. Then

detd(¢p 0 ¢¢) = (det(BC))".

(iii) Let B € RP*P be a matriz with full rank. Then the map

Sy — S
¢5 ‘_{ AL o5 (BABT)A (2:35)

where A = 1(A®) is well-defined, fulfils
det dp(A®) = (det B)P™!, A € §f. (2.36)
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(iv) Let n € N and let B € RP*P. For the map

RPXn  _y  RPXN
¢ = { X o BY (2.37)
the determinant of the Jacobi matriz is given by
detdp(X) = (det B)", X € RP*™, (2.38)

Proof of Item (i). In the following proof we access the entries of elements of ’f[‘p and S; by
understanding them as the corresponding matrices in T, and S, respectively, using two
indices.

According to Theorem 2.12, A =TTT € Sy, where T' is the matrix version of an element
of 'ﬁ'p. Hence, the function ¢ given in Eq. (2.33) is well-defined.

For the rest of the proof let T' denote an element of T,. In order to determine det dep(T),
we start by looking at the partial derivatives of the entries of ¢(T ) € S; w.r.t. the entries
of T. For all i > j in {1,...,p},

P J
¢Z](T) = Z timtjml{izm,jZm} = Z timtjmy

m=1 m=1

where the second equality follows from ¢ > j. Hence, for all 7,4, k,l € {1,...,p} with i > j
and k > [,

9¢i;(T)
Oty

= Litl (k=i j>1y + talp=j >0y = titl =ity + tul =gy,

where 17 is equal to one if the conditions in I are satisfied and zero otherwise, see Conventions.
In order to determine the matrix d¢(T) € RPPH)/2x2(0+1)/2 e use the vecp(-) function
given in Eq. (2.6): The matrix d¢ can be seen as block matrix of the Jacobi matrices of the
restricted columns of the matrix version of gb(T ), defined in Remark 2.18, with respect to
the restricted columns of the matrix version of T, that are denoted by ¢(T)™ and T™ for
m € {1,...,p}, respectively,

8(1)(?)1 L 5¢(§F)1 &ﬁgtim(rf) .. &ﬁgltim(ﬂ
1 e nn n
awd=| N DAL :
o8(T)r - 9d(T)P or 9pm(T) . Opm(T)
1! oTP Itnn Itpn

for every m,n € {1,...,p} where d¢(T)™/dT™ €~R(p_m~+1)x(p_”+1). Now for all indices
m,n € {1,...,p} satisfying m < n the matrix 9¢(T)™/IT™ is equal to the zero matrix, as
foralla € {m,...,p} and all b € {n,...,p},

Opam (T)
Tbn = tmnl{a=pm>n} + tanl{p=m} = 0,
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because b > n > m. Hence, the determinant of d¢( ~) is equal to the product of the deter-
minants of the diagonal blocks. For m € {1,...,p}, the entries of the matrix dp(T)™/OT™
are given by

2mm fa=b=m
Obam(T) tmm  if a =b#m,

= tmml{a=pm>m} T tamlp=m} =

Otym tam ifazb=m
0 otherwise,
for all a,b € {m,...,p}. Hence, d¢(T)™/dT™ is a lower triangular matrix and therefore

the determinant is given by the product of the diagonal entries,

det<w> — g

Tm

The determinant of d¢(T) is then given as the product of the determinants of the block
diagonal matrices

p
det dg(T det ( ) 2tp mAl _ op tp “mel

Proof of Item (ii). The implication of the chain rule stated in Eq. (2.32) tells us, for every
> e S

det d(¢p 0 ¢c)(z2) = det dpp (o (z™)) det dpe(z2)
= (det B)P*!(det C)"*! = (det(BC))"*,

where the last equality follows from the multiplicativity of the determinant. O

Proof of Item (iii). Now, to see that the map given in Eq. (2.35) is well-defined, we show
that BABT is positive definite again. For all z € R\ {0}, the product " BABTz =
(x"B)A(x"B)T > 0 since "B € RP \ {0} for z € RP \ {0} as B has full rank.

In order to determine det d¢, we are using the fact that B is invertible and can therefore
be written as the product of n € N elementary matrices'! E; for i € {1,...,n}, hence

BAB" = E,,--- EyF\AE, ---FyE, = E,,--- By AE{ E] ---E. (2.39)

For every i € {1,...,n}, let

[ SE - S
¢Z'_{XA S (BXET)A (2.40)

' The fact that an invertible matrix B can be written as matrix product of elementary matrices in the form
discussed in Case I and Case 2 can be, for example, be found in [7, Section 5.6]. Often this decomposition is
given with a third type of elementary matrices — permutation matrices. As every permutation matrix can be
written as a product of elementary matrices of the other two types, considering Case 1 and Case 2 suffices.
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where X = (X %). This is well-defined for every i € {1,...,n} as the function X ~ E;XEJ
maps every positive definite matrix argument to a positive definite matrix. Thus, we can
write our function ¢ as a composition of the functions

¢ =¢no---0gr0p1. (2.41)
Hence, using Item (ii), it is sufficient to prove Eq. (2.36) for B equal to one of the two types
of elementary matrices.

In the rest of the proof we again access the entries of elements of g; by understanding
them as the corresponding matrices S, respectively, using two indices; furthermore, let
X2 denote an element of S and X = /(X %) the corresponding matrix from Sy

Case 1: The matrix B is a identity matrix except for one diagonal entry at position
(o, ), a € {1,...,p}, that is equal to a real A # 0. In this case, the entries of (BXBT)%
are given by

AT ifk=aorl=qa,l#k,
qu(XA)kl = Ny ifk=1=a, (2.42)
Tkl otherwise,

for all k> 1 in {1,...,p}. As in the proof of Item (i), the matrix d¢z(X*) can be seen
as a block matrix, where the blocks correspond to the Jacobi matrices of the restricted
columns, see Eq. (2.6), ¢p(X>)™,m € {1,...,p}, with respect to the restricted columns

X" ne{l,...,p}, so

8¢B(XA)1 o 8¢B(XA)1
ax1 axp
dop(X?) = : : , (2.43)
dpp(X2)P  9¢pp(XL)P
ax1 axp

where the matrix d¢p(X*)"/0X" € ]R(pjmﬂ)x(pj”*'l) for all m,n € {1,...,p}. Now for
all m # nin {1,...,p}, the matrix dpp(X*)™/0X™ is equal to zero as

Ipp(X4
M =0, a€{m,...,p}, be{n,...,p},
0Ty,
due to Eq. (2.42) for m # n. Hence, the determinant of d¢p(X?) is equal to the product
of the determinants of the diagonal blocks. For every m € {1,...,p}, the entries of matrix

Dpp(X2)™/OX™ are given by

0 if a # b,
8¢B(XA)am_ A ifa=ba=aorm=a,a#m,
Oxpm ERPY ifa=b=m=aq,
1 otherwise,

for a,b € {m,...,p}. Hence dpp(X*)"/0X™ is a (p — m + 1) x (p — m + 1)-dimensional
diagonal matrix and

A2AP=m = \Z\P=if ;= q,
=4qA ifm < a,

otherwise,

v A\m
et LﬁB(X )

d -
oxm
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2.5. THE MULTI-DIMENSIONAL GAMMA FUNCTION 29

which leads to

det dgp(X2) = Hdt8¢B D) yearaye-t Z yptl (det B)P*!,

where the last equation follows from the definition of B in this case.
Case 2: The matrix B is a identity matrix except for one entry at position («, 3), where
a # Bin {1,...,p}, that is equal to A € R\ {0}. Then the entries of (BXBT)* for all

k>1in {1,...,p} are given by

Thi if k£ a,l #a,
Tkl + Az ifk=a,l# a,

Pp(XP)y = H T : 7 (2.44)
T + A\xpp if k#a,l =aq,

Tl + )\1'55 + )\:L‘kg + )\21'55 ifk=10=a.

To calculate det dpp(X?) we are again breaking down the matrix d¢(X%) into the block
matrices dpp(X2)" /X" € Re—m+Dx(e=n+1) for m n e {1,...,p}, as given in Eq. (2.43).

Now we distinguish the cases 8 > a and o > (8 for the position of the A in the elementary
matrix B. First, for 3 > o the entries of the matrix d¢pg(X2)" /X" form >n € {1,...,p},
ac{m,...,p} and b€ {n,...,p} are given by

a(rbB (XA)am

= M{amb, m=a,n= N1 mm—a,b=n=p) = 0 2.45
OTpn {a=b, m=a,n=p, a#a} + {a=m=a, b=n=p} ) ( )

where the first equation follows from Eq. (2.44), and the second one from 5 > « and m > n.
Hence d¢p is a block upper diagonal matrix and the determinant is given by the product of
the block diagonal matrices 8¢B(XA)’”/6X'T”, me{l,...,p}.

Second, for a > § the entries of the matrix d¢p(X*)™/dX™ for n > m € {1,...,p},
a€{m,...,p} and b € {n,...,p} are again given by Eq. (2.45), where the second equation
now follows from « > 8 and n > m. In this case, d¢p is a block lower diagonal matrix and
the determinant is again given by the product of the block diagonal matrices.

So for all o # 3, where o, € {1,...,p}, the determinant is given by the product of
the block diagonal matrices dpp(X2)™/0X™ for m € {1,...,p}. For a,b € {m,...,p} the
entries of this matrix are given by

1 ifa=0b,
=4 ifa=a,b=7,

0 otherwise.

8¢B (XA)am
aa:bm

Since this is a lower/ upper diagonal matrix with only ones on the diagonal,
o XA m
det 22BXT)"
oxm
for every m € {1,...,p}, which leads to

p
det dgp(X?) = H det aqb%(Xm) =1=17"! = (det B)P*!,
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30 CHAPTER 2. PRELIMINARIES

where the last equation follows from the fact that B in this case is an identity matrix except
for one entry at («, 8), where a # fin {1,...,p}. O

Proof of Item (iv). For the rest of the proof let X denote an element of RP*™. In order to
determine the matrix d¢(X) € RP"*P" both ¢(X) and X need to be vectorized using the
vec(-) function given in Eq. (2.4), as ¢(X) and X are elements of RP*™. Therefore, the
matrix d¢ can be seen as block matrix of the Jacobi matrices of the columns of ¢(X) with
respect to the columns of X,

96(X)" . 96(X)!
ox1 oxn
do(X) = ; : :
d6(X)" . 9X)"
ox1 oxn

where 0¢(X)!/0X7 € RP*P for every 4,7 € {1,...,n}. Due to the definition of ¢ in
Eq. (2.37), | |
(X)) =BX", ie{l,...,n}.

Therefore, for all 4,5 € {1,...,n}
op(X)" |B ifi=y},
0Xi o ifi#j.

Hence, d¢(X) is a block diagonal matrix with

det dp(X) = [ ] det 8¢ HdetB (det B)™,

i=1

thus proving Eq. (2.38). O
Proof of Theorem 2.37. The equality
P .
-1
/S ) (et A5 44 = (det 2)~ (2m) Hr( ! ) (2.46)
P i=1

holds true if and only if both equalities of the theorem, Eq. (2.30) and Eq. (2.31) hold true.
Hence, we will prove Eq. (2.46) in the following five steps.

Step 1. As described in Remark 2.23, we integrate over the Z (p +1)_dimensional submanifold

Sy of RP? using the chart ¢ defined in Eq. (2.7). By 1nsert1ng

e S§ = C
R R QR fftr(“‘z)(detA)O‘_pT+1

into Eq. (2.12) and using the decomposition of Z into its real and imaginary part Z = X +iY,
/ e (A2) (det A)a_p% dA
S+

=25 [ AN (et (42)) T A (@4%). (247)
S+
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2.5. THE MULTI-DIMENSIONAL GAMMA FUNCTION 31

From now on we will write dA% for \*% (dA%).

Step 2. In this step we transform the integral to simplify the real part X of the matrix Z.
Since the matrix X is positive definite, Lemma 2.15 tells us that there exists a unique positive
definite, hence symmetric, matrix B such that BB = BBT = X. Instead of integrating
over A®, we now want to integrate over A® = ¢! (BAB) using the transformation formula
from Theorem 2.39. Therefore, we define the map

S St
qﬁ—{ AL : w_l(B—IiAB—l) : (2.48)

Since B! is symmetric and invertible, the results from Item (iii) of Lemma 2.41 tell us
that the map is well defined and

det d¢ = (det B~H)PTL,
This can be rearranged to
detdg| = [det B[P = ((det B)*) "% = (det X)~ "7,

As S;{ is open due to Lemma 2.20, inserting this into the transformation theorem applied
to Eq. (2.47) yields
pt1

(det X)~55 [ eSO ot (9(4°))) " F A
SP

p(p—1)
1

(2.47) = 2

p(p—1)

= 2" (det X) "7 / e~ tr(BTIABTHXHY)) (det(B-IAB 1))~ dAD, (2.49)
S

where the definition of ¢ given in Eq. (2.48) is used for the second equality. Since BB = X,
the equation det(B~'AB™!) = det A(det BB)~! = det A(det X)~! holds for every A € S.

Hence, this integral can be rewritten as

(2.49) _ 2?(?;” (det X)_L‘;l /~ e—tr(BflABfl(X—i-iY))(det A)a—%(det X)—a—f—% dAA

S§

— (det X))~ 2" / ot (BTIABTHXHY)) (o A)2 B AL, (2.50)
S

Using the linearity of the trace, Lemma 2.1 and X = BB,

tr(B"*AB Y X +iY)) = tr(B"'AB'X) +i - tr(B~'AB'Y)
=tr(A) +i-tr(AB'YB™Y) = tr(A(I, +iB~'YB™)).

Combining this with the equations before leads to

/ e t(AZ (et A)2—"3 dA = (2.50)
S+

P

— (det X)~@ 2" / e (AILHBTIYB ) (gep ) BE AL (2.51)
S
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32 CHAPTER 2. PRELIMINARIES

Step 3. The next step is to transform the integral in Eq. (2.51) to simplify the complex
part Y of the matrix Z. For this and the next steps we introduce

I::/ o~ AUHETYB ) (gop Yo 25 gD (2.52)
S§

and use this to rewrite Eq. (2.51) to

p(p—1)
1

/ e (D) (det A) 5 dA = (det X) 2 T (2.53)
S§

Since both the matrices B~! and Y are symmetric, the product
B—1YB—1 —_ (B_l)TYT(B_l)T — (B—IYB—l)T

is symmetric as well. Due to Theorem 2.5, there exists an orthogonal matrix S € RP*P, and
a diagonal matrix D € RP*P such that

B~'YB™' = SDST = SDS™!. (2.54)
Since 1)(A”) = A we can rewrite Z from Eq. (2.52) to

pt+1

7= / e WA IpHSDST) (et 4h(AL))* "2 dAL, (2.55)
S§

Next, we want to transform Z using the map

S — S+
773:{ p p

MA — Q,Z)_l(SMST) ) (256)

where M = ¢(M?) for all M* € . Since S is invertible, the determinant |det d7| is given
by Item (iii) of Lemma 2.41. Hence,

|det dn| = |det S|P =171 =1,

since the absolute value of the determinant of every orthogonal matrix is equal to one. As
Sy is an open set, we can apply Theorem 2.39 to Eq. (2.55) with 1 given in Eq. (2.56),

7- / o (SMST (U HSDST) (4ot (SA1STY) "3 dMA. (2.57)
S

Using Lemma 2.1 and the fact that S is orthogonal,

tr(SMST (I, +i1SDST)) = tr(MS~' (I, +iSDS™)S)
=tr(MS™'S +iMS'SDS™1S) = tr(M(I, +1D)).

Hence, the integral in Eq. (2.57) can be rearranged to

7= / o~ (M +iD)) (det M)~ "3 AM2, (2.58)
S

where the fact that det(SMST) = det S - det M - det ST = det M, as S is orthogonal, is
used.
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2.5. THE MULTI-DIMENSIONAL GAMMA FUNCTION 33

Step 4. The next step is to transform Z using the Cholesky decomposition. Let 'ﬁ‘p be as in
Eq. (2.8) and let the map ¢ be defined by ¢(T) = (TTT)> € S;f for all T € T,, where T
refers to the matrix version of T. Using Item (i) of Lemma 2.41, this map is well-defined
and the determinant of its Jacobi matrix is given by

|det dg(T \_QPH#’ ML TeT,

where t;; for i > j in {1,...,p} refer to the entries of the matrix version 7" of T and will
be used in this format for the rest of the proof. As both S]T and Tp are open sets due
to Lemma 2.20, we may apply the transformation formula from Theorem 2.39 with ¢ to
Eq. (2.58). As M = (M%) for a unique M* € S,

7- / e*tr(w(d’(f))(IP“D))(detw(d)(T)))a*i2thp KL g7, (2.59)
Tp k=1

For the matrix version T' of T' € T, the identity det(¢(T)) = det(TTT) = (detT)? =
- t2, holds and

tr(y(d(T)) (I, +iD)) = tr(TT (I, +1D)) Z 2, (14 iXg),

k=1
lgk

where \j, refers to the k-th entry of the diagonal matrix D. Therefore, Eq. (2.59) is equal to

a—btl

P - P -
I= / exp< Z th (1 +iAx) )(H tik) or ] b, dT. (2.60)
Ty k=1

k=1 k=1
lSk

As ’ﬁ‘p denotes the vectorized set of lower triangular matrices with positive diagonal entries,
we can use Fubini’s theorem for the Lebesgue—Borel measure to rearrange integrals. Hence,
Eq. (2.60) simplifies to

I —op / / (R/ /exp< Z £2,(1 +i\g) >(kﬁ1 £2,)° ) H dtkk> kll_ll dts.

k=1
l<k k>l

p(

D times P tlmes

Further rearranging leads to

p
: ok
<H/€XP —ti (1 +1Ar) dtkl)H / oxp (— (1 +iAg)) (t7) ™ 2 g, (2.61)

kll k=1

so the integral can be broken down into the product of multiple one-dimensional complex
integrals which can be determined separately.
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Step 5. As the last step we put the results of the prior steps together to arrive at the claimed
equality.
By using Eq. (2.19) of Lemma 2.33 with o — % for every k € {1,...,p}

- k—1
[ exp (8 + i) (%t = (14 i00) 50 F(“ - 2)‘ (2.62)
R+

As we assumed Re(a) > (p — 1)/2, the requirement Re(a) — % > 0 is fulfilled for all
ke {1,...,p}. With the help of Eq. (2.20) withn =1 and 2t = A\; for all k > l'in {1,...,p}

exp (—t2,(1 +i)y)) dt :2/ exp (—t2,(1 +i)y)) dt :i, 2.63
/R p (—ti( k) dtg - p (=t k) dtg NiE (2.63)

where the first equality follows from the symmetry of the integrand.
Inserting Eq. (2.62) and Eq. (2.63) into Eq. (2.61) results in

7= (ﬁ \/77(1+i)\k)5) ﬁ(1+mk)’“zlar<a— k;l>

k=1 k=1
k>l

Using the fact that the determinant of the diagonal matrix I, +iD is given as product of
its diagonal entries (1 +1i)g), k € {1,...,p}, its determinant is different from zero and the
integral can be rearranged to

p
—Q — k - 1
T = (det(I, +iD)) =" [[ T <a = 2). (2.64)
k=1

Using the properties of the determinant and Eq. (2.54) where S € RP*P is orthogonal,

det(I, +iD) = det S - det(I, +iD) - det S~' = det(SS~' +iSDS™!)
=det(I, +iB 'Y B™') = det(I, +iYB 'B™1) = det(I, +iY X 1),
where Lemma 2.1, the Weinstein—Aronszajn identity given in Lemma 2.3 and the fact that

X = BB is used. Note that this implies that the determinant of I, +iY' X ~1 is not equal to
zero. Combining this and Eq. (2.64) into Eq. (2.53), we arrive at

/ e (A2 (et A)a*% dA
S§

p
o - k—1
— (det X)™ (det(I, + 1Y X 1) (2m)" T [] r<a - 2>. (2.65)
k=1
Since
(I, +iYX HX = X +iY = Z,

the determinant of Z is given as the product of the determinants of X and I, +iY X —1is
therefore different from zero and Eq. (2.65) can be simplified to

p
pp— k - 1
/ e~ (M) (det )" dA = (det 2)(2m) T[] F<a - >
SF k=1 2

which completes the proof. O
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3. Matrix-Valued Gamma Distributions and
their Properties

3.1. Wishart Distributions and their Basic Properties

Matrix-valued gamma distributions can be seen as the generalized form of the family of
Wishart distributions, see Definition 3.8 below, which, in turn, is the matrix-valued version
of the class of x2-distributions. In order to define these distributions, we start by introducing
a matrix-valued version of normal distributions, which uses the Kronecker product.

Definition 3.1 (Kronecker product, see [17, Definition 4.2.1]). For m,n,p,q € N the
Kronecker product of A € RP*? and B € R™*" is defined to be the block matrix

auB e aqu
A®B= : : € R™PXM, (3.1)

apB ... apeB

Definition 3.2 (Matrix-valued normal distributions, see [13, Definition 2.2.1, Theorem
2.3.10]). Let n,p € N.

(i) An RP*™-valued random matrix Z is said to follow the standard matriz-valued normal
distribution if vec(ZT) follows the (p - n)-dimensional normal distribution with mean
vector zero and covariance matrix I, ® I,, = I,,, where vec(-) is defined in Eq. (2.4)
and ® refers to the Kronecker product defined in Eq. (3.1).

(ii) For positive semi-definite matrices ¥ € RP*P and ¥ € R™*", let S and P denote the
positive semi-definite matrix square roots satisfying S5 = ¥ and PP = V respectively,
see Lemma 2.15. Let Z be a random matrix as described in Item (i). For a constant
matrix M € RP*™ a random matrix X satisfying X 4 M+ SZP is said to follow the
matriz-valued normal distribution with mean matriz M and covariance matriz! ¥ @ U.
In this case we write X ~ MNormal(M,¥ @ U).

Remark 3.3 (Relationship between matrix-valued and multivariate normal distributions).
Note that due to Definition 3.2 and Egs. (3.52) and (3.53), a random matrix X ~
MNormal(M, ¥ ® ¥) if and only if vec(XT) follows a multivariate normal distribution
with mean vec(M ") and covariance matrix ¥ ® W — thus justifying the name of the parame-
ter. Hence, not every random matrix whose vectorized version follows a normal distribution
also follows a matrix-valued normal distribution.

! The fact that this input parameter ¥ ® W is actually describes the covariance matrix will be elaborated
in Remark 3.3.

35
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36 CHAPTER 3. MATRIX-VALUED GAMMA DISTRIBUTIONS

Remark 3.4 (Characteristic function of a matrix-valued distribution, see [13, Section 1.9]).
Let n,p € N. For an R"-valued random variable X the characteristic function is given as

ox(t) = E[e®X)], 2 e R,

where (-,-) denotes the standard inner product. This characteristic function determines the
distribution of = uniquely, as shown in [28, Theorem 2.30].

For an RP*"-valued random matrix X we use the vectorization of matrices discussed in
Remark 2.18 for the characteristic function,

SOX(Z) _ E[é(vec(z),vec(X))]’ 2 € RPX™,

This characteristic function then also uniquely determines the distribution of random matrix
X. Since, using the definition and property of the Frobenius inner product given in Eq. (2.5),

(vec(z), vee(X)) = (z, X)p = tr(2' X), 2z e RPX",
the characteristic function of X can be written as

ox(z) = E[etr(izTX)], z € RP*™, (3.2)

Remark 3.5 (Density, characteristic function and affine transformations of matrix-valued
normal distributions, see [13, Theorem 2.3.1, Theorem 2.2.1, Theorem 2.3.10]). In the
setting of Definition 3.2, let X ~ MNormal(M,¥ @ V).

(i) We claim that the characteristic function of X is given by

ST 1T
(PX(z) _ etr(lz M-35z Ez\I/), » € RPX™.

The standard case ¥ = I, and ¥ = I, follows from [13, Theorem 2.3.1]. For

the general case, note that X can be represented by X 4+ SZP, where Z ~
MNormal(M, I, ® I,) and ¥ = SS as well as ¥ = PP. Hence, for every z € RP*",

QOX(Z) _ ]E[etr(izTX)] _ E[etr(izT(M+SZP))] etr(izTM) E[etr(iPzTSZ)]

)

where Lemma 2.1 is used for the last equality. Using the characteristic function of the
standard case Z,

E[etr(iPzTSZ)] _ QDZ((PZTS)T) _ etr(f%PzTS(PzTS)T) _ etr(f% TSST2PTP)

)

where again Lemma 2.1 as well as the symmetry of S and P are used. Hence,

T _ 1. TgoT, pT Tag_ 1T
_ e‘tr(lz M) etr( 52 SS'zP'P) etr(lz M—352'%27) )

ex(2)

(ii) If ¥ and ¥ are of full rank, i.e. are positive definite, a density of X w.r.t. the
p - n-dimensional Lebesgue—Borel measure is given by

Fx(@) = (27) % (det )5 (det W) 5 o~ (3571 @ M @=MT) ek (3.3
see [13, Theorem 2.2.1]

(iii) For ¢,m € N let C € R?P and D € R™™. Then the random matrix CXD ~
MNormal(CM D, (CXCT) @ (D¥DT)), see [13, Theorem 2.3.10].
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3.1. WISHART DISTRIBUTIONS AND THEIR BASIC PROPERTIES 37

Using matrix-valued normal distributions, the family of Wishart distributions can be
defined, where we distinguish between a standard and a general case.

Definition 3.6 (Standard Wishart distributions). For n,p € N, let Z be an RP*"-valued
random matrix following the standard matrix-valued normal distribution given in Definition
3.2, denoted by Z ~ MNormal(0, I, ®I,,). Then an RP*P-valued random matrix X satisfying

xLz77 (equality in distribution)

is said to follow the standard Wishart distribution with n degrees of freedom. This is
denoted by X ~ Wishart(n, I,). In case that n < p, the distribution of X is called standard
singular Wishart distribution.

Lemma 3.7 (Independent entries of standard Wishart distributions). For n,p € N let
X ~ Wishart(n, I,). Then the elements of every collection X;, j,,...,Xi, j, withn € N of
entries of X, where {ig, ji.} N{i, i} = @ for all k,l € {1,...,n}, are independent. This
implies, in particular, that all diagonal elements of a standard Wishart are independent.

Proof. Using Definition 3.6, let Z ~ MNormal(0, I, ® I,,) be the random matrix satisfying
777 4 X . The entries of Z are independent per definition. Therefore,

n
Xiggr, = Z ZiymZjom ke{l,...,n},

m=1

hence, if the conditions of the lemma are satisfied, X;, j,,..., X;, ;. are independent. [J

Definition 3.8 (Wishart distributions, see [13, Definition 3.2.1], [20, Section 2.3]). For
n,p € N let ¥ € RP*P be a positive semi-definite matrix. A random matrix Y is said
to follow the Wishart distribution with n degrees of freedom and covariance matrix X if
there exists a dimension ¢ € N, a matrix A € RP*? such that ¥ = AAT, and a random
R7*%-valued matrix X ~ Wishart(n, I;) as given in Definition 3.6, such that

v 2 AxAT (equality in distribution). (3.4)

This is denoted by Y ~ Wishart(n, X). In case ¥ # 0 and n < rk(X), and in case ¥ = 0,
the distribution of X is called singular Wishart distribution.

Lemma 3.9 (Existence of Wishart distributions). Let n,p € N and ¥ € RP*P. Then the
Wishart(n, 3) distribution exists if and only if ¥ is positive semi-definite. In this case there
exists an A € RP*9 such that ¥ = AAT, where ¢ = max{1,rk(%)}.

The uniqueness of a Wishart distribution given ¥ and n is demonstrated via the charac-
teristic function in Theorem 3.14 below.
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Proof of Lemma 3.9. For every matrix A € RP*? the quadratic matrix ¥ = AAT is
symmetric because

ST = (AANT = (AT)TAT = 44T =%
and positive semi-definite as
2"8r =2TAA e = ||2TA|2 >0, z€RP.

Conversely, for every positive semi-definite matrix ¥ we claim there exists an A € RP*4
such that ¥ = AAT where ¢ = max{1,rk(X)}. For ¥ = 0 the matrix A can be chosen
to be the zero column vector in R?. Now let X £ 0. Since X is symmetric, there exists
an orthogonal decomposition, see Theorem 2.5, given by ¥ = UDUT, where U € RP*? is
orthogonal and D € RP*P is a diagonal matrix with the eigenvalues of ¥ as diagonal entries
with the corresponding multiplicity. As 3 is positive semi-definite, these eigenvalues are

non-negative and therefore have a real square root. For D = diag(dy,...,d,), let
VD = diag(\/d1, ..., \/dy).
In case that ¥ does not have full rank, only rk(X) of the eigenvalues di,...,d, are not

equal to zero. Let D denote the p x rk(X)-dimensional matrix that is left when removing all
columns equal to the zero vector from v/D. Finally, the matrix A := UD e RP**6() fulfills
AAT =¥ and is of rank rk(X). O

Lemma 3.10 (Alternative definition of Wishart distributions). For n,p € N, let ¥ €
RPXP be a positive semi-definite matriz and let X ~ MNormal(0,% ® I,,). Then XX ~
Wishart(n, X).

Proof. Due to Definition 3.2 (i), the random matrix X given here can be written as X < 57,
where positive semi-definite S € RP*P satisfies SS = ¥ and Z ~ MNormal(0, I,®I,,). Hence,

xXx"2L52(82)T =8227S7,

which, using Eq. (3.4) and Definition 3.8, follows a Wishart distribution with n degrees of
freedom and covariance matrix SST = 55 = . O

Remark 3.11 (The family of Wishart distribution takes values in the positive semi-definite
matrices). For every n,p € N, the random matrix X ~ Wishart(n, I,) takes values in the
positive semi-definite matrices a.s. since it has the stochastic representation X 4 777 with
Z ~ MNormal(0, I, ® I,,), see Definition 3.6.

Now for a positive semi-definite 3 # 0, let A denote the RP*™() dimensional matrix
satisfying AAT = ¥ as discussed in Lemma 3.9. For X ~ Wishart(n, L(s)) the values of
the random matrix Y £ AX AT ~ Wishart(n, ¥) are symmetric a.s. as well as (AXAT)T =
AX AT and positive semi-definite a.s. as

2TV LaTAXAT: = eTAX(zTA)T >0, zeRP,

If ¥ = 0 then Y is deterministic and equal to the zero matrix, which is positive semi-definite
as well.
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Remark 3.12 (Sampling from a Wishart distribution). Combining the definition of standard
Wishart distributions directly derived from i.i.d. standard normal variables? in Definition 3.6
with the definition of general Wishart distributions via Eq. (3.4) above provides a method
to sample from Wishart(n, ) for all n € N and positive semi-definite 3.

Remark 3.13 (Characteristic function of a symmetric matrix-valued distribution [20, Remark
1]). We will demonstrate that for an RP*P-valued random matrix X, that is a.s. symmetric,
the characteristic function ¢ x(z) is already determined uniquely by its values for symmetric
z € RP*P. Since X is symmetric a.s., using Lemma 2.1 and the fact that the trace of a
matrix is equal to the trace of the transpose of that matrix,

ZT+z

tr(z" X) =
r(z' X) 5

(tr(z"X) +tr(z' X)) =

(tr(z7X) + tr(2X)) = tr( X), z € RPXP,

N
N =

Therefore it is sufficient to just look at the values for symmetric z € RP*P. This also leads
to

px(2) = B[] = E[e"(+Y)] (3.5)
for every symmetric z € RP*P,

Theorem 3.14 (Characteristic function of Wishart distributions, see [20, Proposition 3.2]).
Forp,q,n € N and A € RP*? defining ¥ = AAT € RP*P let Y ~ Wishart(n, ).

(i) For w € CP*P, let b = (w + w')/2 with representation ® = u + iv with u,v € RPXP
symmetric. If® I, + 2ATuA € S;‘, then the determinant of I, + 2wX is different from
zero and

Ele~"Y)] = (det(I, + 20%)) "/, (3.6)

where the complex square root here and in Eq. (3.7) below is understood as defined in
Eq. (2.18).

(ii) In particular, the characteristic function of Y is given by
oy (2) = E[e"07)] = (det(I, — 2iz%)) "/

for all symmetric z € RP*P,

This theorem proves that a Wishart distribution is uniquely determined by the parameters
n and X.

2The standard normal variables can, for example, be sampled using the Box—Muller method [4]:
Let U,V be two random variables following the uniform distribution on unit interval (0,1). Then
Z1 = y/—2log(U)cos(2m) and Zs = /—2log(U)sin(27) are independent and follow the standard normal
distribution.

3 The condition on w € CP*? is in particular satisfied if the real part of w or of 1 is positive semi-definite,
especially if it is equal to the zero matrix.
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Proof. This proof of Item (i) is split into seven steps. Item (ii) follows from Item (i) by
inserting w = iz for a symmetric z € RP*P,
Step 1. First, this theorem will be proven for standard Wishart distributions, so let the
RP*P-valued random matrix X follow the Wishart distribution with n degrees of freedom
and covariance matrix I,. Fix w € CP*? satisfying the above-mentioned conditions. With
an analogue argument to Remark 3.13, tr(wY’) = tr(@Y) a.s.

Using Eq. (3.4), there exists an RP*"-valued random matrix Z ~ MNormal(0, I, ® I,)
satisfying ZZT 4dx. Therefore,

}E[eftr(wX)] _ E[eftr(wZZT)] _ (27[_)"2’7/ eftr(ﬁ)zzT) ef%tr(zzT) dz
Rpxn

_ (%)—”;/ o~ bu(Upt2ut2iv)zzT) g (3.9)
Rpxn

where we use the density function of Z given in Eq. (3.3). As I, + 2u € S there exists a
matrix B € S} such that
BB =1, +2u (3.9)

due to Lemma 2.15. Due to Item (vi) of Lemma 2.8, the matrix B~! is positive definite
and therefore the map

6=

RPXn  _y RPXN
z — Bz

satisfies det d¢ = (det B~!)" due to Item (iv) of Lemma 2.41. Inserting this map and
Eq. (3.8) into Theorem 2.39,
E[e—tr(wX)] _ (det B—l)n(2ﬂ_)—"2p/ e—%tr((lp+2u+21v)B_1Z(B_lé)T) ds. (310)
%/_/ RpXn

= (det(Ip+2u))~ %
Due to Lemma 2.1, Eq. (3.9) and the fact that B~! is symmetric,
tr((I, + 2u + 2iv) B~ 2(B712)T) = tr((I, + 2B~ 'wB~1)22T).

Hence, Eq. (3.10) can be rewritten as

E[e~ (Y] = (det(I, + 2u)) "2 (2m)~ 7 / e atr((Ip+2iB~ 0B HZT) 4
RpXxn
= (det(I, + 2u)) S E[e (B~ wBTZ2T)] (3.11)

where Z ~ MNormal(0, I, ® I,,) due to Eq. (3.3).

Step 2. Now for every symmetric v € RP*P, the matrix B~'vB~! must be symmetric as well
as B! is symmetric. Due to Theorem 2.5 there exists a diagonal matrix D = diag(\y, ..., \p)
with A1,..., A, € R and an orthogonal matrix S € RP*P such that B 'wB~1 = STDS, see
Theorem 2.5. Hence,

E[e—tr(iBflvalzzT)] E[e—tr(STDSZZT)] _ E[e—tr(D(SZ)(SZ)T)]’ (3.12)
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3.1. WISHART DISTRIBUTIONS AND THEIR BASIC PROPERTIES 41

where the last equality follows from Lemma 2.1. Since affine transformations of normal distri-
butions are normal distributions, see Item (iii) from Remark 3.5, SZ ~ MNormal(0, 51,5 T®
I,). As S is orthogonal, Z and SZ follow the same distribution and therefore

(Z2S)(zs)TL 27T, (3.13)
Step 3. Note that due to the definition of the matrix multiplication

777 = ZZC zZ)T (3.14)

where Z]C € R? denotes the j-th column of Z for every j € {1,...,n}. Since all entries

of Z are independent and identically distributed normal variables, the same holds true
for its columns and Z§ ~ Normal(0, I,)) for every j € {1,...,n}. Hence, using Eq. (3.12),
Eq. (3.13) and Eq. (3.14),

E[e—tr(iBflvB*ZZT)] _ E[e—tr(iDZZT)] E[eftr(lDzj VZe(Z)T )]

ﬁ 7(’:1‘ IDZC ZC)T)] (E[e—tr(iDZC(ZC)T)])TL (315)

where Z¢ ~ Normal(0, I,,).

Step 4. Each of the factors can now be computed as

E[e~t(DZ5(Z)T)] _ (%)—g/ o tr(iDaa") o~ ir(asT) g
RP

I3

_ (27’(’)_2/ e—Qtr((]p—f—QiD)macT) dLL‘, (316)
RP

where the first equality follows from the definition of a multivariate standard normal
distribution, as it can also be seen in Eq. (3.3). Let

G :=1I,+ 2D = diag(1 + 2i\y,..., 1 + 2i),) € CP*P.

Then, for z € RP
P P

tr((Z, + ZiD)xxT) Gmaz Z Z Grixixy = Z Gkkxk,

k=1 I=1
where the last equality follows from the fact that G is a diagonal matrix. Combining this
with Eq. (3.16),
. P
E[e" (P70 = (27) / e~ F Tl Guat 4y = [[(20) 4 / e HOReE day, (3.17)
RP P} R

using Fubini’s theorem for the last equality. Considering Definition 2.28, each factor of this
product corresponds to the characteristic function of a x? distribution at ¢ := 2\;. Hence,
using Corollary 2.35 with n =1,
1

VGri

1 2
e_inkxk d"L‘k =

7
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Step 5. Combining this with Eq. (3.15) and Eq. (3.17),

o tr(iDZZT)] _ SR _ - L et O — 4(de DY)
E[ ] (kﬂl m) i<kl_[1 Gkk> +(det G) +(det (1, + 2 D)()3 18,)

where the second equality follows from Items (i) and (vi) of Proposition 2.32, the third
equality holds as G is a diagonal matrix and the last equality follows from the definition of G.
Since E[e~(PZZ7)] is a continuous function of D and (det(Z, + QiD))_n/2 is a continuous
function of D taking values in C\ {0},

E[e—tr(iDZZT)]

(det(I, + 21D)) "/
is a continuous function of D taking values in {—1,1}. As for D = 0 both the numerator
and the denominator of the function are equal to one

E[eftr(iDZZT)]

(det(I, + 2iD)) ™*

for all diagonal matrices D and therefore Eq. (3.18) holds without the + sign.

Step 6. Due to Eq. (3.15) and as for every orthogonal matrix S the equality det S det ST =
det(SST) = det(SS~1) = 1 holds,

_n
2

E[e "0BvBT22T)) — e~ "(P277)] = (det ST det(I, + 2iD)det S)
— (det(STS +2iSTDS)) "2 = (det(I, + 2iB~'wB~)) "2,
where STS = I, and STDS = B~'vB~! were used for the last equality. Hence,

w[3

_n n
2 2

—tr(iB~wB~1ZZT)) _ cy—1, -1 _ =1l =1\~
Ele ] = (det(I, + 2iB~'vB™ ")) 2 = (det(I, + 2iv B~'B~ ")) 2,
= (Ip+2u)~"
where the second equality holds due to Lemma 2.3. Combining this with Eq. (3.11)
Ele™ X)) = (det (T, + 2u)) "% (det(I, + 2iv(I, + 2u) 1)) "2 = (det(I, + 2d)) "%, (3.19)

thus proving the standard case.

Step 7. For Y ~ Wishart(n, X)) with ¥ = AAT, where A € RPX4, using Definition 3.8, we
know that Y has he stochastic representation Y dax AT where X follows the standard
Wishart distribution of dimension g € N. Then, for every w € CP*P satisfying the conditions
of this theorem and the corresponding w = u + iv,

E[e—tr(wY)] _ E[e—tr(ﬁ)AXAT)] _ E[e—tr((AT(u—&—iv)A)X)],

where we are using Lemma 2.1 for the second equation. As Ip+2ATuA is positive definite and
ATvA is symmetric for symmetric z, we can insert the standard case derived in Eq. (3.19),

—tr(wY)) _ T~ -5 — ~ T\\—n/2
Ele | = (det(I; + 2A " wA))" 2 = (det(I, + 2w A_f; ) ,

where we use the Weinstein—Aronszajn identity (Lemma 2.3) for the second equality. [
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Some more practical applications of Wishart distributions will be discussed in the following
two remarks.

Remark 3.15 (The sample covariance matrix of a multivariate normal sample is following
a Wishart distribution, see [13, Section 3.3.2]). One of the main applications of Wishart
distributions is the fact that the distribution of the sample covariance matrix of a sample
following the multivariate normal distribution has a Wishart distribution.

For n,p € N let x1,...,%, be i.i.d. random vectors following an RP-valued multivariate
normal distribution with mean vector p € RP and covariance matrix 3. Then the sample

covariance matrix
n

Y i —x)(x - x)T,

i=1

where x refers to the sample mean, takes values in RP*? and follows the Wishart(n — 1, )
distribution as proven in [13, Theorem 3.3.6].

Remark 3.16 (Further applications of Wishart distributions). Wishart distributions also
come up in the following settings:

e In continuation to Remark 3.15, the class of Wishart distributions is used for maximum-
likelihood estimation of the covariance matrix of the multivariate normal distribution,
see [5, Chapter 6.6].

e In Bayesian statistics Wishart distributions are used for the prior probability distri-
bution of the precision matrix, which is the inverse of the covariance matrix, of a
multivariate normal distribution with known mean, see [16, Chapter 7.3].

3.2. Definition and Basic Properties
of Matrix-Valued Gamma Distributions

In this section we first introduce standard matrix-valued gamma distributions via density
functions before extending them to the commonly known matrix-valued gamma distributions
in an analogue way to Definition 3.8 of Wishart distributions. Then, after showing that the
family of matrix-valued gamma distributions is an extension to the class of non-singular
Wishart distributions, we define general matriz-valued gamma distributions by also taking
into account singular Wishart cases. For this distribution family we derive several basic
properties.

Remark 3.17 (The measure on S implicitly given by the p(p+ 1)/2-dimensional Lebesgue—
Borel measure). As discussed in Remark 2.22, for k,n € N we define an integral over a
k-dimensional submanifold of R™ by transforming it to an integral of the k-dimensional
Lebesgue—Borel measure via one/multiple charts, where the value of the integral does not
depend on the choice of the chart. Hence, this the k-dimensional Lebesgue—Borel measure
implicitly defines a measure on the k-dimensional submanifold.

In the case of the submanifold S} we will denote the measure implicitly given by the
p(p + 1)/2-dimensional Lebesgue—Borel measure with .
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Using the relative topology on S} as subset of RP*P, we can define the Borel o-algebra’
B(S)}). For every Borel-set B € B(S;) and every chart 1, the set 1)(B) is measurable
w.r.t. the p(p + 1)/2-dimensional Lebesgue-Borel measure, see [2, Chapter XII, Remark 1.1,
Theorem 1.2], hence B is measurable w.r.t. pu.

For any random variable X taking values in S} with density function

f)(:S;— —>R8—,

w.r.t. the measure p, the function z2 = ¥~1(X) defines a random variable since 9, defined
in Eq. (2.7), is a homeomorphism. Using Remark 2.23, a density function of X is given by

fonnd S0 Ro (3:20)
X&) a 2%&(7#(13&)):2%&(@ |

w.r.t. the p(p + 1)/2-dimensional Lebesgue—Borel measure.

Definition 3.18 (Standard matrix-valued gamma distributions). For p € N a S/ -valued
random variable X with density function

fx@) = 55 e @ (det )2, e, (3.21)
p

w.r.t. the measure p on S, that is implicitly given by the p(p+ 1)/2-dimensional Lebesgue—
Borel measure, as discussed in Remark 3.17, is said to be standard matrix-valued gamma
distributed with shape parameter a > (p —1)/2, denoted by X ~ MGamma(c, I).

Example 3.19 (Density function of a SJ-valued standard matrix-valued gamma distri-
bution). As the MGamma(a, I,,) distribution is matrix-valued, visualizing it via a density
function poses a challenge. For p = 2 it is possible to illustrate the different level lines of the
density function with an appropriate parameterization: Using Remark 2.19 and Eq. (2.7) in
particular,

T12 X22

Ix(@) = fx(W(@™) = fx((@i, 212, 22)), @ = <w11 $12> €Sy§.

Note that due to Sylvester’s criterium, see [17, Corollary 7.1.5, Theorem 7.2.5], a matrix is
positive definite if and only if its principal minors are positive, hence ¥ (x11, 212, x22) € S;
if and only if 11, 792 € RT and det(v) (211, 212, T22)) = T11722 — 235 > 0.

For a = 7/2 some level lines are illustrated in Figure 3.1. The maximum point of the
density function with these parameters is at (11, z12, z22) = (2,0, 2) where f((2,0,2)) =
0.293.

Remark 3.20 (Standard Wishart distributions are well-defined). We can see that the function
fx from Eq. (3.21) is in fact a probability density as x € S} leads to detaz > 0 and, by

4 For a topological space the Borel g-algebra is defined to be the smallest o-algebra containing all open
subsets of the topological space.
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Figure 3.1. Illustration of a density function of X ~ MGamma(7/2,12) by its contour
lines, see Example 3.19. The shown levels are fx(¢(x11,%12,722)) = 0.012 in green,
fx((z11, 212, 222)) = 0.008 in blue and fx((z11,212,222)) = 0.004 in orange. The
maximum point of this function is shown by the red point. The grey area shows the border to
where fx((x11, 212, 222)) = 0 due to the conditions on permitted (x11,x12,x22) such that

Y(211, 712, T22) € S5
using Eq. (2.31) with Z = I,,,

fx(z)de = 5——
55

Example 3.21 (Joint distribution of (det(X), tr(X)) for X ~ MGamma(c, I2)). For this
example, we consider a Sj-valued X ~ MGamma(a, I2), where v > 1/2. Then

det(X) = X11 X0 — X%, tr(X) = X11 + Xoo.

Let X% be the corresponding S;’—Valued random matrix, which then, due to Egs. (3.20)
and (3.21), has a density

Frea(e®) = Vfx(e) = 02 0 deta)

Iy (a)
V2o s )
= Fg(a) e (m11+$22)($115622 - $%2>a 2, JvA— ($11,$12a$22) € §;‘, (3.22)

where 2 = 9(2) and T'y(c) can be expressed with Eq. (2.30).
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Consider the continuous function

b= Sy = RCRt xRt xR
1 (a,b,¢) — (ac—b%a+c,b) = (d,t,z) "’

which satisfies ¢(X2) = (det(X),tr(X), X12). As, in the setting of this function, the
inequality d + 22 = ac < (a + ¢)?/4 = t?/4 holds, the range of ¢ can be restricted to

R:={(d,t,z) € RT x R x R |t > 2Vd, 2> < ?/4 — d}, (3.23)

making it surjective. Now, for (d,t,z) € R, the equality ¢(a, b, c) = (d,t, z) has two solutions
for (a,b,c) in RT x Rt x R:

(a1,b1,c1) = ( (t—i-\/ 22+d )

(ag,bg,@):(%(t_ 2 —4(z2 +d)),

(t— 4(22+d)),z),
(t+ /2422 +d)), ) (3.24)

which are only equal if 2 = 4(22 + d), meaning a; = ¢; = as = c2. Hence, we split up the
domain of ¢ in order to make the function injective and let ¢; := ¢[p, for i € {1,2}, where

l\:)\r—t[\a\r—t

Dy ={(a.b,c) €§f|a>c}, Dyi={(a,b.c) € &f|a<c},

hence ¢; is bijective when restricting R to the same set given in Eq. (3.23) with strict
inequalities, with ¢; '(d,t, 2) given by (a;,b;, ¢;) from Eq. (3.24) for i € {1,2}. The Jacobi
matrix of gZ)fl is given by

da1  day  dax =1 1, .t
od ot Oz C 2 2C
-1 ab ab ab 1 1 t /
d¢1 (d,t, Z) = 876% Ttl aizl = ol 53~ 30 * with C Z2 + d
Ocy Ocy dcy 0 0 1

od ot 0z

hence, using the Laplace expansion of the third row,

t 1 1 2 1

The determinant of degy 1 can be computed analogously and its absolute value also given by
the right hand-side of Eq. (3.25).
Now for every open set B € B(R),

P[(det(X), tr(X), X12) € B] = P[p(X*) € B] = P[X* € ¢~ (B)].
Note that ¢~(B) = ¢~ (B)N D U ¢~ (B) N Dy U ¢~ (B) N S5\ (D1 U Dy) and
Plp(X2) € ST\ (D1 U Dy)] = P[X1; = Xao] = 0,

as X171 and X9 are independent and both follow absolutely continuous probability distri-
butions, see Corollaries 3.23 and 3.53 below. As additionally ¢~ (B) N D; = ¢; ' (B) for
ie{1,2},

P[(det(X), tr(X), X12) € B] = P[X® € ¢;1(B)] + P[X* € ¢, *(B)]. (3.26)
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For i € {1,2}, we now use the transformation formula of Theorem 2.39 with ¢; ! and the
set B, inserting the determinant given in Eq. (3.25),

Ao o1 _ [ Ixa(67'(d,t,2))
PX= € ¢, (B)] = /¢>i‘1(B) fxal(a,b,c) dadde—/B NCE R dddtdz

—t ja—3
_ / V2e 1At e
B Da(a)\/t? — 4(2% + d)

where the last equation follows from Eq. (3.22). Combining this with Eq. (3.26) and the fact
that B was an arbitrary open set® of B(R), a density of (det(X), tr(X), Xi2) is given by

\/§e—t da—%
To(a)y/t2 — 4(22 + d)

fdet(X),tr(X),le (da t, Z) =2

for every (d,t,z) € R. The joint density of the trace and the determinant is then, due to the
fact that 22 < t2/4 — d if and only if 2 € [\/d — t2/4, \/t2/4 — d] for (d,t,z) € R x RT x
R with ¢ > 2v/d, given by

Vi2/4—d V2et da—g
Jaet(x),(x) (d, 1) = / 2 > : dz
V21 Ta(a)y/t? —4(2% +d)
\/ge—t d a—% ) \/zm 1
- Da(e) /0 t2 —4(2%2 +d)

~~

=7

dz (3.27)

/

for all (d,t) € Rt xRt with ¢ > 2v/d, where the second equality follows from the symmetry of
the integrand. The integral Z can now be computed using the substitution y := 2z/v/t? — 4d,

Vir/a—d 1 ! 1 2 — 4d
I:/ dz :/ dy
0 V2 —4d — (22)%) 0 12 —4d— (2 —4d)y? 2
_1/1 1 d _aresin(l) 7
2 Vit VT 2 T
which we can insert back into Eq. (3.27) to arrive at
V2m s
fdet(X),tr(X) (d>t) = ———~etd*2 1{7522\/&}? (d? t) eRT x R+7 (328)

FQ(CY)

which could have been expected when looking at the density of X given in Eq. (3.21).

In Remark 3.29 and Corollary 3.36 below the marginal distributions of det X and trX
are discussed in a more general setting and can be used together with Eq. (3.28) to derive
conditional densities for the determinant and trace.

The density function given in Eq. (3.28) is visualized in Figure 3.2 for o € {7/2,9/2,11/2}.
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faes(x),er(x) (d, )
——=0.10

\

|

«‘

10.05

e = 0.00

Figure 3.2. Illustration of joint density functions of the determinant and the trace of
X ~ MGammal(a, I2) for « = 7/2 in orange, o = 9/2 in blue and oo = 11/2 in green. These
densities are greater than zero on the grey area {(d,t) € Rt x RY |2 > 4d}. Elaborated in
Ezample 3.21.

The standard matrix-valued gamma distribution can also be characterized via the entries
of its Cholesky decomposition.

Theorem 3.22 (Characterization of standard matrix-valued gamma distributions, see [33,
Section 4.1(i), Property 1]). Let p € N and o > (p —1)/2. Let T, be as defined in Eq. (2.8).
Then X is a S+—valued standard matriz-valued gamma dzstmbuted random variable with
shape parameter o if and only if the vector version T € T of the lower triangular matriz
T, that is uniquely defined by the Cholesky decomposition ofX =TT7, is a random matriz,
where the non-trivial entries T;; of T with i > j fori,j € {1,...,p}, are independent and
their distributions are given by:

(i) Tij ~N(0,3%) for alli>j in {1,...,p},
(ii) Ty ~ GenGamma(a — 5,1 2) foralli e {1,...,p}, see Definition 2.26.
This leads to T2 ~ Gamma(a — 5+, 1) for alli € {1,...,p} .

Proof. The proof of this theorem is split into five steps. Throughout the proof we access the
entries of elements of 'ﬁ‘p and of Tp—valued T by understanding them as the corresponding
matrices in T, using two indices.

Step 1. First we will derive a density function of 7' that is equivalent to Items (i) and (ii)
holding true: As all of the entries of T are independent and given by the lower triangular
entries of T', a probability density function of 7" is given by

p
7t2, 2 2 90—i -~
= T = (11 Gz (Mg 2 e %) iet

i,j=1 i,j= 1 i=1 2
1<j i<j

® Note that the open sets of a Borel g-algebra form an intersection stable collection generating the Borel
o-algebra.
5 This theorem can be slightly generalized for X ~ MGamma(c, 81,) with 8 € R, see Remark 3.28.
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where we are using that the continuous density of a A/(0, %)—distributed variable is given by

x> (1/y/7)e " for # € R and Eq. (2.14) for the diagonal entries following a generalized
gamma distribution. Using Eq. (2.30), this density of 7" can be rearranged to

217(174*1) P P )
10 =4y e (- X ) [T200
P ij=1 i=1
i<j
21)(174—1) P
— T Toya P+l it -~
=T o) (det (¢t 1)) 2 2p1'[1tgl , teT, (3.29)
1=

where ¢ is the matrix version of  and where the second equality follows from det(tt") =
[T, t7, and tr(ttT) = Zi<j t?j-

Step 2. Next, we will show that X is a random matrix if and only if T is a random matrix:
Lemma 2.14 states that the function that maps T' € T, to TTT is a homeomorphism.
As discussed in Remark 3.17, Sf-valued X is a random matrix if and only if Sjf-valued
X% :=9~1(X) is a random matrix, where 1 is defined in Eq. (2.7). Using the continuous
and bijective function ¢, given in Eq. (2.33) of Lemma 2.41, that maps every lower triangular
matrix € ']Tp to the positive definite matrix ¢y~ (tt7) € S;r, we can see that

X& =9 (X) =y (TTT) = ¢(T)

is a S; -valued random matrix and hence X is a S} -valued random matrix if T is a random
matrix. Conversely, T = ¢~ (X?) is a random matrix if X% is a random matrix.

Step 3. Assume T is the random matrix described by Items (i) and (ii). For every open set
B of B(S}),

P[X*® € Bl =P[¢(T) € B =P[T € ¢ Y(B)] = /qs_l(B) f7(f) dt, (3.30)

- (p41)
where we write df for A" (dt). Inserting the determinant of ¢ given in Eq. (2.34) into

Eq. (3.29),

p(p—1)

170 =Ty e ) (et (147))2 "% |det dg(D)], 7€ Ty, (3.31)

\)
IS

= 9(6(6(1)
as (¢(t)) = ttT, where t is the matrix version of . Inserting this into Eq. (3.30),

P[X* € B :/

a($(6(D)))det do ()| di = / o) dz?,  (332)
¢~ 1(B) B

where we are using the transformation formula from Theorem 2.39 with the function ¢ and
the open set B for the second equality. As this is true for all open sets B a density of X
is given by

fxa(@®) =g(¥@®), «° €S,
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Therefore, using Eq. (3.20),

—p(p—1) —p(p—1) 1

(@) =275 s (@) =27 gla) = s

where we are using the definition of g(-) in Eq. (3.31). As this is a density of the
MGamma(c, I,) distribution, as given in Definition 3.18, this proves one implication of the
theorem.

e*tr(x)(det(x))a*p%l, T €SS,

Step 4. Now assume X follows the standard matrix-valued gamma distribution and hence,
using Eq. (3.20),

p(p—1)
fXMxA):prfa) e (det(2))* 7 = g(v(@)), 2 € §F,

where z = 9 (z®) and g(-) as in Eq. (3.31). Now as in the step above but in the other
direction, we can see that for every open set B € B(T)),

P[T € B = Pl¢~!(X2) € B] = P[X" € ¢(B)) = /¢ RIS

Furthermore, with the transformation of the second equality of Eq. (3.32) with the set ¢(B)
instead of the B there and the definition of ¢(-) in Eq. (3.31)

p(p—1)

IP’[TGB]:/BQ( Y(6(D)))ldet dg(?)] di = /B2Fp(04)

e () (det(¢tT)) a—*2thp g,

which, together with Eq. (3.29) and the first step of this proof proves that T follows the
desired distribution.

Step 5. Finally, we will show that Item (ii) leads to the entries sz being gamma distributed
for every i € {1,...,p}. For the function &(z) := 22 for € R, and every Borel set B of
B(RY),

P[T; € B] =P[T;; € £(B / fr,(z) dz = 1/ e (%)% da,
D(a =51 Jes)

where Eq. (2.14) is used for the last equality. By substituting y := &(x) this is equal to

2 i 1
2 . _ _i
P[Tu‘EB]—Fi_l)/Be Yy 22\/gdy

Since this is true for every Borel set B, a density of T~ is given by
1

Do =5

_ _ 41
e Vy* z, yeRT,

ng (y) =

which is a density of the one-dimensional gamma distribution with shape parameter
a —1i—1/2 and scale parameter 5 =1, see Eq. (2.15). O]
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Corollary 3.23 (Independent entries of standard matrix-valued gamma distributions).
Forp e Nand o > (p—1)/2, let X ~ MGamma(a, I,). Then the elements of every
collection X, j, ..., Xi, j, withn € N of entries of X, where {iy, ji} N {i;,51} = @ for all
k.l € {1,...,n}, are independent. This implies, in particular, that all diagonal elements of
a standard matriz-valued gamma distribution are independent.

Proof. Using the previous theorem, let 7" denote the Tp-valued matrix satisfying TTT = X,
where the non-trivial entries are independent. Then

J
Xigje = Z TiymTjm, ke{l,...,n},

m=1

hence, if the conditions of this corollary are satisfied, X;, ;,,...,X;, j, are independent. L[]

Definition 3.24 (Matrix-valued gamma distributions). For p € N an RP*P-valued random
matrix Y is said to be matrix-gamma distributed with shape parameter a € R™ and scale
parameter matrix C € RP*P_ if there exists a dimension ¢ € N, a matrix A € RP*?, such
that C = AAT, and a random S;—valued matrix X following the standard matrix-valued
gamma distribution with parameter o > (¢ — 1)/2, as given in Definition 3.18, such that

v 2 AxAT (equality in distribution). (3.33)
We use the notation Y ~ MGamma(a, C).

Remark 3.25 (One-dimensional gamma distributions are a subclass of matrix-valued gamma
distributions). Setting p = 1 and assuming C' is positive, we can see that matrix-valued
gamma distributions are in fact a generalization of one-dimensional gamma distributions.
The density function given in Eq. (3.21) simplifies to the density of the Gamma(c, 1) distri-
bution, see Eq. (2.15). In the one-dimensional case Eq. (3.33) is equivalent to multiplying
the standard gamma distributed variable with the scale parameter C' € RT, leading to the
Gamma(a, C) distribution.

Remark 3.26 (Sampling from matrix-valued gamma distributions). Combining Theorem 3.22
with the definition of matrix-valued gamma distributions given in Eq. (3.33) provides a
method to sample from MGamma(a, C).

Remark 3.27 (Existence of MGamma(a, C')). The MGamma(a, C') distribution exists for
every positive semi-definite scale parameter matrix C' and shape parameter o > (rk(C)—1)/2:
In an analogue argumentation to Lemma 3.9 we can see that for every positive semi-definite
C # 0 there exists a matrix A € RP*™8() guch that AAT = C. For C = 0, we can chose A
to be the p-dimensional zero vector. Hence, the MGamma(c, C') distribution can be defined
for every a > (rk(C) —1)/2.

The uniqueness of the distribution given C' and « follows from the characteristic function
in Theorem 3.32 below.
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Remark 3.28. The characterization of the standard matrix-valued gamma distribution given
in Theorem 3.22 via its Cholesky decomposition can be generalized for scale parameter
matrices of the form 31, for g € RT:

For p € Nlet a > (p—1)/2 and 8 > 0. Let T, be as defined in Eq. (2.8). Then
Y ~ MGamma(a, 81,) if and only if the vector version T € T, of the lower triangular
matrix 7', that is uniquely defined by the Cholesky decomposition of Y =TT7, is a random
matrix, where the non-trivial entries Tj; of T' with ¢ > j for 4, j € {1,...,p}, are independent
and their distributions are given by:

(i) T NN(O,%) for alli > jin {1,...,p},
(ii) Ty ~ GenGamma(a — 51, 3,2) for all i € {1,...,p}.

This leads to 7 ~ Gamma(a — 52, ) for all i € {1,...,p} .

Remark 3.29 (Distribution of the determinant of some matrix-valued gamma distributions,
see [13, Theorem 3.3.22(i)]). For p € Nlet a > (p —1)/2 and let positive semi-definite C' be
of the form C' = I, for a § > 0. Using the corresponding T,-valued 7" from Remark 3.28,
we can see that

detY =det(TTT) = H

where T;; ~ Gamma(a — (i — 1)/2, 8) for every i € {1,...,p}.

Hence, the distribution of the determinant of Y is the product distribution of p independent
gamma distributions with the same scale parameter 5. For p = 2 and § = 1, a joint density
of det(X) and tr(X) is given in Example 3.21.

Remark 3.30 (The family of matrix-valued gamma distribution takes values in the positive
semi-definite matrices). For p € N, let C € RP*P be positive semi-definite and let o >
(rk(C) — 1)/2. Since X following a standard matrix-valued gamma distributions only
takes positive definite values, the values of the MGamma(a, C') distributed random matrix
Y £ AXAT are positive semi-definite a.s., see Remark 3.11. In the case that A has rank p,
or equivalently C' has full rank, which implies that C' is positive definite due to Item (vi) of
Lemma 2.8, the values of Y are even positive definite a.s.

Remark 3.31. Matrix-valued gamma distributions and Wishart distributions in Definition 3.8
are commonly only defined for positive definite scale matrices/ covariance matrices, as for
example in [13, Definition 3.6.1] or [20, Eq. 2.1]. In this case the matrix-valued gamma
distributions are often defined via the densities given in Theorem 3.45 below.

Theorem 3.32 (Joint Laplace transform and characteristic function of matrix-valued gamma
distributions, see [13, Theorem 3.3.7]). Let p,q € N, a > (¢ —1)/2 , and let C € RP*P
be given as matriz product C = AAT, with A € RP*9. Let Y ~ MGamma(a,C) as in
Definition 3.24 have the stochastic representation Y 4 AXAT with X ~ MGamma(a, I;).

(i) For w € CP*P, let @ = (w + w')/2 with representation @ = u + iv with u,v € RP*P
symmetric. If” I, + ATuA e Sg‘, then the determinant of I, + 2wC is different from

" The condition on w € CP*? is in particular satisfied if the real part of w, or even of 0, is positive
semi-definite, in particular if it is equal to the zero matrix.
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zero and for every constant scalar 8 > (p — 1)/2 — « and every constant matriz
M € RP*P,

E [(det MY)? e—tr(wv)) = Tol@+5)

Iy(a)
(ii) The characteristic function of Y, as defined in Eq. (3.5), is given by
oy (2) = E[e"05)] = (det (I, —12C)) " (3.35)

(det MC)P (det (I, + wC)) . (3.34)

for all symmetric z € RP*P. [t is sufficient to consider symmetric z due to Remark 3.13,
considering Y takes values in the symmetric matrices as discussed in Remark 3.30.

Proof. In the following we will prove Item (i). Item (ii) follows from Item (i) by setting
M =1,, =0, w =iz for z € RP*P symmetric.

For Item (i), we first consider the case of a standard matrix-valued gamma distributed
random variable, denoted by X, areal 8 > (p—1)/2 — « and a matrix w with corresponding
symmetric matrix w = u+iv € CP*P with u satisfying I, +u € S;. With the same argument
as in Remark 3.13, tr(wY) = tr(@wY’) a.s. Hence, using the density of the distribution given
in Eq. (3.21),

- 1
E [(det M X )P et (wX)] — / (det Mz)? e~ tr(@2) @) (det ZL‘)O‘_L;FI dz

SF I'y(a)
B
_ (det M) / o~ ((Up+)-+10)2) (g )otB-25 g
I'p(a) SF
As I, + u is positive definite, v € RP*P is symmetric and ae+ 5 > (p — 1)/2, we can apply
Eq. (2.31) from Theorem 2.37, telling us that det(I, + @) # 0 and leading to

(det M)P N Cax:
_ Lp(a+ B)

Lp(a)

which proves the lemma for the standard case.

For Y ~ MGamma(a, C), using the stochastic representation Y 4 Ax AT where X
follows the standard matrix-valued gamma distribution of dimension ¢ € N,

E[(det MY)? e (V)] = E[(det MAX AT)? ¢~ tr(@AXAT))

= (det AAT)P E[(det MX)P e~ (AT0A)X)}
=C

E [(det M X)P e~ (wX)] =

(det M)? (det (T, + @) ), (3.36)

where we are using Lemma 2.1 for the second equation. As AT@A is symmetric for symmetric
W and as I, + Re(ATwA) = I, + ATuA is positive definite, we can insert the standard case
derived in Eq. (3.36),

E[(det MY)? e " (WY)] = (det C)Bw(det M)? (det(I, + ATwA)) P

I'p(a)
_ Tpla+5) o B (de B AATY) (@8
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where we are using the Weinstein—Aronszajn identity given in Lemma 2.3 for the second
equality. O

For p € N the characteristic function of a Wishart distribution with parameters n € N and
positive semi-definite ¥ € RP*P satisfying n > rk(X), given in Eq. (3.7) of Theorem 3.14,
has the same form as the characteristic function of a MGamma(n/2,2¥) distribution given
via Eq. (3.35).

Corollary 3.33 (Matrix-valued gamma distributions are a generalization of non-singular
Wishart distributions). For n,p € N let the positive semi-definite matriz ¥ € RP*P satisfy
n > rk(X). Then

Wishart(n, ¥) = MGamma(n/2,2Y). (3.37)

This corollary and the similar form of the characteristic functions leads to the definition
of a more general version of matrix-valued gamma distributions incorporating the singular
Wishart distributions.

Definition 3.34 (General matrix-valued gamma distributions). For p € N and positive
semi-definite C' € RP*P, let

1.3 rk(C) — 2 (rk(C) = 1)*
= — 1=, ... . .
Go={0.5.1.5.... Y2} o |G o (3.39)
The general matrix-valued gamma distribution family is now defined for every a € G,

hence combining Definitions 3.8 and 3.24. An RP*P-valued random matrix Y following this
distribution satisfies

. . rk(C)—1)*
(i) Y ~ MGamma(«, C), if o > %,

(i) Y ~ Wishart(2a, 1C), if a € {%, 1,32, %} which is a singular Wishart
distribution,
(iii) Y follows the degenerate distribution concentrated in 0 € RP*P if o = 0.
This will also be denoted by ¥ ~ MGamma(c, C).

Corollary 3.35 (Characteristic function of general matrix-valued gamma distributions).
Forp € N, let Y ~ MGamma(a,C) with C € RP*P positive semi-definite and o € Ge.
Then the characteristic function is given by

oy () = B[e"2Y)] = (det(I, — i2C)) (3.39)
for all symmetric z € RP*P,
Corollary 3.36 (Distribution of the trace of matrix-valued gamma distributions, see [13,
Theorem 3.3.23]). Forp € N let C € RP*P be a positive semi-definite scale parameter matriz

and let o € Go. Then the trace of Y ~ MGamma(a,C) is a R} -valued random variable
with characteristic function

Cur(v)(t) = B[] = (det(I, — itC)) ™", teR.

If C =diag(f,...,0Bp), thentr(Y') follows the same distribution as the sum of p independent
random variables® Y1,...,Y, with Y; ~ Gamma(a, 8;) for i € {1,...,p}. Note that C

8 This distribution corresponds to a finite gamma convolution, see [27].
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Figure 3.3. Continuous probability density function of the trace of a standard matriz gamma
distribution, see Corollary 3.36, with p = 3 and different «.

positive semi-definite implies 31, ...,y € Ra'. If C is even a multiple of the identity matriz,
i.e. C' = pI,, then tr(Y) ~ Gamma(ap, ).

This is illustrated in the standard case 8 = 1 in Figure 3.3. For p = 2 and C = I, a joint
density of det(X) and tr(X) is given in Example 3.21.

Proof. In case o = 0, all of statements are true since Y = 0 in this case. For the rest of the
proof let a # 0.
The characteristic function of tr(Y) is given by

Pu(r) (t) = B[] = E[e" (] = oy (¢), teR.

Inserting the characteristic function of Y given in Corollary 3.35 proves the first statement
of the corollary.

If C is a diagonal matrix, then it can be represented by C = diag(f,...,[,) with
Bi,...,Bp € Rg as C is positive semi-definite. Then

Pu(y) () = (det(I,—itC)) " = <ﬁ(1iﬁj)> h = exp (aLog(ﬁ(litﬁj))>, t € R,

J=1 J=1

where we use the definition of complex exponentiation given in Eq. (2.18). Now, due to
Eq. (2.17) there exists a k € Z such that

P p
Log (H(l - it@)) = 2mik + ZLog(l —itp;), teR.

i=1 j=1

Hence, for every t € R,

P P
Puy)(t) = exp(—a (27Tik + Z Log(1 — it@-))) = ¢ 2mika H(l —itg;) "

Jj=1 Jj=1
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As o) (t) = E[e* ()] is continuous in ¢, this k& € Z must be the same for all ¢ € R as
a # 0. Since ¢g,(y)(0) = 1, we can conclude that k = 0 and therefore

P
u(y)(t) = H(l —itg;)”%, teR.
j=1

Since R 3 ¢ — (1 —itf3;)™“ is the characteristic function of the Gamma(c, ;) distribution
due to Corollary 2.34, this proves the second statement of the corollary.
Finally, if C' = SI, for some € RT, then

P

e (® = [[L=it8) ™ = (1 -it8) )" = (1-itd) ™, teR

J=1

which is the characteristic function of the Gamma(ap, 5) distribution, where the last equality
holds due to Item (i). O

Remark 3.37 (A further extension of the definition of matrix-valued gamma distributions
using the characteristic function is not possible). For p € N and C' € RP*P| the general
matrix-valued gamma distribution has been defined for every o € Go. The characteristic
function given in Eq. (3.39) might lead to the question whether a function of this form also
describes a probability distribution for « not fulfilling this criterion. In fact it has been
proven in [25] that only for a € Go the right side of Eq. (3.39) describes a characteristic
function of a probability distribution.

Remark 3.38 (Matrix-valued gamma distributions are not infinitely divisible). The charac-
teristic function of a matrix-valued gamma distribution exists if and only if @ € Go due
to Remark 3.37. So for a counterexample to infinite divisibility of matrix-valued gamma
distributions let C be positive semi-definite, let o € G and let n = 2 be the factor we want
to divide the distribution by. If the distribution were infinitely divisible, then there should
exist a characteristic function f such that the characteristic function of ¥ ~ MGamma(a, C)
can be written as

py (2) = (det(l, —120)) ™" = (£(2))*.
The two possibilities for f(z) are

fi(z) = (det(Z, — izC))_a/2 and  fo(z) = —(det(I, — izC’))_a/z,

where f1(z) is not a characteristic function for all o as o € G¢ does not imply «/2 € G¢,
which would be necessary due to Remark 3.37. The second option f2(z) is not a characteristic
function since f2(0) = —1 # 1.

The family of general matrix-valued gamma distributions with the same shape parameter
« has the following property.

Corollary 3.39 (Scaling property of matrix-valued gamma distributions). For p,q € N,
let Y ~ MGamma(a,C) with C € RP*P positive semi-definite and o € Go and let L
be a constant matriz in R?*P. Then the R79-valued random matriz LY LT follows the
MGamma(a, LCLT) distribution.
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Proof. This proof is done via the characteristic function of LY LT. For every symmetric
z € R1%4
pryir(z) = B[] = B[] = oy (LT2L),

where Lemma 2.1 is used for the second equation. Inserting the characteristic function
given in Eq. (3.39),

¢ryrr(2) = oy (LT2L) = (det(I, —iLT2LC)) " = (det(I, —izLCLT))™*

for all symmetric z € R7%Y, where the last equation follows from the Weinstein—Aronszajn
identity given in Lemma 2.3. Since rk(LCLT) < 1k(C) and hence o € Gy, this is
the characteristic function of MGamma(a, LCLT) at z. As discussed in Remark 3.4 and
Remark 3.13 the characteristic function of the symmetric random matrix LY LT at symmetric

z € R9%4 determines its distribution uniquely, hence LY LT ~ MGamma(a, LCLT). O]
Each permutation 7 of {1,...,p} can be identified with its permutation matrix Py :=
(0im(j))5 j—1, Where & ; is the Kronecker delta. Hence, PrY Py = (Yr-1()r-1(;j))} ;= for

every matrix Y € RP*P,

Corollary 3.40 (Permutation property of matrix-valued gamma distributions). For p € N,
C € RP*P positive semi-definite and o € G, let Y ~ MGamma(a,C) and let m be a
permutation of {1,...,p}. Then P,Y Pl follows the MGamma(a, P,CP]) distribution,
where Py refers to the permutation matrix corresponding to .

Remark 3.41 (Matrix-valued gamma distributions cannot be easily characterized by derived
one-dimensional distributions). Multidimensional normal distributions can be characterized
by derived one-dimensional distributions, see [28, Lemma 2.33]: an R™-valued random vector
X follows an n-dimensional normal distribution if and only if (¢, X') follows a one-dimensional
normal distribution for all ¢ € R"™.

Corollary 3.39 shows that one implication of this characterization holds for matrix-valued
gamma distributions as well: For p € N let C' € RP*P be positive semi-definite and a € G¢.
For Y ~ MGamma(a, C) the random variable (t,Yt) follows a one-dimensional gamma
distribution for all ¢ € RP. The other implication, however, does not hold true. For
Yy ~ Gamma(ayg, By) with shape parameter oy > 0 and scale parameter 5y > 0, the random

matrix
y . (Yo O
o (0 YO>

satisfies the condition, that for every t € R?
(t,Yt) = [[t]3Y0

follows the one-dimensional gamma distribution with shape parameter o and scale param-
eter ||t[|350. Using the expectations and variances of the entries of a matrix-valued gamma
distribution, that will be proven in Theorem 3.59, we can see that the random matrix Y

|
does not follow a two-dimensional gamma distribution: The expectation E[Y] = aC' implies
that a possible scale parameter matrix C € R**? must have entries ¢j2 = ¢21 = 0 and

c11 # 0, co2 # 0, which contradicts Var[Yia] =0 L a/2 (cr1c22 + ¢25) for any a > (p—1)/2.
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o8 CHAPTER 3. MATRIX-VALUED GAMMA DISTRIBUTIONS

With the help of the characteristic function, we can prove that the summation property
of one-dimensional gamma distributions also holds for their matrix-valued version.

Lemma 3.42 (Summation property of matrix-valued gamma distributions). For n € N,
let Yy, ~ MGamma(ay, C) for k € {1,...,n} be independent random matrices of dimension
p X p, where C' is a positive semi-definite scale matrix and a, ..., o, € Go. Then

Z Y ~ MGamma(aq + - - + oy, C).
k=1

Proof. For a proof by induction, it suffices to consider the essential case n = 2. As Y7 and
Y5 are independent and their characteristic function is given in Eq. (3.39),

PY1+Y2 (Z) =¥y (Z) PYs (Z) = (det(Ip - izc))_al (det(Ip - izc))_az
= (det(I, — izC))~*1F2),

for every symmetric z € RP*P_ where the last equality holds due to Item (iii) of Proposition
2.32. As discussed in Remark 3.4 and Remark 3.13, the characteristic function at symmetric
matrices determines the distribution of a symmetric random matrix uniquely, hence Y] +Ys ~
MGamma(ag + ag, C). O

Remark 3.43 (The matrix-valued gamma distributions with a given C' form a convolution
semigroup). For a fixed positive semi-definite scale parameter matrix C, the matrix-valued
gamma distributions with any shape parameter a@ € G¢ and scale parameter matrix C' form
a convolution semigroup due to Lemma 3.42. With MGamma(0, C') as a neutral element
this set of distributions is even a monoid.

Corollary 3.44 (Combined scaling and summation property of matrix-valued gamma
distributions). For n,q € N and pr € N for k € {1,...,n}, let Ly € RY*Pt and let
Y ~ MGamma(ag, Cx) for k € {1,...,n} be independent random matrices of dimension
Dk X P, where Cy, is positive semi-definite and oy, € Ge, for all k € {1,...,n}. If there exists
a positive semi-definite matriz C € R4 such that LyCyL] = C for allk € {1,...,n}, then

Z LiYi L} ~ MGamma(ay + ... + ay, C).
k=1

Proof. Combine Lemma 3.42 with Corollary 3.39. O

Theorem 3.45 (Density of matrix-valued gamma distributions). For p € N, C € S} and
a>(p—1)/2, let Y ~ MGamma(«, C). Then a density of Y w.r.t. the measure p on S,
discussed in Remark 3.17, is given by

1

m e_tr(071y) (det y)a_%il, y € S;— (340)
p

fr(y) =

Proof. We are going to prove this theorem by using the uniqueness of the characteristic
function. Let Y be a random S -valued matrix distributed according to the density function
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3.3. MATRIX-VALUED EXPONENTIAL DISTRIBUTIONS 59

given in Eq. (3.40). Fix a symmetric z € RP*P. Then the characteristic function of Y at z
is given by
1

py(z) =E [e(2Y)] = (et C)°T,(a)

/ e_tr((cil_iz)y)(dety)“_pTJrl dy.

S§

As C~! is positive definite and z € RP*P is symmetric, we can apply Eq. (2.31) from
Theorem 2.37 in combination with Lemma 2.1 and arrive at

o e (det(C—in)\ O
py(2) = er(a)(det(c f—iz) ™ = <det(C—1)>

As the determinant is multiplicative,
oy (2) = det((C™ —i2)C) " = (det(CT'C —120)) " = (det(I, —i20)) ",

which is the characteristic function of a random matrix, that follows a matrix-valued gamma
distribution with parameters a and C, as proven in Theorem 3.32. As this is true for every
symmetric z € RP*?, the random matrix ¥ must follow a matrix-valued gamma distribution
due to Remark 3.4 and Remark 3.13. O

Remark 3.46 (Complex matrix-valued gamma distributions). In a similar manner to real
matrix-valued gamma distributions discussed in this thesis, their complex version can be de-
fined, taking values in the set of complex positive (semi-)definite matrices. This distribution
is discussed in [23, Section 5.2al, for the complex case of the Wishart distributions, see [31].

3.3. Matrix-Valued Exponential Distributions

As a generalization to the one-dimensional exponential distributions discussed in Remark
2.30, we will define matrix-valued exponential distributions as a subclass of the matrix-valued
gamma distributions and prove that they are memoryless w.r.t. the Loewner partial order
given in Definition 2.10.

Definition 3.47 (Matrix-valued exponential distributions, see [22, Section 2.1]). For p € N
an RP*P-valued random matrix Z is said to have a matrix-valued exponential distribution
with positive semi-definite scale parameter matrix C' € RP*P if Z ~ MGamma((p+1)/2,C).
This is denoted by Z ~ MExp(C).

Remark 3.48 (Characteristic function and density of matrix-valued exponential distributions).
For positive semi-definite C' € RP*P let Z ~ MExp(C).

For every symmetric z € RP*P| the characteristic function of the matrix-valued exponential
function is given by

wz(z) = (det(I, — izC’))*pTH,

using Eq. (3.39).

Due to Theorem 3.45, for C € S a density of this matrix-valued exponential distribution
is given by

fz(z) = - , TESS. (3.41)
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60 CHAPTER 3. MATRIX-VALUED GAMMA DISTRIBUTIONS

One-dimensional exponential distributions have the powerful property of memorylessness.
This result can be generalized to its matrix-valued version using the Loewner partial order.

Lemma 3.49 (Matrix-valued exponential dsitributions are memoryless w.r.t. the Loewner
order). Forp € N and C € S}, let Z ~ MExp(C). Then

P[Z>L 8+t|Z>L S]Z]P[Z>Lt]

for all positive semi-definite s,t € RP*Pwhere <y, refers to the Loewner partial order given
in Definition 2.10.

Proof. For every positive semi-definite ¢ € RP*P, we can write

P(Z > t] =P[Z -t € S]] :/
{zeSf :z—teS}}

Fr@)de = [ gy iespyfrle)da

where the second equality follows from Definition 2.10 and the fact that Z takes values in
the positive definite matrices. Using Remark 2.22 and Eq. (2.7) this integral is equal to

]P’[Z > t] = /g+ ]]'{I[J(IA)—tES;}fZ(/l/}(xA))dxA = /{ fZ(I) d;(;A7

2 €St a—teS}
where x = 1)(2*). The map

b= D={z®eS}:z2—-teSt} — S
x5 = (z—t)®

is well-defined as z = ¢(z2) € S} if and only if 2 € S, see Remark 2.19. Furthermore,
(D) =S} as for every y® € S and corresponding y = 1 (y”) € S}, the matrix y +t € Sjf
due to Item (iii) of Lemma 2.8 and hence (y +t)® € D with ¢((y +t)®) = y>. As (1>
is the inverse function of the homeomorphism ¢ given in Eq. (2.7), the map ¢ here is a
homeomorphism as well, hence D = ¢_1(§1‘f ) is an open set as S;," is open due to Lemma 2.20.
Furthermore, due to the linearity of (-)A, the Jacobi matrix d¢ = Ij,,11)/2, leading to
detd¢ = 1. Hence, we can use Theorem 2.39 to arrive at

P[Z >, t]:/DfZ(ac—tJrzt)d:cA:/Dfz(w((ac—zf)A)th)dxA:/§+ fz(y+t)dy®, (3.42)

where y = (y”). As the density of Z given in Eq. (3.41) satisfies

e_tr(cil (y“l‘t))

Jz(y+1) = : = ot
(det C) "2 T, (251) (det €)% T, (241)

e_tr(cily)

— eftr(C'_lt) fZ(y)7

where we use the linearity of the trace and the matrix multiplication, Eq. (3.42) can be
rewritten as
]P[Z >7 t] _ e—tr(Cflt) ] fZ(y) dyA _ e—tr(Cflt)’
S
where the last equality holds due to the fact that we integrate a density of Z over all of
the values Z can take as y € S} if and only if y> € Sy . For any positive semi-definite
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3.4. MARGINAL DISTRIBUTIONS 61

s,t € RP*P_using the definition of conditional probabilities and the fact that Z > t + s
implies Z >, s,
CPZ>ps+t] e O oy
P[Z>Ls+t‘Z>L8]— ]P’[Z>LS] = (0 T3) =e —P[Z>Lt]

holds, which proves the lemma. ]

3.4. Marginal Distributions

For a better understanding of the structure of a matrix-valued gamma distribution we
partition the values it can take into a block matrix and derive the distribution of these
blocks in Theorem 3.52. Since the proof of this theorem requires the density function for
most cases it is limited to distributions with positive definite scale parameter matrix C' and
non-singular shape parameter «. It is, however, possible to derive a similar block notation
for singular Wishart distributions, see Theorem 3.54 below.

Lemma 3.50. Let K denote a field. For p € N let A, B € KP*P be symmetric and consider

their partitions
A11 A12 Bll BlQ
, , 3.43
<AI2 Az B, Bx (343)

with A11, B11 € K™*", where r € {1,...,p — 1}. If A11 and Bas are invertible, then
tr(AB) = tr(A11B11.2) + tr(Ag2.1 Ba2)
+ tr(A11 (B2 + A7 A19Bg2) By, (Bia + Af11A1zB22)T), (3.44)
where Bi1.9 .= B11 — Blng;BL and A9 = A9y — AIQAl_llAlg.
Proof. Using the partitions,

A A12> <Bll 312>>
tr(AB) =t
r(AB) r(<AL Ao ) \BJy Bas
can be rewritten as

tr(AB) = tr(A; 1 Byy) + tr(AjoBly) + tr(Al, Bia) + tr( Az By)
= tr(A11(B11 — B12Bgy By + B1aByy Bly)) + tr(A19Bly) + tr(Al,Bia)
+tr (Ao — AL A A1o + Al AT A12) Ba).

Using the definition of the blocks Bii.0 and Ago.q

tr(AB) = tr(A11Bi1.2) + tr(As.1 Bas) + tr( A1 (Bi2Byy BY,))

+ tr(A12B,) + tr(AfyBio) + tr((Af,Aj A12) Ba).
As the last four terms of this sum satisfy
tr(A11(Bi2Byy Biy)) + tr(A12B1y) + tr(A{yBia) + tr((Af A A12) Bao)
= tr(A1 (B2 + A7 A19B22) By, (Bia + A1_11A12B22)T)7

Eq. (3.44) follows. O
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Lemma 3.51 (Characterization of positive definite matrices, see [17, Eq. (7.7.5)]). For
p € N let A € KP*P be Hermitian and consider the same partition as in Eq. (3.43) with
A € K" for anr € {1,...,p—1}. Then A is positive definite if and only if Ass and
A9 = Aq1 — A12A2_21A1H2 are positive definite.

Proof. Due to Lemma 2.9, Ass is positive definite if A is positive definite. Hence, Ags is
invertible in both cases, see Item (v) of Lemma 2.8, and Aj;.2 is well-defined. The matrix

-1
H= (I ~Ardn) o
0 I,

is invertible and satisfies

I —A12A_1> (All A12> ( I, 0 > <A11~2 0 )
HAH" = (77 22 - = . (345
(0 Ip—r A1H2 Az _A221A?2 Ip—r 0 Az ( )
For the first implication, let A be positive definite. Then A1; and Agy are positive definite
due to Lemma 2.9 and therefore Aj1.0 = Ay — A12A;21A'£'2 must be Hermitian as well
as Ay is positive definite due to Ttem (vi) of Lemma 2.8. For z € K" \ {0}, let & =
(x1,...,2r,0,...,0) € KP\ {0}. Then

Mgz =gt (A2 05 (HR#H)"AH Yz > 0,
0 A

as H is of full rank and hence H"# € KP \ {0}, thus proving that Aj;.o is positive definite.

For the other implication, let A;j;.2 and Aay be positive definite. For a fixed z € KP \ {0},
the vector y == (H")"1z € KP\ {0} can be partitioned into y = (y1,y2)" with y; € K"\ {0}
and y2 € KP~"\ {0}. Then, using Eq. (3.45),

Az = y"HAHY Yy = ' A1 0 y1 + 95 Ao o > 0.

As this holds true for an arbitrary x € KP \ {0}, it must be true for all z € K? \ {0}, hence
A is positive definite. O

Theorem 3.52 (Marginal and conditional distributions of matrix-valued gamma distribu-
tions partitioned into blocks, see [20, Proposition 2.3]). For p € N, positive semi-definite
C € RP*P agnd o € Go consider the partition of Y ~ MGamma(a,C) and the scale
parameter matriz C into the blocks

(Y Yo _(Cu Ci2
Y_<Y1T2 Y22> and C_<01Tz C22>

with Y11,Ch1 of size r x r, where r € {1,...,p—1}. Then
(’L) Y11 ~ MGamma(a,C’n),
(Z’L} 3/22 ~ MGamma(a, 022).

If C €Sy and o> (p—1)/2, then the following statements hold true as well, where Chy.2
denotes C11 — 012027210;—2 and Cog.q = Cog — 0320;11012 with the same notation applying
toY:
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3.4. MARGINAL DISTRIBUTIONS 63

(a) fx11,x10(211,212) (b) fxi1, X0 (@11, T22)

Figure 3.4. Illustration of the joint density functions of (X11,X12) and (X11, X22) of
X ~ MGamma(a, I3) for a =7/2 in orange, « = 9/2 in blue and o = 11/2 in green. Note
that these can also be the density functions of two-dimensional marginal distributions of
singular Wishart distributions, see Example 3.56.

(iii) Yia|Ysy ~ MNormal(CioCiy Yag, 1C11.0 @ Ya2) a.s.,
(iv) Y1-5|Y1% ~ MNormal(C’irzCl_llYll, %022.1 ® Y1) a.s.,
(v) Y112 ~ MGamma(a — %5+, C11.2),

(vi) Yao.1 ~ MGamma(a — 5, Ca2.1),

(vii) (Yiz,Ya2) and Yi1.2 are independent,

(viii) (Yi2,Y11) and Yao.1 are independent.

Proof. For Item (i) we define the matrix

1 0 0 0 0

. 0 .. et : p—
N :
0 0 10 0

Inserting this matrix into Corollary 3.39,
Y11 = LXLT ~ MGamma(a, LCLT) = MGamma(a, C11).
Item (ii) follows by the permutation property given in Corollary 3.40.

Items (iii), (v) and (vii) will be proven simultaneously in three steps.

Step 1. As C is required to be positive definite in the case of Item (iii), Item (v) and
Item (vii), the matrices Cij, Caa, Ci1.2 and Cao.; are positive definite as well due to
Lemma 3.51. Hence, they are all invertible and the inverse of C' is given by inverse is given

by —1 —1 —1
c1l = ( e -Cp (/:1120221) :
—Cy C1aC1y Chz
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which can be proven by verifying CC~! = I,. Combining this with Eq. (3.44) from
Lemma 3.50 above leads to

tr(C'y) = tr(Cywii2) + tr(Chytyaz)
+tr(Crya(yi2 — C1205; y22) s (y12 — Cr2Cly2)"), yeSy. (3.46)
Using Lemma 2.2 with index set {r + 1,...,p},
det C = det(CQQ) det(Cu — 01202_2103—2) = det(CQQ) det(Cu.Q), (3.47)

where we use the fact that Cyg is positive definite and invertible as a consequence of C' € Sjf’.
For every value y € S, that ¥ might take, as discussed in Remark 3.27, we can also write
det y = det yoa det y11.2. Using the representation of I',(«) given in Eq. (2.30),

T,(a) = (2r) 5T, (a _P 5 T)rpr(a), (3.48)
where we use the equality
rir=1)+@-r)p—r—=1)+2r(p—r)=pp—1) (3.49)

for the exponent of 27. Due to Eq. (3.20) and Eq. (3.40), a density function of Y2 is given
by

Mol o or(p—1)/4
Y) = T Nar (o
Y (det C)oT', ()

fray®) =2 O (et )T, Yt € §F,

where we recall the notation from Remark 2.19, where each y* € S; can be bijectively
mapped to y = ¥(y*>) € Sf. Inserting Egs. (3.46), (3.47) and (3.48) into this density
function together with some rearranging results in

or(r—1)/4 B B
hel=y (o — 257 (det Cyy.0)°~ "7 e O3] (det 1)~ (det Craz) "2
- T et 112 2
2(p Mp-r=1)/4 (p—r)+1

—1 r
e e dety) T e TR et yg)

2 ( —7) -1 -1 -1 -1 T -
2 r p r) (277_)_1"(102 r e_tr(Cll'Q(ym—ClzCQQ Y22)Yas (Y12—C12C5; y22) )’ yA c S;-’

_r(p=r)
=1 2

(3.50)

where y = ¥(y*), and where we use Eq. (3.49) for the exponent of 2 in Eq. (3.50).
Step 2. Consider the function

8§

— R
L A
¢ = Y1 . Y112 )
T A T A
Y12 Yoo Y12 Yoo
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with
R = {vecp(z)|z € RP*P, . =27, x1; € ST, 290 € S;_TL

which makes ¢ well-defined and bijective as a symmetric A € RP*P is positive definite
if and only if y11.2 and o9 are positive definite, see Lemma 3.51. Note that ¢ and ¢!
are continuous, as yi1.2 = Y11 — (y12y2_21y1r2) and (-)® = 1~ 1(-) is a homeomorphism as
elaborated in Remark 2.19.

Using ¢ we can transform the density given in Eq. (3.50) to a joint density of YA =
(Yﬁg, Yih, Yﬁ). In order to apply the transformation formula from Theorem 2.39, we need
to compute |det d¢(-)|: At each point of S the matrix d¢ can be seen as block matrix

o (2une/0un 0uia/0uTy Ou1ya/Oun o
dg(y™) = 3y£2/3y1& 8y%/3yfz 8?{3/5%2 , Yo €Sy,
Yas/ Y1, 8922/8912 s/ 0Yas

where each block refers to the matrix of partial derivatives of the vectorized versions of the
respective matrices. Since all of the partial derivatives matrices below the block diagonal are
equal to zero matrices, the determinant of d¢ is equal to the product of the determinants of
the diagonal block matrices. Since

A A A — A A A - A
OY11.9/0y11 = 9yyy — (9123/221311T2)A)/83/11 = Oy, /0yy; — 8(91292213/;2)A/6y117

EI'r(r+1) =0

2

we can write
det dg = det(Dyi,.,/Dyty) det(Dyly/Oyly) det(Dysy /Oypy) =1-1-1 =1,

as the determinant of the identity matrix of any dimension is equal to one. Now for every
open set B of B(R),

PV € B = Plo(v2) € B = B2 € 7B = | frals®)dy®,

¢~1(B)
where we write dy® for AP (dy®). As ¢ is bijective and as detd¢ = 1,
PV e s = [ et = [ a7 o) idetdoty?) |y

¢~1(B)
= nyA(wl@A))dgA,

where the transformation formula from Theorem 2.39 with the function ¢ is used for the
second equality. As this is true for every Borel set B a density of Y2 is given by

Foo 02 = fro (6 G2) = fya ((y + 1202 2 1712)&), e R,

?J12 g22

where § = 1(§”) by extending the definition of the domain of 1 in Eq. (2.7) to R.
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Step 3. Combining this with Eq. (3.50), we can see that the density can be written as

~A ~A ~A T ~A
Foa@) = e yvi vy 07) = Fya (00) - iy va) (12, U20)

11-.2°%12»
for all § € R, or, equivalently for all 1} € S, §12 € R™*®~") and g3, € §;_, with
or(r—1)/2 i1

1 - p—r
fon (QJA) - - e_tr(cll‘Qyn)(detﬂn)(a_T)_ el
Yivg [r(a — 557 (det Ciig)* 7

where 11 = ¢(§1;) € S; and noting that (i1 + J128; G12) — J12025 #1a = §11, and

9(p—r)(p—r—1)/4 _r 1. .
T _(det §p)*™ "2 e MO T22) (det gipy) b

~T .
f(leQ’yﬁ)(levaQ) = I‘p_r(a)(det 022)

_ r(p—r —1 (= R e Py —1-
X (det Cy1.9)~ "2 7~ @) —tr(Cla (12— C12Cs, §22)755 (12— Cr2C 2422)1—)7

thus proving the independence of Yﬁz and (Y35, Yﬁ) and, equivalently, the independence of

Yi1.2 and (Yio, Ya2). Furthermore, we can see that fy,,,(911) = 2*’”(7"*1)/21‘"3%1'2(3]1&1), where
711 € S, corresponds to the r-dimensional matrix-valued gamma distribution with shape
parameter « — (p — r)/2 and scale parameter matrix Cyj.2, hence proving Item (v). We
already know the distribution of Y9 from Item (ii), hence a density of Yﬁ, using Egs. (3.20)

and (3.40), is given by

9(p—=r)(p—r—1)/4 (p—r)+1

~AN ~ a— —tI‘(C_lggg) VAN Q+
= det 22 S
fYQ% (y22) Fp*r(Od) (det 022)11 ( ° y22) ) ‘ R e

where 799 = 1/1(3]2&2). Therefore, we can calculate a conditional density of Y;} given Yﬁ

f( Yl-g )

fy2% (52%)

~T ~A
v5) (3/127 3/22)

~T |~
fy1T2|y2§ (y12‘y22) =

1
= (det 011.2)_% (det ?]22)_%7r_w e*“(cﬂl,z(ﬂlrcwcz_z 722)73 (12— C12C5'522)T)
~ A
= fy12‘y2% (%2’3/22)

for all §5 € R™®=7) and g]QAZ € S;_T, where the last equality follows from the the fact that
P[Y1s € B] = P[Y}, € {b"|b € B}] for every Borel set B € B(R"*(P~7)). This function is,
using Eq. (3.3) and

p—r r(p=r)
2

(det %Cn.g>_T = (det C11.2)JET (%)_77

a density of the MNormal(C12Csy' Yao, $C11.2 @ Yay) distribution, thus proving Item (iii).

Items (iv), (vi) and (viii) follow by the permutation property given in Corollary 3.40.
O
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Corollary 3.53 (The diagonal entries of a matrix-valued gamma distribution follow a
one-dimensional gamma distribution). Let Y ~ MGamma(«, C). Then every diagonal entry
Yii, with i € {1,...,p}, of the matriz Y follows the one-dimensional gamma distribution
with shape parameter o and scale parameter c;;, where ci; refers to the i-th diagonal entry
of the scale matriz C'.

We can describe singular Wishart distributions using a similar block notation as given
in Theorem 3.52. This notation is also used in literature to introduce singular Wishart
distributions, e.g. see [20, Section 2.3].

Theorem 3.54 (Characterization of standard singular Wishart distributions). Forn,p € N
with n < p, let X ~ Wishart(n, I,). Then the partition of X into the blocks

X11 X12>
X = ,
(XIQ X9
where X171 1s of size r X r, satisfies
X11 ~ MGamma(%,21,), X{5|X11 ~ MNormal(0, [,—, ® X11) a.s., Xoo = X{5X1, X1o.

Note that we can also write X171 ~ Wishart(n, I,,) due to Corollary 3.33.

Remark 3.55. Note that this distribution of the blocks X7; and Xi5 is the same as the
distribution of the respective blocks of a standard matrix-valued gamma distribution, see
Theorem 3.52.

Example 3.56 (Two-dimensional marginal distributions of singular Wishart distribu-
tions). For n,p € N with n < p, let X ~ Wishart(n, I,), which corresponds to the
MGamma(n/2,21,) distribution.

Combining Theorem 3.54 with Corollary 3.40 implies that for every i € {1,...,n — 1}
the R-valued entries of X satisfy

Xii ~ Gamma(n/2,2), X;41]|Xi ~N(0,1) a.s.

Hence, for sufficiently large p € N, Figure 3.4a shows a density function of the joint
distribution of (X“/Q, Xi,i+1/2) .

Due to Lemma 3.7 and Corollary 3.53, the diagonal entries of X are i.i.d. Therefore, for
sufficiently large p € N, Figure 3.4b shows a density function of the joint distribution of two
diagonal entries of X scaled by factor 1/2.

Proof of Theorem 3.54. For X ~ Wishart(n, I,), let Z be the RP*"-valued random matrix
following the standard matrix-valued normal distribution, satisfying ZZT dx , see Definition
3.6. Let Z; denote the first n rows of N, and Zy the last p — n rows, hence X can be

partitioned into
(X X\ d v (ZZ] 72,7
X_<X1TQ X22>_ZZ T \Z] Z,7) )

Since the dimensions of X711 and 2 ZlT are equal, the blocks of the two partitions correspond
to each other. Since Z; ~ MNormal(0, I, ® I,,), Definition 3.8 implies that ZlZir =Xy ~
Wishart(n, I,) or, using Corollary 3.33, X11 ~ MGamma(g, 21,).
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68 CHAPTER 3. MATRIX-VALUED GAMMA DISTRIBUTIONS

As Zy ~ MNormal(0, I,—, ® I,) and affine transformations of normal distributions are
normal distributions, see Item (iii) form Remark 3.5,

ZoZ{ | Z1 ~ MNormal(0, I, _,, @ (Z]) "1, Z]) = MNormal(0, I, , ® X11) a.s.

Since the distribution of ZngT | Z1 only depends on the Z; measurable random matrix X7,
we can conclude that Z2Z{ | X1; ~ MNormal(0, Iy @ X11) ass.
For the distribution of Xs9, note that

_ d _ _ _ d
XEX 1 X9 = 2920 (2,2]) 1 202] = 2,27 (ZT) N (20) 7 2125 = Z2Z3 = Xoo,
where the second equality follows from the fact that Z; as well as ZlT are quadratic and
have full rank a.s. since it is a non-degenerate normally distributed random matrix. O

3.5. Expectations and Covariances

In this section the expectation and covariance matrix of general matrix-valued gamma
distributions are derived using the characteristic function.

Remark 3.57 (The commutation matrix K,). For p € N the commutation matrix K, refers
to the p? x p? matrix that consists of the p x p block matrices Si; for i,5 € {1,...,p} that
are defined by

1 ifi=land j=k
Siikl = 3.51
( ])kl {0 otherwise. ( )

for all k,l € {1,...,p}. The commutation matrix has the property that it transforms the
vectorized version of any matrix A € RP*P into the vectorized version of its transpose, i.e.

K, vec(A) = vec(AT).

Remark 3.58 (Properties of the Kronecker product, see [11, Eq. (2.11), Eq.(2.13), Eq. (2.14),
Section 2.5]). Let p,q,n,m,k,l be natural numbers greater than zero.

(i) For matrices A € RP*?, B € R?*"™ and C' € R"™*"
vec(ABC) = (CT @ A)vec(B) (3.52)
holds.
(ii) For all matrices A € RP*4, B € R™*™ (' € R™* and D € R¥*!

(A® C)(B® D) = AB® CD. (3.53)

iii) For the the commutation matrices K, and K, given in Remark 3.57 and A, B € RP*4
P q

(A® B)K, = K,(B® A). (3.54)
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Theorem 3.59 (Expectation and covariance matrix of matrix-valued gamma distributions).
Forp € N, let Y ~ MGamma(a,C) with positive semi-definite scale parameter matric
C € RP*P and shape parameter o € Go. Then the expectation and covariance of the entries
of the matriz Y are given by

E[Yj;] = acij, (3.55)
Cov(Yij, Yir) = %(Cz‘kcjl + cicji) (3.56)
forall i,7,k,1 € {1,...,p}. In matriz notation we can also write
E[Y] = aC, (3.57)
Cov(vec(Y)) = %(0 ® C) (K, + I2), (3.58)

where K, refers to the commutation matriz defined in Remark 3.57.

Remark 3.60 (Identifiability of matrix-valued gamma distributions). The expectations and
covariances given in Theorem 3.59 above tell us that a matrix-valued gamma distribution is
identifiable if we assume o > 0 and C' # 0, i.e. it is possible to determine the parameters of
the distribution after obtaining an infinite number of observations from it.”

Remark 3.61 (Equivalence of the notations for the covariance). In order to prove that
Eq. (3.56) and Eq. (3.58) are equivalent, fix two entries Y;;, Yi; of Y with 4, j, k,l € {1,...,p}.
Using the definition of the function vec(-), given in Eq. (2.4), we can see the covariance
matrix Cov(vec(Y')) as a block matrix out of the blocks C}Ol € RP*P_that are the covariance
matrices between the j-th and the [-th column of Y for all j,1 € {1,...,p}. Considering
the right side of Eq. (3.58), the matrix C’}Ol is given by

Ch=35 (zp: (C & Ot (Bp)emt +lp L= ,})> <cﬂc + zp: cjmcsml)>,

m=1 =i - m=1
where bold indices are used for accessing the blocks of the the block matrix and the
definition of the Kronecker product given in Eq. (3.1) and of the commutation matrix given
in Remark 3.57 are used for the small equalities.
For the covariance of Yj; and Yj; we have to consider the entry at position (i, k) of C’}Dl.
Using the definition of S;; given in Eq. (3.51),

p
«
Cov(Yij, Yi) = (C)ik = 5 <lecik + Z ij(CSml)ik:>

m=1
o P P o
= ) <leczk Z Z ) = g(cjlcik: + Cjkcil)a
m=1 n=1 - 1{m k,l=n}

which is equal to the covariance given in Eq. (3.56).

 The term identifiability is commonly used in statistics, see e.g. [12].
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Proof of Theorem 8.59. Due to Definition 3.34 and therefore Definitions 3.8 and 3.24, a
random matrix Y following a general matrix-valued gamma distribution with C' # 0 and
« # 0 has the stochastic representation Y 4 AXAT with A € RP*(C) guch that AAT = C,
where X ~ MGamma(a, Ly ()). For C' =0 or a = 0 both expectations and covariances are
trivial.

The proof of Theorem 3.59 is now split into three steps: In the first step we derive the
expectation of this random matrix X following a g-dimensional general standard matrix-
valued gamma distribution for every ¢ € N and in the second step its covariance matrix.
In the third step we generalize both results for all positive semi-definite scale parameter
matrices C € RP*P using properties of vectorization and the Kronecker product.

Step 1. Due to Corollary 3.35, the characteristic function of X is given by

ox(z) = (det(Iq — iz))fa

for every symmetric z € R?*9. Combined with Remark 3.13, the characteristic function of
X for a general, not necessarily symmetric, z € R9%? is given by

ox(2) =<PX<Z+22T) = (det(Iq—izzzT)>a. (3.59)

Throughout this proof we will denote

-
M(z) ::Iq—iz+z

€ R9¥4, (3.60)

and hence px(z) = (det M(z))~*. We can derive the expectation of the entries of X by
differentiating the characteristic function

L O0px .
E[Xi;] = (1) 3 0), 4,7€{1,...,q}. (3.61)
Zij
As X takes values in the symmetric matrices it is sufficient to determine the expectations
for the indices ¢ > j in {1,...,q}.
Inserting Eq. (3.59) and Eq. (3.60),
0

(z) = —a(det M(z))_(o‘+1)a—(det M(z)) (3.62)
Zij

Dpx
621']'

For ¢ = 1 and ¢ = 2, the expectations can be easily computed using the simple representation
of the determinant in these cases. Hence, we can restrict to g > 3 for the rest of this step.

In order to differentiate the determinant of the matrix M (z) we use the Laplace expansion!?
along the i-th row for i € {1,...,q}

det M(z) = 3 (—1)*m <1{m_i} i 27”"2”7"> det (M (2)im), (3.63)

m=1

where the notation M (z ), refers to the matrix M (z) without the i-th row and m-th column.

10 See [14, Satz 7.4.7)
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In case ¢ = j, we can now differentiate the determinant of this matrix w.r.t. z;;,

9 itif s
%det M(z) = (=1)""" (i)

1+1

det(M(Z)ii), (3.64)

which is equal to —i for z = 0 for every i € {1,...,q}.
If i >7in {1,...,q}, then we apply the Laplace expansion a second time to Eq. (3.63),
now by the j-th row:

q . .
det M(z) = Y (~1)"™ (1{m:i} i W)
m=1
1 Zin + Znj
+n—1rn>m . n n
X ;(—1)’+ tn> }<1{n=j} —1]2]> det (M (2) i j} fmn} )

n
n#m

/

=det(M(2)im)

where M (2); ji{m,n} stands for the matrix without the i-th and j-th row and m-th and
n-th column. Now, using the product rule, we can differentiate this determinant w.r.t. z;;
with i > 7 in {1,...,q¢},

det M (2) = (=1)"9 (—i) -2 det(M(2)sy)
&zij
GAig s 0+1 d i+tm —1ys . Zim T+ Zmi
+ (=D () D (=) (1, — i — det (M (2) (i jy {m.i})»
m=1

=det(M(2);i)
(3.65)

where the last small equality follows from a Laplace expansion along the i-th row of M(z);;
using ¢ > j. The terms in Eq. (3.65) are equal to zero for z = 0 since det(M(0);;) =
det((1y)ij) = 0 for i # j in {1,...,q}. Combining this with Eq. (3.61), Eq. (3.62) and
Eq. (3.64),

E[Xij] = (=)(=a) - 1 Lmjp (=) = edyimyy, 45 € {1, g},

where we are using det(M(0)) = 0. Hence, the claimed expected values have been proven
for the standard case.

Step 2. For the covariances take i,j,k,l € {1,...,q} with ¢ > j and k > [. Then the

covariance between X;; and Xy, is given by
Cov(Xij, Xi1) = E[ X Xp] — E[X]E[Xy] = (—1)"=——(0) — a21{i:j}1{k:l}, (3.66)

using the expectations derived in the first step. Again, for ¢ = 1 and ¢ = 2, this can be

easily computed using the simple representation of the determinant in these cases. Hence,
we can restrict to ¢ > 3 for the rest of this step.
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For all other cases we can use the product rule to arrive at

O px 2) = —al—(« e 2 ~(a+2) O o - 9 o .
P ) = (—(a+ 1)(det M(2)) gy (et M(2)) g (et M ()
2

+ (det M(z))_(o‘“)m(det M(z)))

for all 4,j,k,l € {1,...,q} with i > j, k > [. Apart from the last second partial derivative
of det M(z), we know the values of the terms at z = 0 from the first step, see Eq. (3.64)
and Eq. (3.65), so

Pox 9 0?(det M (-))
0)=—al| — D(—1)" 1=l ——F—=(0) |. 3.67
e (0 =~ o+ DEP Ly + e ). (o)
=a+l
Now for the missing partial derivative we again differentiate for ¢ = j and ¢ > j and also for
the different possibilities of £ > 1in {1,...,q}:
Case 1: The indices i, j, k,l € {1,...,q} satisfy i = j and k = [. If i # k, then

82
8zii8z kk

(det M(z)) det(M(2):i)

(—l)azkk
= (—i)? (= D)F MR 0 det (M (2) i)
1

where we are using Eq. (3.64) for the first equality and the Laplace expansion for the k-th
row of M(z) for the second equality. If i = k, then this second derivative has to be equal to
zero as the variable zp, = z;; is not part of det(M(z);).

Case 2: The indices i, 7, k,l € {1,...,q} satisfy ¢ = j and k > [. Then, due to Eq. (3.64),

82
0202y

(det M(z)) = (—i)idet(M(z)ii) =0

O0zpy
because, using the Laplace expansion of the k-th and [-th row, the determinants of
M (2) gy and (M(2)giy4iky) for 2 = 0 must be equal to zero as M(0) = I; and
k#1.

Case 3: The indices 4,7, k,l € {1,...,q} satisfy i > j and k = [. As second derivatives
are symmetric, this is the same as Case 2.
Case 4: The indices i, j, k,l € {1,...,q} satisfy ¢ > j and k > [. Then, using Eq. (3.65),

a (DD 9
(det M (2)) = 5 oo

S (det(M(2);5) + det(M(2);0) ). (3.68)
We will split this case into several subcases.

Case 4(i): The indices additionally satisfy i« = k and j = [. Consider the Laplace
expansion of det(M(z);;) along the [-th row,

det(M(z)ij) = zq:(fl)l+m_1{m>j}

m=

. Zlm T Zmi
<1{l—m} —i 2) det(M (2) (5,13 {j,m})-

(R
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Then, considering that k > j,

0 I+k 1
gy QLM (2)i) = (1) () el (M) i) (3.69)
=1for z=0

where the last small equality follows form the fact that M(2)(; ¢k = Ig—2 in this case.
For det(M (z);;) we look at the Laplace expansion along the k-th row and arrive, using the
analogue procedure at

0 1
Dot det(M (2);i) (—1)k+l(—1)§ det (M(Z){j,k}{i,l}l‘
=1 fc:rrz:()

Combining this with Eq. (3.68),

0%(det M(1)) v (=) (=) [

(_1)2(_1)i+j+k+l 1
020z )= 2 2

)R = _ -

—i

2

(_1)l+k +

Case 4(i1): The indices additionally satisfy ¢ = k, implying j # k, and j # [. Considering
the Laplace expansion of det(M(z);;) along the I-th row results in, using Eq. (3.69)
0

1
72 Aet(M(2)i5) = (=1 (i) det(M () ) -

=0 for z=0

Consider the Laplace expansion of det(M(z);;) along the k-th row, which is also the i-th
row,

q
m— . . Zkm T Zmk
det(M(Z)ji) = Z (—1)k+ Lim>iy (1{k=m} —1 72 ) det(M(Z){j7k}{i7m}).
m=1

In case g = 3, it can be easily seen that the determinant of M (2)(; x}{i,m} for z = 0 must
be equal to zero as i = k and j # [. For ¢ > 4 additionally expanding along the [-th row
results in

q
et(M(:)5) = D0 (-0 14y = 50 )

m=1
m#i
1 Zin + Znl
X Z (—1)l+n_1{n>i}_1{n>m} (1{ln} —1 on T 5 n > det(M(Z){j,k,l}{i,m,n})
Now differentiating w.r.t. zj; gives us
0
P det(M (2);i)
1 A1 _ _ 1
= (—1)F 1“”}(—1)5 det(M(2)gjryqiny) +(—1)FF 1{’””(—1)5 det(M (2)(j034ik}) -
:Ofg;z:O =0 for z=0

(3.70)
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Hence the derivative of both det(M(z);; and det(M (z);; w.r.t. z is equal to zero, resulting
in, using Eq. (3.68),

92(det M(-))

8Zijazkl O) =0

Case 4 (ii1): The indices additionally satisfy ¢ = [, which implies both j # [ and j # k.
This case works the same as Case 4(ii) above with k and [ switched.

Case 4(iv): The indices satisfy i # k and i # [. If either j = [ or j = k, then this case
works in the same way as Case /(ii) above with j and i switched. If j # k and j # [, then
Eq. (3.70) holds and for ¢ and j switched Eq. (3.70) holds as well, thus also implying

92(det M(-))

azijé?zkl O) =0

with Eq. (3.68).
Summarizing all of these cases for i, 7, k,l € {1,...,q} with¢ > j and k > [

—i)2=-1 ifi=j#k=1,

—~

2(det M (-))

D20 (0) 5 ifi=k>j =1,
0 otherwise.
Combining this with Eq. (3.66) and Eq. (3.67)
(-i)2(—a)(a+1)—a? =a ifi=j=k=1,
—i)2(— H—1)-a?=0 ifi=j#k=1
Cov (X5, Xpt) = ( ?) ( Q)E(H )~ 1) " /7 -
(i) (—a)5 —0=9% ifti=k>j=1I,
0 otherwise,

for all 4,5, k,0 € {1,...,q} with i > j and k > [, corresponding to Eq. (3.56) for C' = I,.
Using matrix notation and the symmetry of X this is equivalent to

Cov(vec(X)) = %(Kq + 1) (3.71)

for X following the standard g-dimensional matrix-valued gamma distribution with parame-
ter o as discussed in Remark 3.61.

Step 3. As discussed in the beginning, every matrix ¥ ~ MGamma(«, C') has a stochastic
representation Y 4 ax AT, where X ~ MGamma(a,Irk(C)) either follows a standard
matrix-valued gamma distribution or a singular Wishart distribution. As the expectation is
linear,

E[Y] =E[AXAT] = AE[X] AT = Aal, AT = aC,

which proves Eq. (3.55). For the covariance we can write

Cov(vec(Y)) = Cov(vec(AXAT)) = Cov((A ® A)vec(X)),
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where the last equality follows from Eq. (3.52). Since the covariance is bilinear, we can
rewrite this equation to

Cov(vec(Y)) = (A ® A)Cov(vec(X)) (A A)T,
:AT®AT

where the last small equality follows from the Definition 3.1 of the Kronecker product. Using
the result Eq. (3.71) from the second step,

a
COV(V@C(Y)) = (A X A)E (Krk(C) + I(rk(C))2) (AT X AT)
With the help of Eq. (3.54) and Eq. (3.53) we arrive at

Cov(vee(Y)) = %(Kp + 1) (A2 A)AT @ AT) = %(Kp +12)(AAT @ AAT)
%(Kp +1:)(C®0),

which proves the theorem. O

3.6. ldentification of some Biased Distributions

This section explores how matrix-valued gamma distributions change under certain biased
measures. The one-dimensional version of the results given in Theorem 3.64 can also be
found in [29, Lemma 4.35].

Definition 3.62 (Biased probability measure, see [29, Definition 2.10]). Let (Q, F,P) be a
probability space, and let X be a non-negative random variable on this probability space,
satisfying 0 < E[X] < co. Then the X-biased probability measure Px on the measurable
space (§2, F) is defined by

E[XT 4]

Py[A] = w0 A€T (3.72)

Remark 3.63. In the context of Definition 3.62 above, for ¢ € R* the cX-biased probability
measure P.x is the same as Px as the expectation E[cX]| = cE[X] satisfies 0 < E[cX] < oo

and
E[cX1 4] B E[X1 4]

EcX]  EX]

ch[A]: :PX[A], AeF.

Theorem 3.64 (Biased matrix-valued gamma distributions). Assume that the random
matriz Y ~ MGamma(a, C') with shape parameter o € Go and positive semi-definite scale
parameter matriz C = AAT, where A € RP*? for ¢ = max{1,tk(C)} is as discussed in
Remark 3.27. Let D € RP*P be a symmetric matriz fulfilling’! I, + ATDA € Si. Let the
scalar B fulfill one of the two conditions

' This is in particular fulfilled by all positive semi-definite matrices D.
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(i) B> % —a and o > % and C' is positive definite or
(ii) B = 0.

Then, using the biased probability measure given in Definition 3.62, the distribution of Y
under the (detY)? exp (—tr(DY))-biased measure P is the matriz-valued gamma distribution
with shape parameter o + [ and the positive definite scale parameter matriz AT(Ip +
ATDA)"LA, formally

]P)(det Y)B exp (—tr(DY)) Yil = MGamma(a + B, AT(Ip + ATDA)ilA) (373)
If C has full rank this scale parameter matriz can be rewritten as (C~! + D)~L.
Proof. Note that

E[(det v)? e~V = Tol@+5)

Ip(a)

where the equality follows from Theorem 3.32 or Theorem 3.14, in case a < (p — 1)/2
implying 3 = 0 by the conditions of this theorem, and the fact that I, + AT DA is positive
definite. Note that this expectation is greater than zero for either of the conditions 3 can
fulfill, using the convention 0° = 1.

Combining this expectation with the definition of the biased probability measure given in
Eq. (3.72) a density of the (det Y)? exp (—tr(DY'))-biased probability measure w.r.t. P is
given by

(det C)P(det (I, + DC))~ (@A),

APaet yv)oexp (—ur(py)) _ Tp(@)  (det(l, + DC))*+7

dP S Tath)  (detcyp et Y)Pe PV (3.74)

To determine the distribution of ¥ w.r.t. Pqet y)8 exp (—tr(py?)) We calculate its characteristic
function

wr(izv) WP (det )8 exp (—tr (DY)
P

— Fp(Oé) (det(lp + DC))OH_ﬁ Ep[etr(izY) (det Y)B e—tr(DY)]

I'y(a+B) (det C)8

[etr(izY)] =Eple

]P(dct Y)B exp (—tr(DY))

for z € RP*P symmetric. Since I, + ATDA is positive definite, we can apply Theorem 3.32
with w = D — iz and M = I, for the integral and arrive at

Ep [ tr(izY)]

(det Y)B exp (—tr(DY))

Ty(a) (det(I, + DC)* P T,(a+ B)

(det C)P(det (I, + (D —iz)C))~@FF)

T Da+p)  (detC)F Tp(a)
B det(Il, + DC) \*“*F7 det(I, + ATDA) a+h -
N <det(lp + (D — iz)C’)) N (det(lp + ATDA — iATzA)> ’ (375)
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3.6. IDENTIFICATION OF SOME BIASED DISTRIBUTIONS 77

where the fact that C' = AAT and the Weinstein-Aronszajn identity, given in Lemma 2.3, is
applied to the numerator and denominator in the last step. Since I, + ATDA is invertible,

(I, + ATDA —iAT2A)(I, + ATDA)™' = I, —iAT2A(I, + ATDA)™".
Hence, Eq. (3.75) can be rewritten as

(0] = (det(I, — 1AT2A(I, + ATDA))) @)

P(det Y)B exp (—tr(DY))

— (det(I, — izA(I, + ATDA) "' AT)) ")

where the Weinstein—Aronszajn identity is again used for the last step. As discussed in
Remark 3.4, the characteristic function determines the distribution uniquely, hence the
distribution of Y under P(ge;y)8 exp (—tr(py)) 18 MGamma(a + 3, AT(I, + ATDA)71A).

In the case that C' is invertible, A € RP*P is invertible as well and the scale parameter
matrix can be rewritten as

AT, + ATDA)'A = (A7, + ATDA)(AT)" 1!
= ((AAHY 14+ D)y L=+ D)L O



“jayiolgig usipn N1 1e wud ul ajge(rene si sisay) syl Jo uoisian [euibuo panoidde ay | < any 38pajmoust InoA
JeqgbBnyian yaylolqig usipn NL Jap ue 1si 1agrewoldiq Jasalp uoisiaAfeulBuQ aponipab ausiqoldde aiqg v_U:#O__ﬁ—_m
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4. Matrix-Valued Gamma Distributions in
Poisson Mixture Models

4.1. Poisson Mixture Models

A mixture distribution is a probability distribution of one or multiple random variables,
whose parameters are determined by other random variables. One of the most prominent
examples is a gamma-mixed Poisson distribution, where the random variable A ~ I'(«, 3)
and the conditional distribution of N given A is Poisson(A). Then N is said to follow a
gamma-mixed Poisson distribution. Subsequently, we will demonstrate the well-known fact
that such a random variable N follows a negative binomial distribution.

In order to achieve this, we start by defining the probability-generating function, a very
important tool for discrete (mixture) distributions.

Definition 4.1 (Probability-generating function). Fix d € N. For an Né¢-valued random
vector N = (Ny,..., Ng) the probability-generating function is defined by

d
on(s) :E[Hsfvi}, s=(s1,...,84) € C4,
i=1

where the expectation exists at least for all s with ||s||oc < 1. The probability-generating
function belongs to the distribution of N and not to the random vector IV itself but for a
simpler notation we will still denote it with .

Remark 4.2 (The probability-generating function determines a distribution uniquely, see
29, Eq. (4.1), Eq. (4.15)]). Note that for an N¢-valued random vector N = (Ny,..., N,)

@5\7)(0, 0 =nyl--ng! P[N =n], n=(ni,...,ng) € Nd (4.1)
holds, where (pg\?) refers to the function ¢y partially differentiated n; times in the i-th
component! for all i € {1,...,d}. Hence, the probability-generating function describes one
unique distribution. Conversely, the probability-generating function is uniquely defined by
Definition 4.1 for each Ng—valued random vector N.

Definition 4.3 (Poisson distributions, see [29, Definition 3.1]). For A > 0 an Ny-valued
random variable N is said to follow the Poisson distribution with intensity A if

PN =n]=—e ", n €Ny,

using the convention 0° = 1. This is denoted by N ~ Poisson(\).

! Note that the order in which the partial derivatives are taken does not matter, since the zero vector is
part of the interior of the set for which ¢y is well-defined and C*°.

79
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80 CHAPTER 4. APPLICATION TO POISSON MIXTURE MODELS

Definition 4.4 (Negative binomial distributions, see [29, Eq. (4.60)]). An Ny-valued
random variable N follows the negative binomial distribution with parameters o > 0 and
€ (0,1) if
-1
n
We will use the notation N ~ NegBin(c, p). We will also include the cases & =0 and p = 0
by letting NegBin(0, p) and NegBin(«,0) denote the degenerate distribution concentrated

in zero.

The negative multinomial distribution, a generalization of the negative binomial distribu-
tion, is given in Definition 4.23 below.

Example 4.5 (Some probability-generating functions, see [29, Example 4.3, Eq. (4.63)]).
Some examples of probability-generating functions for Ny-valued random variables include

(i) Poisson distribution: For N ~ Poisson(\) with parameter A > 0,

on(s) =N secC. (4.2)
(ii) Negative binomial distribution: For N ~ NegBin(a,p) with parameters o > 0 and
p€[0,1),
1-p\“ .
on(s) = s ) s € C with pls| < 1, (4.3)

where the complex exponentiation is understood as discussed in Remark 2.31.

Lemma 4.6 (Affine transformations of probability-generating functions, see [29, Lemma
4.6]). For c,d € N, let N be an Ni-valued random vector and let A € NSXd be a matriz.
Then the probability generating function of the Ni-valued random vector AN is given by

c

Q)OAN(Slw . .,Sc) = QDN(tlw "atd)v where t] = HS?i’j7 JE {L?d}
=1

for all s € C¢ satisfying ||s]|oo < 1.

Corollary 4.7 (Properties of the probability-generating functions, see [29, Example 4.7]).
Ford e N let N be an Ng—valued random vector. Then the followings properties hold

(i) For c € {1,...,n} the probability-generating function of the first ¢ components of N
s given by

O(N1, N (81,5 8¢) = N ((815- 4586, 1,00, 1), s € COwith [[s]lec < 1. (4.4)

(ii) If the last d—c+1 of N are aggregated for ¢ € {2,...,d}, then the probability-generating
function is given by

DNty ;N1 Nt Ng) (815 -+ 8¢) = ON(S15+ -5 Sc—15 8¢y - + - 5 Se) (4.5)
for all s € C° with ||s]|eo < 1.

(iii) For every permutation o of {1,...,d},

PN 1) oeaNoa) (515 80) = ON(Sq=1(1) - -+ 50-1(g))> 8 € CT with [|s]lee < 1. (4.6)
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4.1. POISSON MIXTURE MODELS 81

Lemma 4.8 (Characterization of independence using probability-generating functions, see
[29, Lemma 4.14]). Fordy,...,d, € N let N',...,N" be random vectors, where N* takes
values in Ngi for every i € {1,...,n}. Then N' ... N"™ are pairwise independent if and
only if

n
cp(N17m7Nn)(sl, st = H@Ni(si), st € C% with ||s'||so < 1 for all i € {1,...,n}.
i=1

Lemma 4.9 (Summation property of probability-generating functions for independent
random variables, see [29, Theorem 4.15]). For d € N let N',...,N" be independent
Ng—valued random vectors. Then

n
o1 (8) = [[oni(s), s € Chwith ||s]lo < 1.
=1

Corollary 4.10 (Summation property of negative binomial distributions). For n € N, let
Ny ~ NegBin(ag, p) for k € {1,...,n} be independent random variables, where p € [0, 1)
and aq,...,0, € Rg. Then

n
ZN’“ ~ NegBin(a + ... + an,p).
k=1

Proof. For a proof by induction, it is sufficient to consider the case n = 2. As Ny and N, are
independent and their probability-generating functions are given in Eq. (4.3), Lemma 4.9
leads to

ot =entent = (155)" (1550) = (55)

1—ps 1—ps 1—ps

for every s € C with p|s| < 1. As discussed in Remark 4.2, the probability-generating
function determines the distribution uniquely, hence N; + Ny ~ NegBin(a; + ae, p). Ol

Using the probability-generating function, we can prove the fact that gamma-mixed
Poisson distributions are part of the class of negative binomial distributions.

Lemma 4.11 (Gamma-mixed Poisson distributions). For «, 5 > 0, let the random variable
A follow the one-dimensional gamma distribution with shape parameter o and scale parameter
B. Let the random wvariable

N|A ~ Poisson(A).

Then N follows a negative binomial distribution with parameter o and p = %

Proof. For every s € C satisfying |s| < 1 the probability-generating function of N is given
by
on(s) = E[s"] = E[E[sV [A]] = B[’V ] = (14 (1 - 5)8)°

where the third equality follows from Eq. (4.2) and the fourth one from the exponential
moments of gamma distributions. This can be, for example seen from Theorem 3.32 with
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82 CHAPTER 4. APPLICATION TO POISSON MIXTURE MODELS

p=1, M =1, w=(1—s), the § from the lemma equal to zero and ¥ ~ Gamma(c, ().

Since
1 « ﬁ o 1—p el
oot () - () - (2
— B—spB — ’
14+5—sp e 1—sp
Eq. (4.3) and the fact that the probability-generating function determines a distribution
uniquely as discussed in Remark 4.2, N ~ NegBin(a, p). O

Definition 4.12 (Multivariate Poisson distributions, see [29, Definition 3.40]). For m € N,
let the set G C P({1,...,m}) fulfil @ ¢ G. For every g € G let N, denote a random
variable following the Poisson distribution with parameter A, € [0,00). If the set (Ny)4ec
is independent, then the Ni'-valued random variable

N = Z cgNg,

geG

where the entries of the vector ¢y = (¢g1,...,¢qm) are given by cq,; = 1,4(i) for every
i € {1,...,m} and every g € G, is said to follow the m-variate Poisson distribution
MPoisson(G, A\, m), where A = (A\g)geq-

Using this distribution family we can define general multivariate Poisson mixture models.

Definition 4.13 (General multivariate Poisson mixture models, see [29, Section 3.6]).
Let (Ag)geq denote a collection of [0,00)-valued random variables. In the setting of
Definition 4.12, let N be distributed with a m-variate Poisson distribution where the
parameters (A\g)geq = A are given by A == (Ay)geq, i-e.

N|A ~ MPoisson(G, A, m),
with the additional assumptions that for each g € G
P[Ny = ng[(An)rec] = P[Ng = ng|Ag]

for every (ng)4eq € N§ and that the variables (Ng)geq are conditionally independent, i.e.

P[Ny = ng for all g € G|(Ap)nec] =[] PINg = ngl (An)necl-
geG

The rest of this section discusses some biased distributions of negative binomial distribu-
tions, where we first prove that the concept of the biased probability measure defined in
Definition 3.62 can be applied iteratively, which will be used subsequently.

Lemma 4.14 (Iterative biased probability measures). Let X and Y be non-negative
random variables on the probability space (2, F,P), where X satisfies 0 < E[X] < oo.
Furthermore suppose that 0 < E[XY]| < oo, which in this setting is equivalent to assuming
0 < Ep,[Y] < oo. Then the XY -biased probability measure Pxy on the measurable space
(Q, F) is given by

Ep, [Y14]

Pxy[A] = Ep [¥] |

AeF,
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4.1. POISSON MIXTURE MODELS 83

where Px refers to the X -biased probability measure. Equivalently, a density of Pxy w.r.t.
P is given by
dPxy as d(Px)y as d(Px)y dPx
ap  dP dPx dP

Proof. Using Eq. (3.72) a density of the X-biased probability measure Px w.r.t. P is given
by
dPx X
e r——1 4.7
dP E[X] (47)

Using the same definition a density of the biased probability measure (Px)y w.r.t. Px is
given by
d(Px)y Y

By = BT (4.8)
Using Eq. (4.7),
Ep, [V] E{dex] _ ElXY] (4.9)
Pt P | ~ E[X]’ '

which also proves the equivalence of assuming 0 < E[XY] < oo and assuming 0 < Ep, [Y] <
oo. Furthermore, this leads to

d(Px)y as dPx)y dPx XY
dPp dPx dP  E[XY]’

where the second equation follows from combining Eqs. (4.7), (4.8) and (4.9). As the
last term is equal to a density of the XY-biased probability measure Pxy w.r.t. P per
Definition 3.62, this proves the lemma. O

Lemma 4.15 (Biased negative binomial distributions). For @ > 0 and p € [0,1) let
N ~ NegBin(a, p). Then the following statements hold:

(i) For every k € Ny,

(a+1)---(a+k)

E[(N+a)(N+a+1)--(N+a+k)]="2 T (4.10)
and
P(N-+a)(N+at1)—(N+atk)yN " = NegBin(a + k + 1,p). (4.11)
(ii) Furthermore, if p > 0, then for every k € Ny,
E[N(N=1)---(N = k)] =p"ta(a+1)---(a + k), (4.12)

and

Pnv—1)-(N-yN ' = L(N +k +1), where N ~ NegBin(a +k+1,p).  (4.13)
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84 CHAPTER 4. APPLICATION TO POISSON MIXTURE MODELS

(iii) Finally, if p > 0, then for every p € (0,1),
" _ (1=p\"
{013
p 1-p

Ps/pv N ™' = NegBin(a, p). (4.15)

and

Proof. Item (i): For k € Ny and N ~ NegBin(a, p) we can compute the expectation
E[sY(N +a)(N+a+1)--- (N +a+k)]

=S s a)ntat ) mratn) ("0 pe
n=0

=P[N=n]

where s € C with |s| < 1. Using the definition of the binomial coefficient this expectation
can be rewritten as

E[s"(N+a)(N+a+1)---(N+a+k)]

:isna(OH'1)"-(a+k)<”+(0‘+:+1)—1
n=0

)(1 —p)*p"

_ afa J(r11z.p.).k(+al+ k) S <n + (a +7l;: +1) — 1) (1= p)otitipn,

n=0

= PNegBin(a+k+1,p) (s)

where the last small equality follows from Definition 4.4. Inserting s = 1 leads to Eq. (4.10)
as the value of a probability-generating function for s = 1 is always equal to one. Combining
this with Definition 4.1 and Definition 3.62, we can see that the probability-generating
function of N under Py q)...(N+atk) is equal to the probability-generating function of the
NegBin(« + k + 1, p) distribution, which proves Eq. (4.11) due to Remark 4.2.

Item (ii): Let k € Ny and N ~ NegBin(a,p). Then for s € C with |s| <1

E[N(N-1)---(N=k)s¥] =Y nn—1)---(n—k)s" <”+:_1>(1—p)ap”.
n=0

Since the first k£ + 1 summands are equal to zero we can do an index shift of the sum,

E[N(N —1)--- (N — k) sV]

> 1 —1
:Z(n+k—|—1)(n—|—/€)~--(n+1)s”+k+1<n+k+ ta )(1_p)apn+k+1

2 n+k+1
e n n+(a+k+1)—1 a,n
:pk—i-la(a-l-l)...(oz-f-k)ZS+k+1< ( N ) )(1—p)p7
n=0

:E[sz\'r+k+1}
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4.1. POISSON MIXTURE MODELS 85

where the second equality follows from the properties of the binomial coefficient and N in the
last equality follows the NegBin(a+ &+ 1, p) distribution. Inserting s = 1 leads to Eq. (4.12)
as E[INHHI] = 1. Combining this with Theorem 4.20 and Definition 3.62, the probability-
generating function of N under Py(n_1)..(nv—k) is equal to the the probability-generating
function of N + k + 1, which proves Eq. (4.13) using Remark 4.2.

Item (iii): For every p € (0,1) and every s € C with |s| <1

~\ N «@ (¢4
((3) |- (em) -(5)
p 1 —p(sp/p) 1—sp)’
where the first equation follows from Eq. (4.3). Inserting s = 1 leads to Eq. (4.14). Hence,
we can see that the probability-generating function of N under P;/)~ for every s € C with

|s] <1 as
g, = EGT )T (:=2).
E[(?)"] (1=5) L—=sp
which proves Eq. (4.15) due to Remark 4.2. O

Corollary 4.16. For o > 0 and p € (0,1) let N ~ NegBin(a,p). For k,l € NgU{—1} and
p € (0,1), let

A= <ﬁ(N _ i)) (ﬁ(N+ a +j))(z5/p)N~

Then
PAN"' = L(N + k +1), where N ~ NegBin(a + k 4 1 + 2, ). (4.16)

Proof. This corollary follows from combining Lemma 4.15 with Lemma 4.14: First, note
that due to Eq. (4.15) N follows the NegBin(a, p) distribution under P(;/, v. Hence, if
[ >0, then

p/p)

l

Ep,, ~ [HO(N +a +j)] e (0,00)
ol

due to Item (i). Hence, with Eq. (4.11) and Lemma 4.14

-1 _ . ~
Py wvarn)omy™ T NegBin(ar + 1+ 1,7),
which also holds true for [ = —1. Thus, Eq. (4.16) is proven for k = —1. Using Item (ii), if

k>0,

k
EP(H?:OWMH»@/mN [H(N - 1)} € (0,00)
and therefore with Eq. (4.13) and Lemma 4.14, Eq. (4.16) follows. O
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4.2. Matrix-Gamma Poisson Mixture Models

The following definition introduces a gamma-mixed Poisson model, where the gamma
distributed components are derived from one common matrix-valued gamma distribution.
Throughout this section several properties of this distribution family will be discussed.

Definition 4.17 (Matrix-gamma Poisson mixture models). For n,p € N, let the random
matrix ¥ ~ MGamma(a, C') with positive semi-definite scale parameter matrix C € RP*P
and shape parameter a € G¢, see Definition 3.34. For v; € RP, let the random variable
A; = (v, Yv;) for every i € {1,...,n}. Let Ny,..., N,, where N;|A; ~ Poisson(A;) for every
i € {1l,...,n}, be conditionally independent given Y. Then the distribution of (Ny,..., Ny,)
will be denoted by MGammaPoisson(c, C, vy, ..., v,).

Remark 4.18 (Matrix-gamma Poisson mixture models are not identifiable). A given matrix-
gamma Poisson mixture model does not determine the parameters a, C, vy, ..., v, uniquely
as will be discussed below in Lemma 4.21. Hence, matrix-gamma Poisson mixture models
are non-identifiable? as multiple parameterizations can lead to identical observations.

Remark 4.19. In the context of Definition 4.17, Corollary 3.39 can be used to conclude
that the random variable A; := (v;, Yv;) follows a one-dimensional gamma distribution with
shape parameter « and scale parameter (v;, Cv;) for every i € {1,...,n}.

Theorem 4.20 (Probability-generating function of matrix-gamma Poisson mixture models).
Let (Ny,...,N,) ~ MGammaPoisson(a, C,v1,...,v,) according to Definition 4.17. Then
the probability-generating function of (Ni,...,Ny), see Definition 4.1, is given by

n

PNy (8) =E [Hl sﬂ = (det (Ip + izn;a - si)uch»a (4.17)

for at least all s € C™ satisfying ||s||co < 1.

Proof. Fix any s € C" satisfying ||s|lcc < 1. Using the conditional independence of the
random variables Ny, ..., N, given Y, the probability-generating function can be rewritten

sﬁvi] :E[E[ilf[lsf.vi Y” :E[ilf[lE[sti\Y]]. (4.18)

Since N;|Y ~ Poisson((v;, Yv;)) for every i € {1,...,n}, its probability-generating function,
conditioned on Y, is given by

as

n
i=1

O(Ny,...,No) (8) = E[

E[sN |YV] 22 efveYvi)(si=1)

due to Eq. (4.2). Using this and

(i, Yv;) = 0] Yv; = tr(vio] Y), i€ {l,...,n},

2 The term identifiability is commonly used in statistics, see e.g. [12].
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where the second equality follows from Lemma 2.1, the probability-generating function from
Eq. (4.18) can be rewritten as

r n

r(v;vTY)(s;—
PNy (8) = E| [ [ el 1)]
-i=1

—E :exp (zn: tr(viv] V) (s; — 1))}

i=1

=E :exp <—tr (zn:(l — si)WJY)) ] : (4.19)

=1

where the last step follows from the linearity of the trace. Due to ||s||s < 1, it follows that
every component |si| <1, hence Re(1 —s;) > 0 for all ¢ € {1,...,n}. Furthermore, the
matrix v;v; is positive semi-definite for all i € {1,...,n}. Combining this with Lemma 2.8
Item (ii), the matrix
n
Re(Z(l — 8))v;v ) ZRe (1 —s;)vv
i=1
is positive semi-definite and
n
1m<z<1 ~ s ) Zlm (1 - si)uio
i=1
is symmetric as linear combination of symmetric matrices. Therefore, Eq. (3.34) of Theorem
3.32 or Eq. (3.6) of Theorem 3.14, depending on the «, can be applied to Eq. (4.19) with

w=3"(1-s;)v;v], resulting in Eq. (4.17). O
Lemma 4.21 (The MGammaPoisson(a, C, vy, ..., v,) distribution does not uniquely de-
termine its parameters). Let the parameters o, C vy, ..., v, fulfil the conditions of Defini-

tion 4.17. Then for every orthogonal matriz S € RP*P,
MGammaPoisson(c, C,v1, . .., v,) = MGammaPoisson(a, SCST, Svy, ..., Sv,). (4.20)

Proof. As C is a positive semi-definite matrix, SCST is positive semi-definite as well and
as tk(SCST) = rk(C), shape parameter o € Ggg7, hence the distribution on the right side
of Eq. (4.20) is well-defined.

We will show Eq. (4.20) by showing the equality of the characteristic functions of N ~
MGammaPoisson(a, C, Svy, ..., Sv,) and M ~ MGammaPoisson(a, SCST, Svy, ..., Sv,).
As S orthogonal implies

Sv;(Sv;)TSCST = SviwfCST, ie{l,...,n},

Eq. (4.17) tells us, for every s € C™ satisfying ||s|/c < 1,

on(s) = (det< + Z (1—s) SUZ(SM)TSC’ST>>_&

=1

= (det( p"‘z 1 — si)vv TCSTS)) = on(s),

=1,
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where Lemma, 2.3 is used for the second equality. As the probability-generating function
determines the distribution uniquely, see Remark 4.2, Eq. (4.20) follows. O

The following lemma can be used for an alternative representation of the probability-
generating function of matrix-gamma Poisson mixture models given in Theorem 4.20.

Lemma 4.22. For n,p € N, let v; € RP for every i € {1,...,n} and let C € RP*P be
positive semi-definite. For all s1,...,s, € C,

det <Ip + zn:u - s,-)ijc) =14+ > det(Viev) A - s, (4.21)

i=1 IC{1,...n} icl
0<|I|<p

where Vi denotes a (p x |I|)-matriz consisting of the column vectors v; with i € I, where the
order s not relevant.

Proof. This proof is split into five steps.
Step 1. We start by using the fact, that the positive semi-definite matrix C' can be represented
as the product AA = C with its positive semi-definite matrix square root A, see Lemma 2.15,
to define

u; = Av; e RP, 4, .= (1 — s;)Av; € CP.

Since
uit; = (1— sl)Av,v A,

where the last step follows from the fact that A is symmetric, the equation

det( —l—ZuZ )—det( anl—szszv A)

=1
n

—det< +Z 1 — s;)vv; AA>—det< —f—Zl—s, v, C’) (4.22)

=1

must hold, where the Weinstein—Aronszajn identity given in Lemma 2.3 is used for the second
equality. For every non-empty I C {1,...,n}, let Uy and U; denote the (p x |I|)-matrices
consisting of the column vectors u; or u;, respectively, with ¢« € I and V7 the corresponding
(p x |I])-matrix consisting of the column vectors v; in the same order. Then

det(U]U;) = det ((AV)TAVy) T](1 = s5) = det(V,TCVp) [ [ (1 = ), (4.23)
icl icl
where the first equality follows from the fact that the determinant is linear in each column

and the second equality holds as ATA = AA = C.
Combining Eq. (4.22) and Eq. (4.23), it is sufficient to prove

det< +Zuz >:1+ D det(U]UY) (4.24)

instead of Eq. (4.21).
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Step 2. The k-th column of the matrix I, + > 7" | w;@i, is given by

n
er + ZW(ﬁi)k eCr
i=1
for every k € {1,...,p}, where (u;)r € C refers to the k-th entry in the column vector
u; for i € {1,...,n}. Using the fact that the determinant is linear in each column, the
determinant can be written as the sum

det (Ip + iuﬂlj) = z”: e z”: det(ciy,1,- -5 Cipp), (4.25)
i=1

i1=0  ip=0

where ¢;j, € CP is given by

T (4.20
” wj(tj),  for je{l,...,n}, ‘

for every k € {1,...,p}.

As the determinant is equal to zero for every matrix with linearly dependent columns, all
summands containing a multiple of a vector u; in more than one column vanish. Hence,
we can group the summands of Eq. (4.25) by which vectors u;, i € {1,...,n}, they contain
scalar multiples of. For every I C {1,...,n} with |[I| < p, using the vectors defined in
Eq. (4.26), consider the set

Mp = {(cjy1,---+¢j,p) | Jr € TU{0} for all k € {1,...,p},
for all i € I there exists exactly one k € {1,...,p} with jx = z}

For I = @ this means Mg = {(co,1,...,¢c0p)} = {(e1,...,€ep)}. Then Eq. (4.25) can be
rewritten as

det(Ip+§n:uiﬂ;r> = > D detB=1+ Y ) detB. (4.27)
1=1

IC{1,...n} BEM] IC{1,...n} BEM;
[7<p o<|I|<p

Step 3. Now for a fixed non-empty I C {1,...,n} with |I| < p, we want to determine the
inner sum on the right side of Eq. (4.27). Note that every matrix in M; has exactly p — |I|
columns that are unit vectors. For every S C {1,...,p} with |S| = p — |I|, we can define

(Mp)s :={B = (¢j,,1,---,¢j,p) € M | js =0 for every s € S},

which denotes the set of matrices containing the unit vectors eg in the respective columns
for all s € S and multiples of the vectors u; for every ¢ € I in the other columns. Note that
in case |I| = p the only possible S is the empty set. Using this we can write

d detB= > > detB. (4.28)

BeM; SC{1,...,p} BE(Mr)s
IS|=p—|1]



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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Step 4. Fix S C {1,...,p} with [S| = p — |I]. Let S¢ := {1,...,p}\S as well as the
set I be ordered (arbitrarily), so we can write S¢ = {SY,.. .,S|CI|} C{l,....ptand I =
{I,..., I} €{1,...,p}. Then the columns of every matrix B = (¢j, 1,...,¢j,p) € (Mr)s
can be written as

f €S,
T e , (4.29)
ur, (U, )s fors=5fforaie{l,... [I[},
for a permutation o € Sym({1,...,|I|}). The other way around every o € Sym({1,...,|I|})

can be used to define a B € (Mj)g with Eq. (4.29), which we will denote by B?. Therefore,

> detB = > det BY. (4.30)
BG(M])S UGSym({lr"vu‘})

3

For a fixed o € Sym({1,...,|I|}), using the Laplace expansion® in every column with index

s € 5, which contains the unit vector eg,

det B? = [[(~1)*** det Bg. g = det B. g,
ses
where BZc g refers to the [I] x [I| matrix that results from removing the s-th column and
the s-th row from B for all s € S.
Combining the original definition of B € (Mj)g given in Eq. (4.26) with the fact that the
determinant is linear in each column,

det BgC,SC = det((ufa(l))sc(ﬂfg(l))Sf’ ce (ulg(m))sc (aIU(III))S\cI\)
]
- (H(f‘fam)Sf) det«“ﬂr(l))SC’ o (“fa<|1|>)56)’
i=1
where (u;)ge € CHl refers to the vector u; with only the entries with index in S¢ for all
ie{l,...,n}.

Next we want to reorder the columns of Bg. . for all o € Sym({1,...,[/]}), such that
column i € {1,...,|I|} contains a multiple of the vector (ur,)se. Using the fact that for a
quadratic matrix any permutation of the columns multiplies the determinant by the sign of
the permutation,

]

det Be g = (H(ﬁ]a(i))s_b_c> sgn(o!) det((u1)sge, ..., (ur))se)-

=1 =sgn(o)

Inserting this back into Eq. (4.30),

Z det B = Z det B,

BG(M])S UESym({lw"vu‘})
1]

= det((u1)se, - - -, (ur)se) Z sgn(o) H(ﬂfo(i))sga

oeSym({1,...[1|}) i=1

=det((t1)se,--,(U1)) 5¢)

3 See [14, Satz 7.4.7]
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where the last equation follows from Leibniz’ formula for determinants®. Using the notation
of Lemma 2.4,

Z det B = det((ul)sc, ey (’U,m)gc) det((ﬂ1)3c7 ceey (fl,m)sc)
Be(Mr)s

= det (U] )q1,...1m3.5¢) det (Ur)se g1, 113) (4.31)

where we also use the fact that the determinant of a quadratic matrix is equal to the
determinant of the same matrix transposed.
Step 5. In case |I| = p and therefore S = @ and S¢ = {1,...,p}, Egs. (4.28) and (4.31) tell
us

Y detB= > detB=det(U]U)).

BeM; Be(Mp)o

In all other cases where 0 < |I| < p, inserting Eq. (4.31) back into Eq. (4.28),

Y odetB= Y det((U])q,.nyse) det((Un)se q,...im)
BeM; SC{1,...p}
|S|=p—|I|
= > det((UN)q,. ) det(UD)s 1, 1py) = det(U] Ty),
Sg{lv"'vp}
IS|=1]
where we are using the Cauchy—Binet formula given in Lemma 2.4 for the last equality.
Combining these results with Eq. (4.27) proves Eq. (4.24) and hence the lemma. O

Definition 4.23 (Negative multinomial distributions, see [29, Definition 4.51]). For n € N
let p1,...,pn € [0,1) satisfy ¢ .= 1-3"7" | p; € (0,1] and let o > 0 denote a shape parameter.
Then the Njj-valued random vector N = (N, ..., N,) is said to follow a negative multinomial
distribution if

d k;
Fla+ki+-+ky) 170"

PIN = (k1,..., k)] = T(a) q | | =
i=1 v

for all (ki,...,kn) € Nj. We denote this by (Ny,...,Ny,) ~ NegMult(c, p1,...,pp).
Note that a negative multinomial distribution with n = 1 follows a negative binomial
distribution, see Definition 4.4.

Remark 4.24 (Probability-generating function of the negative multinomial distributions, see
[29, Eq. (4.89)]). For (Ny,...,N,) ~ NegMult(a, p1,...,p,) according to Definition 4.23
the probability-generating function is given by

1- ?: Di ¢
W(Nl,...,Nn)(S) = (1—22"_111%3) (4.32)

for all s € C™ with |y ;" | pisi| < 1.

*See [14, Satz 7.2.5, Remark 7.2.9]
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Corollary 4.25 (Negative multinomial distributions are a subclass of matrix-gamma Pois-
son mixture distributions). Let (Ni,...,Ny) follow the MGammaPoisson(a, C, vy, ..., v,)
distribution in the context of Definition 4.17 with o # 0. If the vectors vi,...,v, are
pairwise linearly dependent, then the vector (Ny,...,Ny,) follows a negative multinomial
distribution. If C' is of full rank, i.e. C' € S;{, then the reverse direction holds true as well.
In both of these cases (Ni,...,Ny) ~ NegMult(a,p1,...,pn), where

pi = W, ie{l,...,n} WithCI:1+Z<Uj,C'Uj>- (4.33)

J=1

Proof. Combining Theorem 4.20 with Lemma 4.22, the probability-generating function of
(N1,...,Ny,) is given by

le,...,Nn)(s):(H T det(VITcmH(l—si)) sl sl <1, (434)

IC{1,..n} il
0<|I|<p

where V7 denotes a (p X |I])-matrix consisting of the column vectors v; with i € I, where
the order is not relevant. If the vectors vy, ..., v, are pairwise linearly dependent, then the
matrix V' C'V; does not have full rank for every I C {1,...,n} satisfying |I| > 2, hence the
determinant is zero and the summand vanishes. Hence, we can rewrite Eq. (4.34) to

(8)_( 1 )a_ 1 -y, fdud |
G L+ 300 det(vf Cui)(1 = sy) -y, el )
~——

c
= (v;,Cv;)

which is the probability-generating function of the NegMult(c, p1,...,p,) distribution,
where p1,...,p, are given by Eq. (4.33), see Eq. (4.32). Together with the fact, that the
probability-generating function determines a distribution uniquely, this proves the first part
of the corollary.

For the other direction, note that Eq. (4.34) can only be equal to the probability-generating
function of a negative multinomial distribution if all summands with |I| > 2 disappear.’
Since the probability-generating function is defined for every s € C" with |[|s|/s < 1, this
is equivalent to VITCVI e R having determinant zero, i.e. not having full rank for all
IC{l,...,n} with [I| > 2.

Under the condition that C' has full rank,

rk(Vi Vi) = tk(CVIV]) = rk(V Vi) = rk(V7),

for every non-empty I C {1,...,n}, where Lemma 2.1 is used for the first equality.® Since
rk(Vy) < |I] for all I C {1,...,n} with |I| > 2 is only achieved by all vectors v,...,v,
being linearly dependent, the corollary holds true. O

® This can be e.g. seen by taking both Eqs. (4.32) and (4.34) to the power of —1/a and comparing the
coefficients.

6 Note that for every A € K™*", the equality rk(A"A) = rk(A) holds, since for every & € K™ with
A" Az = 0 is equivalent to Az = 0 because zH A" Az = | Az|?.
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In order to derive the individual point probabilities of a matrix-gamma Poisson mixture
model, we need to differentiate the probability-generating function, see Eq. (4.1). We will
do this with the help of a multivariate version of the Faa di Bruno formula, which itself is a
generalization of the chain rule, that has been derived in [6]. For the formulation of this
generalization we need the following total order on vectors with entries in Nj.

Remark 4.26 (The total order < on Njj). For two vectors u = (u1,...,up),v = (v1,...,0,) €
NG, let |u| :==u1 + - +up and |v| :=v1 + -+ + v,. We say u < v if one of the following
three conditions is satisfied:

(i) Ju] <[vl,
(ii) |u|=|v| and u; < vy,
(iii) |u| = |v|, u1 = v1,... Uy = Uy and Upp1 < Vpy1 for some m € {1,...,n — 1}.
Theorem 4.27 (Multivariate Faa di Bruno formula, see [6, Corollary 2.10]). Forn € N, let
k= (ki,...,kn)" € Ny and let |k| = ki + -+ ky. Let f: Dy CR — R with Dy open be

|k|-times continuously differentiable and let g: Dy C R™ — R, where Dy is open, be partially
differentiable k; times in the i-th component for all i € {1,...,n}. Then the k-th derivative

of h(s) == f(g(s1,...,sn)) for s = (s1,...,sn) € Dy is given by
|| L (l i) (s ))
RF)(5) = Zf(r Z k'H T

r=1 p(kr)  J=1

where the factorial k! := [[\"_, k;! and the set

p(k,r) = {ml, coosmpy € Noy by, By € NG | there exists a s € {1,...,|k|} such that
m; =0 and l; =0 for alli € {1,...,|k| — s},
m; >0 foralli € {|k| —s+1,..., |k} and 0 < o1 < ... < Ly,
|| ||
Z m; =r and Z mil; = k:}, (4.35)
i=|k|—s+1 i=|k|—s+1

where the total order < is defined in Remark 4.26.

Lemma 4.28 (Partial derivatives of the probability-generating function of a matrix-gamma
Poisson mixture model). Using the setting of Definition 4.17, let N = (Ny,...,Ny) follow the
MGammaPoisson(a, C, vy, ..., vy,) distribution with probability-generating function pn(+).
Let

Prp={IC{l,...,n}|0<|I] <p}

and A\; = det(V,'CVy) for every I € Py, where Vi denotes a (p x |I|)-matriz consisting of
the column vectors v; with © € I, where the order is not relevant. With this notation the
probability-generating function can be written as pn(s) = (g(s))~* with

s)=1+ Y M]J-s) (4.36)

IE€Pn, i€l
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for all s € C™ with ||s]|ec < 1.
For every k= (ky,...,k,)" € Ng, the k-th derivative of the probability-generating function
on(s) = (g(s))™%, now seen as a function from {s € R" | [|s]|cc < 1} = R, is given by

|| |

A = Y 1raTlls) e Y [ ( oY ] <1—si>)

r=1 plk,r) j= 1" IePnp  i€I\((Y)
U=
(4.37)

where " denotes the rising factorial «--- (o + 1 — 1) and the index set
ﬁ(k,?”) = {(ml, cee MY g3 L,..., l‘k|) S p(k, 7“) ‘ L,..., l|k| S {0, 1}”}7 (4.38)
where p(k,r) is defined in Eq. (4.35) and

_ [ {o,1}" — P{1,...,n})
C'_{ l = {ic{l,..n}| =1}~ (4.39)

Proof. Due to Lemma 4.22, the probability-generating function of N can be written py(s) =
(9(s))~“, where g(-) is defined in Eq. (4.36). We will apply the multivariate Faa di Bruno
formula, stated in Theorem 4.27 above, to this function. For every r € {1,...,n} the r-th
derivative of
[ Rt —» Rt
f= { r = o

is given by

F @) = (1) (2)" @)z eR.
Now for 1 € Nfj, the 1-th derivative of g(-) as defined in Eq. (4.36) must be equal to zero if
any entry of 1 is greater than one as this would mean differentiating g(-) twice w.r.t. the
same component. Hence we can restrict the set p(k,r) in Theorem 4.27 to p(k, ) defined in
Eq. (4.38). As both 0! =1 and 1! = 1, the factorial 1! = 1 for every 1 € {0, 1}". Furthermore,
forale {0,1}"

gW(s DS A ] =s), s € R with [s]le < 1,
1€Pnp  i€I\((D)
cmer
using ¢ defined in Eq. (4.39), thus proving Eq. (4.37). O

Corollary 4.29 (Individual probabilities of matrix-gamma Poisson mixture models). Using
the notation of Lemma 4.28 the individual probability that N is equal to k= (k1,..., k)T €

0 s given by
|kl B —(a+r) | K| m;
P[N:k]:Z(—U"aT(H > )\1> Z H ( (-pll % >\1> . (4.40)
r=1 I€Pn (k,r) j= 1M ' I€Pn p
e

where o denotes the rising factorial a--- (o +1r — 1) and p(k,7) and ¢ are defined in
Eqgs. (4.38) and (4.39), respectively.
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P[Nl =ni,
N2 = ng]

0.0015
0.0010

0.0005

Figure 4.1. Joint probability mass function of (Ni, N2) ~ MGammaPoisson(«, C, vy, v2)
with o = 7/2, scale matriz C = Iy and vectors vy = (v/5,0)7 and va = (0,+/5)T. The
random variables N1 and Ny are uncorrelated in this case, using FEq. (4.43) and both Ny
and Ny follow the NegBin(7/2,5/6) distribution. See Figure 4.2 below for an example with
correlated N1, No.

Proof. For every k € Njj the probability that NV is equal to k using the probability-generating
function can be derived from Eq. (4.1), resulting in

k k
I TP K! :

Combining this with Eq. (4.37) of Lemma 4.28 and the fact that g(0) = 1 + ZIGPM, A1
proves the corollary. O

Remark 4.30 (Numerically instable computation of the point probabilities). Note that the
computation of the point probabilities of a matrix-gamma Poisson mixture model is not
numerically stable, which is caused by a changing sign of the summands in Eq. (4.40).

Lemma 4.31 (Summation property of matrix-gamma Poisson mixture models). Fiz k € N.
Using the setting of Definition 4.17, let N7 == (N7, ... N}) for every j € {1,...,k} follow
the MGammaPoisson(a;, C’j,v{, .. ,v%) distribution. Assume there exist a positive definite
C € RP*P gnd vectors vi,...,v, € RP such that for every j € {1,...,k} there exists an
orthogonal matriz ST € RP*P with S7C(S)T = C7 and Siv; = vzj for everyi € {1,...,n}.”
If additionally N, ..., N* are independent, then

k
Z N7 ~ MGammaPoisson(a; + - - + ag, C, vy, ..., vp).
j=1

"This condition is in particular satisfied for an N7 with j € {1,...,k}, that follows a
MGammaPoisson(a, C,v1, ..., v,) distribution.
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P[Nl =N,
N2 = TLQ]

0.003

0.002

0.001

40

Figure 4.2. Joint probability mass function of (Ny, N2) ~ MGammaPoisson(«, C,v1,v2)
with o = 7/2, scale matriz C = I and vectors vi = (1,2)T and vo = (1,2)7. The random
variables N1 and Ny have correlation coefficient 5/6, see Eq. (4.43) and both N1 and Ny fol-
low the NegBin(7/2,5/6) distribution. See Figure 4.1 above for an example with uncorrelated
Ny, Ny. See Figure 4.3 below for an example for N1, No with the same marginal distributions
and correlation, resulting from adding appropriate independent negative binomial random
variables.

Proof. Due to Lemma 4.21 N7 ~ MGammaPoisson(a;, C,v1, . .., v,). Because of Lemma 4.9
the probability-generating function of the sum of the independent random vectors N*', ... N"
is given as the product of the individual probability-generating functions. Hence, for all
s € C", satisfying ||s|loc < 1,

k n o
PN14 .. +Nk HQDNJ = H(det<Ip+Z(1—Si)’l}i’U2—C)>
=1

j=1

n -k 1 Q5

—(det( Zl_sz Vi, C>> ’ )
=1

Since the probability-generating function determines the distribution uniquely, the claim
follows. u

Remark 4.32. For N = (Ny,...,N,,) ~ MGammaPoisson(a, C, vy, ...,v,) with a # 0 and
Cv; # 0 for at least one i € {1,...n} and a natural number m € N, the random vector
defined by m - N does not follow a matrix-gamma Poisson distribution for m # 1. This can
be seen by using Lemma 4.6, the probability-generating function is given by

o) =t = (14 30 = el )
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Figure 4.3. Joint probability mass function of (N1, Na2) = (My + My, My + Ms3), where
My, My, M3 are independent, M, ~ NegBin(35/12,5/6) and Ma, M3 ~ NegBin(7/12,5/6).
The random variables N1 and Ny have correlation coefficient 5/6 and both N1 and Nj
follow the NegBin(7/2,5/6) distribution. Compare with Figure 4.2, where N1, No follow a
MGammaPoisson distribution with the same marginal distributions and correlation as here.

s € C", satisfying ||s|lcc < 1, which can only be the probability-generating function of a
matrix-gamma Poisson distribution if m = 1.

Lemma 4.33 (Properties of the matrix-gamma Poisson mixture models). In the contezt of
Definition 4.17, let (N1, ..., Ny) follow the MGammaPoisson(a, C, vy, ..., v,) distribution.

(i) For everyi,j € {1,...,n} satisfying i # j, the expectation, variance and covariance
are given by

}E[NZ] = E[AZ] = a(vi, C’Uz‘>, (4.41)
Var(N;) = E[A;] + Var(A;) = a((v;, Cvy) + (v;, Cv;)?), (4.42)
Cov(N;, N;) = Cov(A;, Aj) = alv;, Cvj)?. (4.43)

(ii) Marginal distributions: For every i € {1,...,n},
(N1, ..., N;) ~ MGammaPoisson(a, C, vy, ..., v;).

(iii) Permutation property: For every permutation o of {1,...,n},

(Ng(l), cee ,Ng(n)) ~ MGammaPoisson(a, C, Vo (1)y - ,vg(n)).

(iv) One-dimensional marginal distribution: For everyi € {1,...,n},

(vi, Cvy) >

N; ~ NegBi —_—
~ Negiin (o 75 S
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Proof. Ttem (i): Recall that A; ~ Gamma(a, (v;, Cv;)) for every i € {1,...,n}, see Remark
4.19. The definition of N; for an ¢ € {1,...,n} and the properties of the conditional
expectation are used to conclude that

E[NZ] = E[E[NJY” = E[AZ] = a(vi, C’UZ>
For every i € {1,...,p} the law of total variance can be used to derive
Var(N;) = E[Var(N;[Y)] + Var(E[N;|Y]) = E[A;] + Var(A;) = a(v;, Cv;) + a(vy, Cvy)?.

For every i,j € {1,...,n} with i # j

Cov(N;, Nj) = E[N; N;| — E[N;| E[V}]
= E[E[N; N;|Y]] - E[E[N; |V ] E[E[N; [Y]]
= E[E[N;|Y]E[N; [Y]] - E[E[N; [Y]] E[E[N;] Y]]
= E[AiA;] - E[A] E[A;]
= Cov(A;, Aj),

where the third equality follows from the conditional independence of N; and N; given Y.
The covariance of A; and A; is given by

Cov(Ai, Aj) = Cov({vi, Yv;), (vj, Yv;))

p p
( Uz 'Uz lYkl 5 E n mn>
k

J=1 m,n=1
p
= Z (vi)k(vi)l(vj)m(vj)n COV(Yk:l; Ymn)a
k,l,m,n=1

where the last equation follows from the bilinearity of the covariance. Using the covariance
of the components of Y derived in Eq. (3.56), this can be rewritten as

p
[0
COV(Aiv A]) = Z (vi)k(vi)l(vj)m(vj)n g(ckmcln + Cknclm)
k,,mmn=1
a p p p p
= 2( > Wk mem Y 010 ncim + > 0)kV)ncen Y (Ui)l(vj)mclm>
km=1 lin=1 kn=1 I,m=1
= (v3,Cvy) = (’u;erj> = (U:C'Uj> = (v;,Cvj)

= a(v;, Cvj>2,

thus proving Item (i).
Item (ii): Eq. (4.4) is used to determine the probability-generating function of (Ny, ..., N;):
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For every s € C?, satisfying ||s]|cc < 1,

OV, N (815 - -5 81) = P(y,. ,Nn)(81,~ ySin 1, ..o, 1)
Z (1 - 1)wvjv TC’))

(det( +Z 1 —sj)vjv TC—i—
Jj=1 j=i+1

_ <det <1p + jz;(l - sj>vjv}c>)a,

where we are using Eq. (4.17) from Theorem 4.20 for the second equation. Hence, since
the probability-generating function determines the distribution uniquely, (Ny,..., N;) ~
MGammaPoisson(«, C, vy, ..., 0;).

Item (iii): Due to Eq. (4.6), the probability-generating function is given by

(p(Na(l)r"vNa(n))(Sl’ e 7871) = CID(Nl,..A,Nn)(SU_l(l)7 M 80'_1(11))

= (det<1p+z — S o= 1(i) Uﬂ} C>>
= (det (Ip + Y (- sj)va(j)vl(jﬁ))

jeot({1,..m})

for every s € C" satisfying ||s||c < 1, where we are again using Eq. (4.17) from Theorem
4.20 for the second equation. Since o~ '({1,...,n}) = {1,...,n}, this is the probability-

generating function of the MGammaPoisson(a, C, vg(1); - - -, Vo(n)) distribution.
Item (iv): This follows from the fact that N;|A; ~ Poisson(A;), A; ~ Gamma(a, (vi, Cv;))
and Lemma 4.11. O

Remark 4.34 (Modelling dependent negative binomial random variables). With the help
of Corollary 4.10, we can obtain correlated negative binomial random variables by adding
independent negative binomial random variables with the same parameter p € [0,1). For
example, for independent M; ~ NegBin(«;,p) with a; € R for i = 1,2,3, the random
variables (N1, No) := (M + Ma, My + M3) have

COV(N1, Ng) = COV(M1 + Mo, My + Mg) = Var(M1)8 = alm
and marginal distributions N; ~ NegBin(«; + ag,p) and No ~ NegBin(a; + a3, p).

With matrix-gamma Poisson mixture models, on the other hand, it is possible to model
dependent negative binomial random variables with different parameter p but with the
same parameter a. As an example let (Nl,NQ) ~ MGammaPoisson(«, C, v1,v2), where
C € RP*P is positive semi-definite, o € G and vy, vy € RP. Then, due to Eq. (4.43),

COV(Nl, ]\72) = Oé<?)1, CU2>2

8 The variance of the negative binomial distribution is e.g. derived in [29, Eq.(4.63)].
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and the marginal distributions are given by Ni ~ NegBin(a, (v1, Cv1)/(1 + (v1, Cv1))) as
well as Ny ~ NegBin(a, (va, Cva) /(1 4 (v2,Cvs))) due to Item (iv) of Lemma 4.33.

In Figures 4.2 and 4.3 the probability mass functions of these two versions of correlated
negative binomial random variables are illustrated in an example, where now both the
parameters « and p are the same for the two dependent random variables.

Remark 4.35 (Matrix-gamma Poisson mixture models do not have the aggregation property).
Note that for (Ny, ..., N,) ~ MGammaPoisson(a, C, vy, ..., v,) in the context of Definition
4.17, the random vector

(Nl,,N@++Nn)
does not necessarily follow a matrix-gamma Poisson mixture distribution for every i €
{1,...,n—1}.

This can be seen by the counterexample with parameters n = 2, v; = (1,0)T and
vy = (0,1)T. The probability-generating function of Ny + N2 would then be given by

—

PN (8) = P (5, 8) = (det(T2 + (1= s)viv] C + (1 — s)vavy C))
= (det(I2 + (1 — ) (v10] +v2v) C)) "7,
—_———
=1

where the first equation follows from Eq. (4.5) and the second from Eq. (4.17) of Theorem 4.20.
This cannot be the probability-generating function of a one-dimensional matrix-gamma
Poisson mixture model, which would be a negative binomial distribution due to Item (iv)
from Lemma 4.33, as it can further be computed to

PNy () = (14 (1= s)en)(1+ (1 = s)ex) — (1 = s)e12)?)
= (1 + (1 — S)(CH + 022) + (1 — 8)2(611022 — 0%2))7a,

—Q

which can only be the probability-generating function of a negative binomial distribution as
given in Eq. (4.3) if c11c02 — ¢25 = 0, which, for example, does not hold true if C is of full
rank.

Theorem 4.36 (Independent variables in matrix-gamma Poisson mixture models). In
the context of Definition 4.17, let (N, ..., Ny) follow a MGammaPoisson(«a, C, vy, ..., v,)
distribution with o > 0. Then the following statements are equivalent:

(i) Ni,..., Ny, are independent.

(it) The covariances Cov(N;, Nj) =0 for alli,j € {1,...,n} with i # j.
(1i) The covariances Cov(A;, Aj) =0 for alli,5 € {1,...,n} with i # j.
(iv) The vectors v, v; satisfy (v, Cv;) =0 for alli,j € {1,...,n} with i # j.

Every statement leads to the following representation of the probability-generating function:

n n

o,y (8) = [ [ (det(T, + (1 = si)viv €))% = (1 + (1 = i) (w3, Cvi)) ™
ke =1

for all s € C™ satisfying ||s||cc < 1, which is the joint probability-generating function of
n independent negative binomial random variables as stated in Lemma 4.33 Item (iii).
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Proof. The implication Item (i) = Item (ii) follows from the fact that independent random
variables have covariance zero.

Since for every i, j € {1,...,n} with ¢ # 7, due to Eq. (4.43) of Lemma 4.33, Cov(N;, N;) =
Cov(A;, Aj) = a(v;, Cv;)?, Ttem (ii) and Item (iii) are equivalent. Since o > 0 is assumed,
Cov(A;, Aj) = 0if and only if (v;, Cvj) = 0, hence both Item (ii) and Item (iii) are equivalent
to Item (iv) as well.

The last step is to show the implication Item (iv) = Item (i): Due to Lemma 4.8 we
know that Ni,..., N, are independent if and only if their joint probability-generating
function is equal to the product of their individual probability-generating functions. Using
Theorem 4.20,

H@Ni(si) = H (det(l, + (1 — Si)viv;‘rc))_a
i=1

=1

- (det (Ip + Y JIa- Sz‘)viviTC»a (4.44)

@AIC{L,..n} iel

for all s € C™ satisfying ||s|/cc < 1, where multiplicativity of the determinant is used for the
second equality. Under the assumption that Item (iv) is satisfied,

(1 — si)viv] C(1 — s85)v; vaC =0, i#jin{l,...,n},
—_—
= (1-s;)(vi,Cvj)=0

hence Eq. (4.44) simplifies to

T (s0) = (det (Ip 300 sen] o)) — oy (5),
=1

i=1

where we again use Theorem 4.20, thus proving the independence of Ny, ..., N,. O

4.3. Matrix-Gamma Multivariate Poisson Mixture Models

Combining the findings from Section 4.2 with Definition 4.13 of general multivariate Poisson
mixture models, we can define a multivariate Poisson mixture model, with Poisson intensities
derived from a matrix-valued gamma distribution.

Definition 4.37 (Matrix-gamma multivariate Poisson mixture models). For m € N let the
set G CP({1,...,m}) fulfil & ¢ G. For p € Nlet Y ~ MGamma(«,C) with positive semi-
definite scale parameter matrix C' € RP*P and shape parameter o € G¢, see Definition 3.34,
and let v, € R? for every g € G.

A matrix-gamma multivariate Poisson mixture model is now defined to be the special case
of a general multivariate Poisson mixture model given in Definition 4.13 with parameter
A = (Ag)geq- An R™-valued random vector N following this distribution is denoted by
N ~ MGammaMPoisson(a, C, G, (vg)gec, m).

A given matrix-gamma multivariate Poisson mixture model does not determine the
parameters uniquely, see Lemma 4.41 below.
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Remark 4.38 (Matrix-gamma multivariate Poisson mixture models are a generalization of
matrix-gamma Poisson mixture models). A matrix-gamma Poisson mixture model, as given
in Definition 4.17, is a special case of a matrix-gamma multivariate Poisson mixture model
with G = {{1},{2},...,{n}} for n e N.

Conversely, the random variables (INg)4ec from the definition of the general multivariate
Poisson mixture model, see Definition 4.13, used for the definition of our MGammaMPoisson
model, follow a matrix-gamma Poisson mixture distribution, if G is ordered (arbitrarily).

For every component ¢ € {1,...,m}, let the set
Gi = {g € Gli € g}. (4.45)

Lemma 4.39 (Expectations and covariances of matrix-gamma multivariate Poisson mixture
models). Let N = (Ny,...,Ny)T be distributed according to a matriz-gamma multivariate
Poisson mizture model in the setting of Definition 4.37. For every i,j € {1,...,m}
the following equations hold, where G; is defined in Eq. (4.45) for every component i €

{1,...,m}:

Nl] = Z <v97 CU9>7 (446)
9€G;
Cov(N;, N;) = a( > (v, Cugd+ > (g, cvh>2), (4.47)
gEGiﬂGj QGGi,hEGJ‘
Var(N;) = « Z < vg, Cvg) + Z <vg,th>2>. (4.48)
geqG; heG,;

Proof. Eq. (4.46) holds due to
E[N;] = [ Z Ng] = Z E[Ng] = o Z (vg, Cvg),
9€G; 9€G; 9€G;

where the first equality follows from Definition 4.12 of N, the second equality from the
linearity of the expectation and the last equality from Eq. (4.41).
Since the covariance is linear,

Cov(Ni,N;) = Y Cov(Ng,Np)= > Var(N, > Cov(Ng, Np).
gGGi,hEG geG; QG gGGi,hGGj,
g7h

Inserting Eq. (4.42) and Eq. (4.43) leads to

Cov(N;, Nj) = « Z (vg, Cvg) + (vg, Cvg)? + Z (vg, Cup)?

9eG;NG; 9€G;,heGy,
g7#h
—o( ¥ wout X wow?)
gEG’iﬁGj gGGi,hEG]’

As this argument holds true for i = j as well, Eq. (4.48) follows from Var(N;) = Cov(V;, N;).
O
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Lemma 4.40 (Probability-generating function of matrix-gamma multivariate Poisson
mixture models). Let the random vector N be distributed according to a matriz-gamma
multivariate Poisson mixture model given in Definition 4.37. Then for at least every s € C™
satisfying ||sllco < 1 its probability-generating function is given by

on(s) = (det (1,, +y (- SCQ)vgv;,f(J))_a, (4.49)

geG

where

s =[] si- (4.50)

Proof. Fix s € C™ satisfying [|s|/cc < 1. Due to the definition of N

on(s) = ELs"] =E| f[(fg)fﬂ,

geG

where s% is given in Eq. (4.50).
Using the conditional independence of the random variables N, for g € G, the probability-
generating function can be rewritten as

n

exts) = || [L5)

geG

Y} = E[ I1El (ng)Ng|Y]].

geG

Since N, ~ Poisson((vg, Yvg)) for every g € G,

E[(s%)No | Y] = (oY va(s—1)

due to Eq. (4.2).
Since ||s|loc < 1 particularly implies |s%| < 1, an analogue procedure to the proof of
Theorem 4.20 can be used to derive the probability-generating function of N to be

on(s) = (det (Ip +y (- s%)vgvgc»_a.

geG O

Lemma 4.41 (A matrix-gamma multivariate Poisson mixture model does not uniquely deter-
mine its parameters). Let N be distributed according to a matriz-gamma multivariate Poisson
mizture model given in Definition 4.37 with corresponding parameters o, C, G, v1,. .., g, M
and let S € RP*P be any orthogonal matrix. Then

MGammaMPoisson(a, C, G, (vg)gea, m)
= MGammaMPoisson(a, SCST, G, (Svy)geq, m). (4.51)

The proof of this lemma can be done in the analogue way to the proof of Lemma 4.21 via
the probability-generating function.
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Lemma 4.42 (Alternative representation of the probability-generating function of ma-
trix-gamma multivariate Poisson mixture models). In the setting of Definition 4.37, let
N follow a matriz-gamma multivariate Poisson mizture distribution. For all s € C™ with
|s]loo < 1 the probability-generating function given in Eq. (4.49) can be written as

on(s) = (det <Ip +> (11— SCQ)UQU;_C'))_Q = (1 + ) det(ViTev) [ - ng)> _a7

geq ICG gel
[7|<p

where Vi denotes a (p x |I|)-matriz consisting of the column vectors vy with g € I, where
the order is not relevant.

Proof. Follows from Lemma 4.22 with G instead of {1,...,n} and s% instead of s;. O

Lemma 4.43 (Summation property of matrix-gamma multivariate Poisson mixture mod-
els). Fiz k € N. Using the setting of Definition 4.37, let N7 == (Ni,... N;)) follow the
MGammaMPoisson(a;, C7, G, (vé)gegjm) for every j € {1,...,k} distribution. Assume
there exist a positive definite C € RP*P and vectors vg € RP for every g € G such that for
every j € {1,...,k} there exists an orthogonal matriz 57 € RP*P with SIC(S7)T = C7 and
Sjvg = v}, for every g € G.Y If additionally N*,. .. ,N* are independent, then

k
> N
j=1

follows the matriz-gamma multivariate Poisson mizture model with the same parameters
k
G, C, (vg)gec and =37, aj.

Proof. Because of Lemma 4.41, N7 ~ MGammaMPoisson(a;, C, G, (vg)gec,m). Due to
the independence requirement and Lemma 4.9, the probability-generating function of the
sum of N',... N¥ is given as the product of the individual probability-generating functions.
Hence, using Lemma 4.40, for all s € C™ with ||s|e < 1,

i Jljl i) = ﬁ <det (Ip +3 - SCQ)Ugv;c> ) o

j=1 geG
"zﬁ:1aj
= <det (Ip +> (- ng)vguch» :
geG

Since the probability-generating function determines the distribution uniquely, this proves
the lemma. ]

9This condition is in particular satisfied for for a N? with j € {1,...,k}, that follows a
MGammaMPoisson(a;, C, G, (vg)gea,m) distribution.
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Lemma 4.44 (Properties of matrix-gamma multivariate Poisson mixture models). In
the setting of Definition 4.37, let N follow a matriz-gamma multivariate Poisson mixture
distribution. Then N has the following properties.

(1) Marginal distributions: For every i € {1,...,m} the random vector (Ni,...,N;)
follows a matriz-gamma multivariate Poisson mixture model with

G:={gn{l,....i}lge G, gn{l,...,i} # 2}

and
¢ = (cg)qu,...iy €10, 1}

for every § € G,where g denotes the corresponding subset in G. For every § € G the
vector vg is giwven by vy with the corresponding subset g € G. The parameters o, C
and m stay the same.

(ii) Permutation property: For every permutation o of {1,...,n} the random vector
(No1)s - - s No(n)) follows the matriz-gamma multivariate Poisson mizture model with

the same o, C and m but with g == {o(i)|i € g} for every g € G and G= Ugeag and
Vg = Vg.

(iii) One-dimensional marginal distribution: For everyi € {1,...,m} with |G;| =1

N; ~ NegBin (a, 7{1}9, Cvy) >>7

14 (vg, Cuy
where G; = {g}.

Proof. Ttem (i): With Eq. (4.4) we can determine the probability-generating function of
(N1, ..., N;): For every s € C, satisfying [|s]|ec < 1,

@(Nl,,..,Ni)(SL cy8) = @(Nl,.,.,Nn)(Sl, NN 77 S

= <det<Ip + Z(l e G PR I 1)69>vgv30)>

geG
= (det (Ip + Z(l - H sk)vgngC>) ,
geG keg,k<i

where Eq. (4.50) is used for the last equality. Hence, using the notation of Item (i) and the
fact that the g-th summand vanishes if @ = g¢gn{l,...,i} ¢ G,

QN N (81505 81) = <det (Ip + Z(l — H sk)vgv—§r(3’>>
et

keg

= (det (Ip +y (- ség)vgvg(}))_a.

ge@
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Hence, since the probability-generating function determines the distribution uniquely, Item (i)
holds.
Item (ii): Due to Eq. (4.6), the probability-generating function is given by

PNy 1y Namy) (13- -3 80) = Py N (Sg=1(1)5 - - -5 So-1(n))
—
= <det (Ip + ) (1= (Sg-11)s -+ sgl(n))cg)vgv;C»
geG
—«
= <det (Ip + Z(l — 8 )vgu, C’>>
geG
—Q
= <det I, + Z(l — scﬁ)vgvg0>>
ged
for every s € C™ satisfying ||s||loc < 1, where we use the fact that v, = vy for the
corresponding g for every g € G.
Item (iii): This follows from Item (iv) of Lemma 4.33. O

4.4. Conditioning in the Derived Poisson Mixture Models

Multivariate Poisson mixture models arising from matrix-valued gamma distributions,
discussed in the previous section, might be used to describe joint default numbers of a
portfolio of creditors in a credit risk model or claim counts of a collective model in actuarial
mathematics. In this section we explore how this model is able to incorporate information
on observed default or claim numbers.

For example, assume the claim counts (Ny,...,N,) follow a matrix-gamma Poisson
mixture distribution, as in Definition 4.17. Let N represent the claim count of the first
quarter of the year. If we already know the value Ny takes, then we can model how this
alters the distribution of the claim count Ny of the second quarter. So we aim to find

ﬁ(N2|N1 = k‘), k € Np.
or, extending this to a general i € {1,...,n — 1},
[,(Ni+1|N1 :]ﬂ,...,Ni:ki), kEN%.

We first explore this topic for simple gamma-mixed Poisson models before moving onto
matrix-gamma Poisson mixture models models and ultimately to matrix-gamma multivariate
Poisson mixture models.

4.4.1. Simple Gamma-Mixed Poisson Models
Similarly to Lemma 4.11, a simple gamma Poisson mixture model is described by
N|A ~ Poisson(AA), A ~ Gamma(a, f) (4.52)

with parameters «, 3 € R* and a real non-negative \. Let us look how the distribution of
A changes if we have additional knowledge on the number of events — let it be claims or
defaults, depending on the application.
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Lemma 4.45 (Conditioning in simple gamma-mixed Poisson models, see [9, Theorem 3.16]).
For N, A given in Eq. (4.52) and k € Ny such that PN = k| > 0,

L(AIN = k) =Pprg-xa A1 = Gamma(a + k, (B~ + 1)), (4.53)

where Pyr o—xa refers to the (AF ™)

thermore, if PN > 1] > 0,

-biased measure as defined in Definition 3.62. Fur-

1 PN =

LAIN >1) =P _eanyA™H = ——— L(A) - L(A|N =0) (4.54)

=l

Proof. For k € Ny,

P[N = k] =E[P[N = k|A]] = E [(AA)k e_)‘A} :

Using Remark 3.63,
P s

k!

LY Pk o-an,

hence the argumentation of [9, Theorem 3.16] can be used for the first equality of Eq. (4.53).
The second equality follows from Eq. (3.73) for p = 1.
The proof of Eq. (4.54) can also be found in [9, Theorem 3.16]. O

Corollary 4.46 (Conditioning in simple gamma-mixed Poisson models with multiple known
events). For a, 8 € RT let A ~ Gamma(a, ). Forn € N let \1,...,\, € R be non-negative
and let

N;|A ~ Poisson(NA), i€ {l,...,n},

be independent when conditioned on A. Then for i € {1,...,n — 1} and k € N} with
P[N; = kj] > 0 for every j € {1,...,i},

[,(A|N1 =ky,...,N; = kl) = Gamma(a+ ki+ -+ kg, (ﬂil + XM+ )\i)fl) (4.55)

and therefore, using the conditional independence of Ni,..., Ny and Lemma 4.11,

Ait1 ) .

L(Niga|Ny = k1,... ,Ni= ki) =N B'( k4 -+ ki,
(Nig1| N 1 ) egbm|{a+ Kk +--- + [ VIR W v

Proof. Due to the conditional independence of Ny, ..., N; given A,

PNy = ki,...,N; = k;| = E[P[Ny = kq,...,N; = k;i|A]]

ALk
= E[P[N1 = k1[A] - - P[N; = ki|A]] = E {kl, AR e_()‘1+"'+>"')A]
18 K
for every k € Nj. For N; with P[N; = k;] > 0 for every j € {1,...,i} this expectation is
greater then zero and hence, with Remark 3.63 and analogous arguments to the proof of
Lemma 4.45, this corollary holds true. O
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Remark 4.47 (The conditional distributions in a simple gamma-mixed Poisson model only
depend on the sum of the events and the intensities, see e.g. [8, Property 3.1]). Note that
the conditional distribution in Eq. (4.55) only depends on the total number of events and
the sum of the intensities of the random variables Ny,..., N,. If we assume that each NN;
represents the claim count of a certain time period, e.g. quarter or month, then this implies
that the arrangement of past claim counts across time periods is not significant, only the
overall sum and the total time period matter.

4.4.2. Matrix-Gamma Poisson Mixture Models

Moving on to matrix-gamma Poisson mixture models, we can see that Lemma 4.45 and
Corollary 4.46 can be generalized to these models with the restriction that we can only
condition on whether the number of events is equal to or strictly greater than zero. Per
Definition 4.17, the number of events N only depends on the mixing matrix-valued gamma
distribution Y via the one-dimensional distribution (v, Yv), hence it is a very interesting
finding that Y still follows a matrix-valued gamma distribution under the condition N = 0.

Lemma 4.48 (Conditioning in matrix-gamma Poisson mixture models). Let N follow the
MGammaPoisson(a, C,v) distribution according to Definition 4.17 with n = 1 based on
Y ~ MGamma(a,C) and C = AAT with A € RP*Y where ¢ = max{1,tk(C)} as discussed

m Remark 3.27. Then
LYIN=0)=P 1y, Y1 = MGamma(a, AT (I, + ATvoT A)71A)

= MGamma(a, (C~ +vvT)1), (4.56)

e—tr(vy

where the second equality only holds if C' is invertible or, equivalently, positive definite.
Furthermore, if P[N > 1] > 0, then
1 P[N = 0]

j— _1 =
E(Y|N 2 ]-) - Pl_eftr(vuTY) Y - o W

LYIN=0). (457

Proof. As N|Y ~ Poisson((v, Y, v))
P|N = 0] = E[P[N = 0|Y]] = E[e~("Y"*)] = E[e~ (")),

With an analogue argument to Lemma 4.45, the first equality of Eq. (4.56) follows. Due to
Eq. (3.73) of Theorem 3.64 the second and third equality hold. The existence of the inverse
of Iy + ATyuT A is also justified in Theorem 3.64.

The argument for Eq. (4.57) is the same as for Eq. (4.54) and follows from [9, Theorem
3.16). O

Corollary 4.49 (Conditioning in matrix-gamma Poisson mixture models with multiple
known events). Let N = (Ny,...,N,) ~ MGammaPoisson(«, C,v1,...,v,) according to
Definition 4.17 based on' Y ~ MGamma(c,C), where C = AAT with A € RPX9 where
q = max{1,rk(C)} as discussed in Remark 3.27. Then for everyi € {1,...,n}

E(Y|N1 = 0, A ?Ni = 0) = Pe—tr((v1vI+“‘+viv¢T)Y) Y_l
= MCamma(a, AT (I, + AT (vyv] + - +vv] J)A)"LA)
= MGamma(a, (C™1 + viof + - +v07)7h),
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Figure 4.4. Illustration of the probability mass functions of Example 4.50 of conditioning in
a simple matriz-gamma mixture model.

where the last equality only holds if C € S .

Proof. Due to the conditional independence of Ny, ..., N,
P[N; =0,...,N; = 0] = E[P[Ny = 0|Y]---P[N; = 0] Y]] = E[e”t (vl +-Fuiv])Y)]

Hence, with the same argument as in the lemma above this corollary must hold. O

Example 4.50 (Conditional distributions of claim numbers in a matrix-gamma Poisson
mixture model). In the setting of Definition 4.37, consider two R? valued random vectors
(N1, N) and (Ni, N») that follow a MGammaPoisson(a, C, vy, vs) distribution based on
Y ~ MGamma(a, C). We assume that (N1, No) and (1\71, ]\72) are conditionally independent
given Y. We want to explore how the distribution of (N7, N3) changes conditioned on the
event {N; = 0, Ny = 0}. For simplicity assume C' is positive definite.

Due to Item (iv) of Lemma 4.33, the marginal distributions of N; and N, are given
by NegbBin(a, (v;, Cv;) /(1 + (v1, Cv1)) and No, No ~ NegbBin(a, (va, Cva) /(1 + (vg, Cva)).
Using Eq. (4.42) and Eq. (4.43), the correlation coefficient

Cov(Ny, Na) _ <017CU2>2
VVar(Ny)/Var(Ne)  +/((v1, Cor) + (v1, Cv1)2) ((vg, Cog) + (va, Cva)2)

PNy,Ny =

The correlation between N; and N is given by the same formula.
Now, conditioned on Ny = 0, Ny = 0, the distribution of Y is the MGamma(a, (C~1 +
v{ v1 + v v9) ) distribution. Hence,

L(Ny, No| Ny = 0, Ny = 0) ~ MGammaPoisson(a, (C™1 + v{ v + vg v2) 7L, v1, v).

The marginal distributions and the correlation of ]\71 and ]\72 under this condition change
accordingly.

If we assume o = 7/2, scale matrix C' = 9l and vectors v; = (1/3,2/3)T and vy =
(1/3,1)T, then L£(N;) = £L(N;) = NegBin(7/2,5) and £(N3) = L(N3) = NegBin(7/2,10).
The correlation coefficient of ]\71 and ]\72 is equal to 0.853. Conditional on N; = 0, Ny =0,
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the marginal distributions change to (Nij|N; = 0,Ny = 0) ~ NegBin(7/2,20/31) and
(No|Ny = 0, Ny = 0) ~ NegBin(7/2,70/31). The correlation coefficient between N; and Ny
given N7 = 0, N2 = 0 is equal to 0.510.

This example is illustrated in Figure 4.4.

4.4.3. Matrix-Gamma Multivariate Poisson Mixture Models

Finally, the results from the section before can also be applied to the more general matrix-
gamma multivariate Poisson mixture models, leading to Lemma 4.51 below. Again, we
condition on whether or not events have occurred and not on the number of events.

Lemma 4.51 (Conditioning in matrix-gamma multivariate Poisson mixture models). Let
N = (N1,...,Ny,)" follow a matriz-gamma multivariate Poisson mixture distribution in
the setting of Definition 4.37 based on' Y ~ MGamma(a, C). Fori € {1,...,m} let G; as
in Eq. (4.45). Then

ﬁ(Y‘NZ = 0) = ]P)e_tr(ZQEGZ‘ Ug(Ug)TY) Yfl
= MGamma(a, AT (I, + AT Z vy(vg)TA)LA)

9€G;
= MGamma(a, (C_l + Z UQ(UQ)T)_l)a
9€G;
where the last equality only holds if C € S}f. Furthermore, if P[N; > 1] > 0, then
_ 1 P[N; = 0]
_ 1_ _ i -
[,(Y|Nz 2 ].) = Pl—eitr(ZQEGi vg(Ug)TY) Y == WL(Y) ]P)[Nl Z 1]£(Y|NZ == 0)

Proof. Due to Definition 4.37 of matrix-gamma Poisson mixture models and Definition 4.13
of the general multivariate Poisson mixture models

Ni=> N,
9g€G;

and hence, as N; = 0 if and only if N, = 0 for all g € G,

P[N; =0] =P[N, =0 for all g € G;] = E[ H PNy = O\Y]],
9eG;
where we use the conditional independence of the N, for g € G given Y for the second
equality. As Ny|Y ~ Poisson((vg, Yvg)),

PIN; = 0] = 1[«:[ I etr(%(vm)] _ B[t (Sacc, wa) V)]
9€G;
Thus, with the analogue argumentation of Corollary 4.49, the first statement holds true.

As
P[N; > 1] = 1 — P[N; = 0] = E[1 — ¢~ "(Zaeq, 2]

the argument for the second statement is the same as for Eq. (4.54) and follows from [9,
Theorem 3.16]. O
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A. Open Questions and ldeas

Several of the mentioned concepts have potential for further exploration. Some incomplete
tasks and future ideas are collected in the list below.

e This thesis only looks at the matrix-valued generalization of one-dimensional gamma
distributions given in Definition 2.25. It would be interesting to investigate whether
there is also a reasonable matrix-valued extension of generalized gamma distributions
given in Definition 2.26.

e Complex matrix-valued gamma distributions could be explored further, see Remark
3.46. While some work has been done on this topic, see e.g. [23, Section 5.2al, it would
be interesting to find out which of the properties discussed here can be adjusted to
also hold true for the complex version.

e Example 3.21 explores the joint distribution of the trace and the determinant of
standard matrix-valued gamma distributions taking values in S;. The function

V21 s
faet(x),0x(x) (d, 1) = o) © "7 o ygy () €RT X RY

is a density of (det(X),tr(X)) for X ~ MGamma(a, I2). Due to the form of a density
of X given in Eq. (3.21), it is likely that this result can be generalized to all p € N
and possibly in a similar form for scale matrices C € S.

e In the context of singular Wishart distributions, singular matrix-valued beta distribu-
tions are often mentioned, see [30, 32]. It could be explored further, which properties
of the non-singular matrix-valued beta distributions, as for example listed in [13,
Chapter 5], also hold true for the singular versions. This could possibly be done via
characteristic functions as done for singular Wishart distributions in this thesis.

e The distribution of N ~ NegBin(«, p) under biased probability measures was explored
in Lemma 4.15 and Corollary 4.16. It would be interesting to find out if there
are similar biased distributions of negative multinomial distributions, as given in
Definition 4.23, which are also a subset of matrix-gamma Poisson mixture models as
proven in Corollary 4.25.

e Under which conditions is the MGammaPoisson(«, C, vy, ..., v,) distribution, using
the notation of Definition 4.17, fully determined by the parameter o and the values
of (v;, Cuy) for i,5 € {1,...,n}? Item (i) of Lemma 4.33 motivates this question, an
answer using the probability-generating function, see Theorem 4.20, might be possible.
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APPENDIX A. OPEN QUESTIONS AND IDEAS

e With the matrix-gamma multivariate Poisson mixture model, as discussed in this
thesis, only non-negative correlations between claim counts can be modelled, see
Eq. (4.43). In [29, Theorem 7.39] it has been shown that a multivariate Poisson
mixture model can be modeled to have every given covariance structure by using linear
combinations of independent gamma distributed risk factors for the vector of Poisson
intensities. It would be interesting to see if these ideas could be combined to arrive at
an extended matrix-gamma multivariate Poisson mixture model, possibly driven by
multiple matrix-valued gamma distributions, that allows negative correlations between
the modelled claim counts.
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B. Main Points of the Thesis

This appendix lists the main points and contributions of the thesis, categorized into
literature-based insights and novel findings introduced within this work.

Literature-Based Main Points:

(i) The content of Sections 2.1, 2.2, 2.3 and 2.4 is based mainly on cited literature.

(ii) The Laplace transform of f(A) := (det A)“_pTJrl for positive definite matrices A € RP*P
given in Eq. (2.31) of Theorem 2.37. Was found in [13, Eq. (1.4.6)] or [15, Eq. (1.1)]
with partially incomplete proof.

(iii) Definition and properties of (singular) Wishart distributions, see Definition 3.8,
Corollary 3.33, Theorem 3.54 and Theorem 3.14, found in [20, Section 2.3] and
[13, Chapter 3] with partially incomplete proof of Theorem 3.14.

(iv) Definition and several basic properties of matrix-valued gamma distributions, such
as its characteristic function given in Theorem 3.32, resulting in Corollary 3.39 and
Corollary 3.40, the summation property given in Lemma 3.42, moments given in
Theorem 3.59. Was mainly found in [20, Chapter 2] and [13, Chapter 3.6].

(v) Equivalence of the distribution of a standard matrix-valued gamma distribution and
its Cholesky decomposition given in Theorem 3.22. Was partially found in [33, Section
4.1(i), Property 1].

(vi) Marginal distributions of matrix-valued gamma distributions given in Theorem 3.52,
found in [20, Proposition 2.3] and [13, Theorem 3.3.9].

(vii) An introduction to (Poisson) mixture models as well as their usage in credit risk
modelling is given in Section 4.1, mainly taken from [29]. In particular the one-
dimensional gamma-mixed Poisson model, which is (unconditionally) equal to a
negative binomial distribution is discussed, see Lemma 4.11.

(viii) Section 4.4.1 on conditioning in a simple gamma-mixed Poisson model has been taken

mainly from [9].

Main Points Introduced in this Thesis:

(i) Seeing the set of positive matrices as an integral domain as a p(p — 1)/2-dimensional
submanifold of RP? instead of a subset of RP(P~1/2 in the context of matrix-valued
distributions, see Remark 2.23 and Remark 2.38.
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APPENDIX B. MAIN POINTS OF THE THESIS

(i)

(iii)

(viii)

(ix)

(xii)

(xiii)

The joint distribution of the determinant and the trace of a standard matrix-valued
gamma distribution for p = 2, see Example 3.21.

The equivalence of introducing Wishart distributions via ZZT with Z following a
matrix-valued normal distribution and via its density or the block notation given in
Theorem 3.54 has been proven using the characteristic function here in Theorem 3.14,
which has not been done this way before (as far as we know).

Extending and reformulating the definition of matrix-valued gamma distributions
found in the literature such as [13] or [23] as well as Wishart distributions to include
degenerated cases both in terms of the scale parameter matrix and the shape parameter,
see Definition 3.34, and proving several properties given in Theorem 3.32, Corollary
3.39, Corollary 3.40, Lemma 3.42, Theorem 3.52 Items (i) and (ii) and Theorem 3.59
for this extended definition.

Extending the Laplace transform of the matrix valued gamma function given in
Theorem 3.32 for M # 0 and 8 # 0 and not necessarily symmetric w.

The fact that a matrix-valued gamma distribution cannot be easily characterized by
one-dimensional distributions, see Remark 3.41.

The fact that a matrix-valued exponential distribution, as defined in [22, Section 1.2]
as well as Definition 3.47 in this thesis, is memoryless w.r.t. the Loewner partial order
is given in Lemma 3.49.

The distribution of a matrix-valued gamma distribution under a biased probability-
biased measure given in Theorem 3.64.

The distribution of a negative binomial distribution under a biased probability-biased
measure given in Lemma 4.15.

The application of matrix-valued gamma distributions to Poisson mixture models,
leading to the introduction of matrix-gamma Poisson mixture models given in Section
4.2, see Definition 4.17.

Several basic properties of matrix-gamma Poisson mixture models are given in Lem-
mas 4.31 and 4.33. The probability-generating function of these models is derived in
Theorem 4.20 as well as an alternative representation, see Lemma 4.22. Conditions on
when a matrix-gamma Poisson mixture model is equal to a negative multinomial distri-
bution are given in Corollary 4.25 based on Lemma 4.22. Conditions for independent
components of a matrix-gamma Poisson mixture model are given in Theorem 4.36.

The introduction and the properties of matrix-gamma multivariate Poisson mixture
models described in Section 4.3, see Definition 4.37, Lemmas 4.39, 4.40, 4.42, 4.43
and 4.44.

Section 4.4 on conditioning in matrix-gamma (multivariate) Poisson mixture models;
here the most interesting finding is given and described in Lemma 4.48 and the text
before.
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Conventions, Abbreviations, Symbols and
Notation

Conventions

In this thesis positive and negative are meant in the strict sense, i.e. they do not
include zero.

When writing displayed formulas, we follow in most cases the custom to omit the
words for all or the symbol V when quantifying variables.

The union over an empty index set is the empty set: | J;c, 4i = @.
The intersection over an empty index set is the full set (which depends on the context).
The sum over an empty index set equals 0.

The product over an empty index set equals 1.

Abbreviations

a.s., almost surely (with respect to a probability measure)

e.g., Latin ‘exempli gratia’ (translation: for example)

i.e., Latin ‘id est’ (translations: that means, in other words, in this case)
i.i.d., independent and identically distributed

w.r.t., with respect to

Symbols

C, strict subset

C, subset (equality is possible)

D, strict superset (i.e. contains as a strict subset)

D, superset (i.e. contains as a subset, equality is possible)

=, in this thesis only used for the total order defined in Remark 4.26
<1, Loewner partial order, see Definition 2.10

U, |J, union of sets

N, [, intersection of sets

x, X, Cartesian product of sets
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CONVENTIONS, ABBREVIATIONS AND SYMBOLS

|- |, absolute value on R and C, cardinality of a set, occasionally used as 1-norm, also
called Manhattan norm, over Ng with d € N

|| - ||, norm on a vector space, specified further when used

| - |l2, Euclidian norm on R¢ and C% with d € N

Il - [|[r, Frobenius norm, see Remark 2.17

()¢, complement of a set

(-,-), standard inner product on R? x R? and C% x C? with d € N
(-,")r, Frobenius inner product, see Remark 2.17

~, distributed according to

o, composition of functions

®, Kronecker product, see Definition 3.1

1 4, indicator function which is 1 on A and 0 on the complement

17, function which is equal to 1 when all conditions of the set I are fulfilled and equal
to 0 otherwise

()", Hermitian transpose of a vector or matrix
()T, transpose of a vector or matrix
(')A, lower triangular version of a positive semi-definite matrix, see Remark 2.19

[, end of a proof

Notation

Greek letters are ordered alphabetically according to their spelling in the Latin alphabet.

= almost surely equal

Bgs, Borel o-algebra of the topological space S
C, the field of complex numbers
X2, x?-distribution with n € N degrees of freedom, see Definition 2.28

Cov(X,Y), covariance matrix of the random vectors X and Y viewed as column
vectors

Cov(X), covariance matrix Cov(X, X)

g, equality in distribution

det, determinant (of a square matrix)

diag(v), diagonal matrix with the entries of the vector v € K¢ on the diagonal.
e, Euler’s number 2.71828 .. ., also used for the exponential function

E[X14] = [, XdP = [, X(w)dP(w), expectation, Lebesgue integral

E[X |G], conditional expectation of X given the sub-c-algebra G


https://en.wikipedia.org/wiki/Almost_surely
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NOTATION 117

J f du, integral for the function f w.r.t. the measure p

exp, exponential function

f’, derivative of the function f

) n-th derivative of the function f for n € N

Gc, where C' is a positive semi-definite matrix, see Eq. (3.38)

I'(-), one-dimensional gamma function, see Remark 2.24

I'p(+), p-dimensional gamma function for p € N, see Eq. (2.29)
Gamma(q, ), one-dimensional gamma distribution, see Definition 2.25
GenGamma(«, 3, p), generalized gamma distribution, see Definition 3.34
i, imaginary unit in the field C of complex numbers

1 4, indicator function of the set A

1, the (d x d)-identity matrix

K, either the field R of real or the field C of complex numbers

ME(.), k-dimensional Lebesgue-Borel measure on R for k € N

L(X), the law (or probability distribution) of the random variable X: Q — S| i.e. the
pushforward measure PX ~! of P on the measurable space (S, S)

log(+), natural logarithm on R

Log(-), principal value logarithm on C\{0}, see Remark 2.31

MExp(C'), matrix-valued exponential distribution, see Definition 3.47
MGamma(a, C'), matrix-valued gamma distribution, see Definition 3.24

MGammaMPoisson(a, C, G, (vg)gec, m), matrix-gamma Poisson mixture model, see
Definition 4.37

MGammaPoisson(a, C, vy, ..., v, ), matrix-gamma Poisson mixture model, see Defini-
tion 4.17

MNormal(M, ¥ ® ¥), matrix-valued normal distribution, see Definition 3.2
MPoisson(G, A\, m), multivariate Poisson distribution, see Definition 4.12

N ={1,2,3,...}, natural numbers (without zero)

Np = NU {0}, the additive semi-group of natural numbers including zero
NegBin(«, p), negative binomial distribution, see Definition 4.4

NegMult(a, p1, ..., ppn), negative multinomial distribution, see Definition 4.23
N (p, %), normal distribution with expectation ;1 € R and variance o2 > 0

N (i, C), multivariate normal distribution with expectation vector x € R? and covari-
ance matrix C' € R%*¢

), sample space

[P, probability measure on the measurable space (2, F)


https://en.wikipedia.org/wiki/Exponential_function
https://en.wikipedia.org/wiki/Derivative
https://en.wikipedia.org/wiki/Imaginary_unit
https://en.wikipedia.org/wiki/Indicator_function
https://en.wikipedia.org/wiki/Identity_matrix
https://en.wikipedia.org/wiki/Law_(stochastic_processes)
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Pushforward_measure
https://en.wikipedia.org/wiki/Natural_number
https://en.wikipedia.org/wiki/Sample_space
https://en.wikipedia.org/wiki/Probability_measure
https://en.wikipedia.org/wiki/Measurable_space
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CONVENTIONS, ABBREVIATIONS AND SYMBOLS

Px, X-biased probability measure, see Definition 3.62

P(£2), power set, i.e. the set of all subsets of {2

m, length of the perimeter of a circle with diameter 1

Poisson(A), Poisson distribution, see Definition 4.3

Y(+), if not specified otherwise it refers to Eq. (2.7)

Q, the field of rational numbers or a probability measure, depending on the context
R, the field of real numbers

R* = (0, 00), set of positive real numbers

R{ = [0,00), set of non-negative real numbers

Sy, the set of positive definite matrices in RP*?

Sl‘f , the set of positive definite matrices in RP*P transformed to their lower triangular
version and vectorized, see Remark 2.19

Sym(€2), symmetric group on the set 2

TE, the set of all KP*P-valued lower triangular matrices with positive entries on the
diagonal

’]~I‘p, the set ’]I';lf seen as a subset of RP(PHT1/2 only considering entries on and below
the diagonal

tr(A), trace of a square matrix A

Var(X), variance of a real-valued random variable X
vec(-), vectorization function, see Eq. (2.4)

vecp(+), partial vectorization function, see Eq. (2.6)

Z=A{...,-2,—-1,0,1,2,...}, the commutative ring of integers


https://en.wikipedia.org/wiki/Pi
https://en.wikipedia.org/wiki/Rational_number_field
https://en.wikipedia.org/wiki/Real_number
https://en.wikipedia.org/wiki/Commutative_ring
https://en.wikipedia.org/wiki/Integer
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biased probability measure, 75

C
Cauchy—Binet formula, 5
chain rule
higher-dimensional, 25
characteristic function
x2-distribution, 21
gamma distribution, 21
general matrix-valued gamma
distribution, 54
matrix-valued exponential distribution,
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matrix-valued gamma distribution, 53
matrix-valued normal distribution, 36
Wishart distribution, 39
x2-distribution
characteristic function, 21
definition, 18
Cholesky decomposition, 8
commutation matrix, 68
complex exponentiation, 19
properties, 19
complex logarithm, 19
conditioning
gamma-mixed Poisson models, 107
matrix-gamma multivariate Poisson
mixture models, 110
matrix-gamma Poisson mixture models,
108
simple gamma-mixed Poisson models,
107

D

definite matrices
Cholesky decomposition, 8
definition, 5
properties, 6

E

exponential distribution, see matrix-valued

exponential distribution, 18

F

Faa di Bruno formula
multivariate, 93

Frobenius inner product, 11

Frobenius norm, 11

G
gamma distribution, see matrix-valued
gamma distribution

characteristic function, 21
definition, 17
density function, 18
generalized, 17

gamma function
multi-dimensional

computation, 24

gamma function
multi-dimensional, 23
one-dimensional , 16

generalized gamma distribution, 17

H
I
infinite divisibility
lack of
matrix-valued gamma distribution, 56
J
K

Kronecker product, 35
properties, 68

L
Loewner partial order, 7

M
matrix-valued exponential distribution
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density, 59
memorylessness property, 60
matrix-valued gamma distribution
characteristic function, 53
covariance, 69
definition, 51
density function, 58
distribution of blocks, 62
distribution of diagonal entries, 67
expectation, 69
general
characteristic function, 54
definition, 54
identifiability, 69
Laplace transform, 52
permutation property, 57
scaling property, 56
standard
characterization, 48
definition, 44
density function, 44
independent entries, 51
sampling, 51
summation property, 58
under biased probability measures, 75
matrix-valued normal distribution
characteristic function, 36
definition, 35
density, 36
mixture models
gamma-mixed Poisson, 81
conditioning, 107
general multivariate Poisson, 82
matrix-gamma multivariate Poisson
conditioning, 110
covariance, 102
definition, 101
expectation, 102
marginal distributions, 105
one-dimensional marginal distribution,
105
permutation property, 105
probability-generating function, 103
summation property, 104
matrix-gamma Poisson, 86
conditioning, 108
covariance, 97
expectation, 97

independence condition, 100
individual probabilities, 94
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one-dimensional marginal distribution,
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permutation property, 97
probability-generating function, 86
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distribution, 92
summation property, 95
multivariate Faa di Bruno formula, 93
multivariate Poisson distribution
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model, 82
N
negative binomial distribution
biased, 83
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probability-generating function, 80
summation property, 81

negative multinomial distribution
characteristic function, 91
definition, 91

normal distribution, see matrix-valued

normal distribution

(0)

P
Poisson distribution
definition, 79
probability-generating function, 80
probability-generating function
affine transformations, 80
definition, 79
independence characterization, 81
matrix-gamma Poisson distribution, 86
matrix-valued gamma-mixed multivariate
Poisson distribution, 103
negative binomial distribution, 80
negative multinomial distribution, 91
Poisson distribution, 80
summation property for independent
random variables, 81
uniqueness property, 79
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R unitary decomposition of Hermitian matrices,
5
S
sampling v
matrix-valued gamma distribution, 51 W

Wishart distribution, 39
S, 11
S, 12
submanifold of R"
definition, 11
integration, 14
summation property
matrix-gamma multivariate Poisson
mixture model, 104
matrix-gamma Poisson mixture model,
95
matrix-valued gamma distribution, 58
negative binomial distribution, 81
Sylvester’s criterion, 7

T
transformation theorem, 24

Weinstein—Aronszajn identity, 4
Wishart distribution
characteristic function, 39
definition, 37
existence, 37
singular, 37
standard
definition, 37
independent entries, 37
sampling, 39
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