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Abstract

In Finance and Actuarial Science, the multivariate elliptical family of distributions is a famous and well-
used model for continuous risks. However, it has an essential shortcoming: all its univariate marginal
distributions are the same, up to location and scale transformations. For example, all marginals of the
multivariate Student’s t-distribution, an important member of the elliptical family, have the same num-
ber of degrees of freedom. We introduce a new approach to generate a multivariate distribution whose
marginals are elliptical random variables, while in general, each of the risks has different elliptical distribu-
tion, which is important when dealing with insurance and financial data. The proposal is an alternative to
the elliptical copula distribution where, in many cases, it is very difficult to calculate its risk measures and
risk capital allocation. We study the main characteristics of the proposed model: characteristic and density
functions, expectations, covariance matrices and expectation of the linear regression vector. We calculate
important risk measures for the introduced distributions, such as the value at risk and tail value at risk,
and the risk capital allocation of the aggregated risks.

Keywords: Elliptical distributions; Spherical distributions; Multi-spherical distributions; Risk measures; Tail value at risk;
Value at risk

1. Introduction

The elliptical family of distributions is well studied in the literature (Cambanis et al. 1981; Fang
et al. 1990; Landsman & Neslehova 2008; Ignatieva & Landsman 2015; Landsman et al. 2016;
2018) and commonly used by practitioners in fields ranging from Finance and Actuarial Science
to Engineering. One of the major disadvantages of the elliptical family is that for a multivariate
elliptical distribution, its univariate marginals are elliptical with the same characteristic or density
generator, that is, they preserve the same form up to the location and scale transformations. For
example, the marginal distributions of the multivariate normal and the multivariate Student’s
t-distributions are, respectively, the normal and the Student’s t-distributions with the same
degrees of freedom. Thus, there is no place for different types of marginals, which might be very
important when dealing with real data. Motivated by this problem, in this paper, we introduce
a novel multivariate family of distributions that captures the different behaviours of each of the
marginals but still preserves the symmetry inherent to the elliptical family and convenient geo-
metric representation. The elliptical copula is another candidate for the modelling of a random
vector with different elliptical marginals; however, it is relatively difficult for calculations when
dealing with risk measures.
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In section 2, we present the multi-spherical distribution, which is a natural extension of the
spherical distributions for spheres with different radii. In section 3, we extend the presented dis-
tributions into the family of multi-elliptical (ME) distributions that contain a vector of location
parameters and a scale matrix that leads to a specific covariance matrix of the family. Section 4 is
devoted to the special members of the proposed distributions and section 5 provides calculations
of risk measures in the context of this family as well as Tail Conditional Expectation (TCE) based
capital allocation. A numerical illustration is given in section 6. Section 7 offers a conclusion to
the paper.

Number of authors also suggested some generalisations of elliptical families. In the special
section 3.1, we discuss these generalisations and compare them with ME family of distributions.

2. Extension of the Multivariate Elliptical Distributions with Different Elliptical
Marginals
Let U™ be n-variate random variable uniform on the unit sphere S,_; and r=(ry, ..., )T be a
vector of non-negative random variables.
Define
Uin
U,
Z=roUm=| 727 (1)

Unry

where vectors U™ and r are supposed to be independent and symbol o is the Hadamard product.
Notice that stochastic representation (1) is more general than that suggested in Fang et al. (1990),
equation (2), where it is supposed that all random variables r1, 13, ..., 1, are equal. Further consid-
ering (1) we, without loss of generality, choose the first component r; as a basis component and
we represent the other components of vector r as a scale mixture of the first as follows r; = r; :—; =

rnV;i=2,..,n. Then,
U
7= rl o UM = T (2)
rnV rVoU,

where V= (V}, Va, ..., V,_1)T is a vector of (n — 1) non-negative random variables. Notice that
nor r; neither V do not depend on vector U™,

Let W, be a class of functions v (t): [0,00)—R such that function ( ZLI t,-z) is an
n-dimensional characteristic function (Fang et al. (1990); Landsman & Valdez (2003); and others).
It is clear that

vV, CW,_1--CW¥

Function from the introduced class we call characteristic generator.
Emphasise again that we have chosen the first component as a basis component arbitrarily and
that in a special case when vector V is the vector of (n — 1) ones, that is,

7zt =nu" = (“ Ul)
Uz

we conclude that Z* has a characteristic function:
o \) =E (exp {ixTz*}) — (a2

where A is a vector in R”. We can say that Z* has a spherical distribution with characteristic
generator ¥ (¢) and write Z* ~ S, (). In fact, the random radius r; acts on all components of U
equally.
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Another picture can be observed with Z, defined by (2). The components of vector U™
are multiplied by different random radii r; =7,V;_;,i=2, ..., n, where the random variables
Vi,i=1,.., n — 1 may be independent, dependent, or may even coincide with a constant.

Definition 1 The distribution of Z, having the stochastic representation (2), is called a multi-
spherical distribution with characteristic generator ¥ and denoted by Z ~ MS,,(V, fv), where fy is
the density of vector V.

Theorem 1 The characteristic function of the multi-spherical distribution Z ~MS, (¥, fv) takes the
following explicit form:

0z M) =Ey (v (A"2v1))
where Qv is a diagonal matrix:
Qy =diag (1, Vi, .., V,zl_l)

Proof. Using the properties of the conditional expectation and taking into account that ¥ (¢) is the
characteristic generator of the elliptical random vector Z*, we can write

0z (\) =E (exp {ixTz}) ) (exp {ikT(Ulrl, Usr1 Vi, ooy Un vn_l)T})
—Ey (IE [exp [ixT (Z|V)]]) —Ey (E[ exp [ixgz*])
)
where

Av =0, A2V, e g Vi) T

which leads to the equality X\T,XV =ATQyA, with the diagonal matrix Qv =diag(l,
Vlz, s Vﬁ_l). Finally, we conclude that ¢z (A) =Ey (1// (XTQVA)) . O

If the density generator g of Z* exists and moreover, if the condition

o0
f x”/271g(”)(x)dx <00
0

holds, the pdf of Z* is given by:

fz+ (2) = cng™ (%z%)

where

_I'(n/2) /oo nj2—1 ]_1
“= @m)"? [ 0o Bl ®

n—1
For more details, please see Landsman & Valdez (2003). So, fz(z|V)= cng(”)(zTQQIZ)/nVi,

where Q;l =diag(l, V; %, ... Vn__zl). Then, the density is given by: =
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—-F Cn___(n) 1 Tl
fz (z) =Ey g (52 vz

and we write Z ~ MSn(g(”),fv).

Theorem 2 Assume Z ~MS, (¥, fv). Then, the first component Z is independent of the Z_, =
(Z3, s Zy) iff Y(t) =exp (—ct), ¢ > 0. This implies that Z; is normal. In the latter case, if
V1 . Vu—1 are independent, the vector Z consists of independent components.

Proof. As ATQy A = AT+ DN VJ{IXJZ, we have

2 (X% + E}szjz—ﬂ]z) =y ()‘%) 14 (Z]?l:z‘c'z—l)‘jz> 4)

iff Z; is independent of Z_;. On the other hand, equation (4) is the well-known second
Cauchy functional equation, which has the only continuous solution () =exp (£ ct),c>0
(see Efthimiou 2010, Section 5.2) but as W(ﬁ) is a characteristic function, |y §)| <1 and so
¥ (t) =exp (— ct), that is, Z; is normally distributed. Now assume that v (#) =exp ( — ct) and
V1, ... V1 are independent, then

B (v (2 o) =2 [T (280) | =TT (v (2.)) - ©
j=2

j=2

2.1 Marginal characteristic functions and density distributions
The marginality of multivariate distributions is an essential property that should be consid-
ered. For example, it is well known that the marginal of a normal distribution is also a

normal distribution. To obtain a marginal one-dimensional characteristic function, consider
A=(0,..0,4,0,.., O)T, where A stands in the i-th place. Then,

oz W) =9z, W) =Ey,_, (v (VA 2?)),i=1,.,n—1,Vo=1

We observe that the characteristic function of Z; depends on A2, that is, Z; is a unidimensional
spherical distribution, but its characteristic generator depends on the distribution of V;_;. The
density of Z;, which is recall a marginal of vector Z, is equalled

1 22
_ =1 (1)
fz, @) =aly,_, (Vi—lg <5ﬁ)>

where g1 is the density generator of a one-dimensional elliptical variable corresponding to the
density generator g and ¢; can be obtained from (3) setting n = 1. From these expressions, it
follows that one-dimensional marginal random variables are elliptical but have different char-
acteristic and density generators, being the scale mixtures of the primary marginal elliptical
distributions.
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3. The ME Family of Distributions

Let X be positive definite matrix. Taking the scale and location transformation of the standard MS
random vector Z:

X=p+3x22 (5)
the characteristic function and the pdf of X take the following forms, respectively:
T
ox (\) = M PRy (w (xTzl/zszvzl/zx)) )
and
C 1 _ e
fx @ =Ey " <5 x—w' =T2eylE2 (x—u)) (7)

n—1
=2 vi
i=1
where u € R”, and | 2| is the determinant of matrix X.

Definition 2 Distribution of vector X having characteristic function (6) and density function (7)
is called a ME distribution and denoted by X ~ ME, (i, Xv, ¥, fy) (in terms of characteristic gen-
erator) or X ~ ME, (u, Zv,g(”),fv) (in terms of density generator). Here ¥y = X 12Qv=1/2 and
fv is the pdf distribution of vector V.

Theorem 3 The linear transformation of a ME random vector X is again a ME random vector, that
is, this property exhibited by the elliptical family is preserved also for ME family.

Proof. Let X ~ME,(®, Zv, ¥, fv). Then, its characteristic function has the form (6), and thus for
Y = BX + b, where B is m x n rectangular matrix and b is a m-dimensional vector:

oy (\) = exp (ixTb)gx (BTx) = exp (AT (B + b))Ey (w (xTle/zsszl/zBTx))
This implies that
BX 4+ b~ ME,, (Bu, + b, BSyBT, w,fv)

or, in the term of the density generator:

BX + b~ ME,, (Bu +b, BoyBT, g™, fv) 8)
Define by €2y a diagonal matrix of expectations of vector V:

Qo =diag (I,EVZ,...,]EVifl) O
Theorem 4 The expectation and covariance matrix of X ~ ME, (i, Xv, ¥, fv) are given by:
EX)=n
and
cov (X) = —2¢/(0) - £1/2Qpx /2

respectively.
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Proof. From the expressions of the characteristic and density functions of X provided in (6) and
(7), it follows that E (X|V) = u, and cov(X|V) = —2v/(0) - £1/2Qy = 1/2. Taking the expectation
with respect to random V provides

cov (X) = —2¢/(0)Ey (2'/2QvE?) = —2¢/(0) =/ *Ev(Qv)E /2
and concludes the proof. O

For ¢ (t) =exp (— %t), we have a normal distribution of X|V, and 2v/'(0) = —1. In Landsman
& Valdez (2003), the authors observed that —/’(0) = o'2, is the variance of univariate marginal
1

of the elliptical vector Z*. There, the authors provided o2, for many different members of an
1

elliptical family. Suppose now that X is partitioned, that is, X’ = (XI' XT), where X! and X! are
subvectors of XT. Then, vector pT = (;LIT, ;LZT ) and matrix:

5= ( vy Zy(12) )
Zvey T2
have the corresponding partitions. Although ME family does not preserve the regression property

as elliptical family does, however, the properties of ME family based on its representations allow
to have an attractive form for the regression expectation vector.

Theorem 5 For linear regression vector, the expectation is given by:
B =) =y + [ B Dl VOV 2~ )
RI-

where Rn+_1 =[0,00) X - - - x [0, 00) n-1 times.

Proof. Define R 2 X1|X2 =x;. Then, from Theorem 2.18 (Fang et al. 1990) follows that
E(exp (ATRIV=v) = exp (] 11 ) exp (M Buan sy 00 = 1)) Vo) (M Earah )

where q(x;) = (x2 — u,z)TEv_(lzz) (x2 — ), where the definition of ,,( - ) can be found in equa-
tion (2.5) on p. 29 of the cited book. See also the relevant discussion given after equation (2.42),
p. 45 of this book. Then, the characteristic function of R is given:

or(A) = / E( exp (ixlTR|V=V> frW)dv
RY!

=exp (ile;L1> /Rnl exp (iXITEV,(lz) Z;(lzz) (x; — u2)> Vqx2) (XITZV,(H,Z)M)fV(v)dV
+
From this immediately follows that

Vor(hi) =ip, exp (iMTm)

+ i/ | Zv2) Ev_(lzz) (x2 — y) exp <i)~1TEv,(12) Zv_(lzz) (x2 — ﬂz))
R"™ > 5

+

X Yq(xy) (MTZv,(u.z)M) fv(v)dv

+ A /1;"‘1 Xy,(11.2) €Xp (ikfzv,(lz) E‘:(lzz) (x2 — Mz)) 9)

"
x I/,f;(Xz) (XlTEv,(ll.z)M)fv(v)dv
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Then, we can write

1 _
E(X;|X2 =x2) = E(R) = ;V(PR()tl)Ml:O =p+ / R0 Ev’(lzz)fv(v)dw (x2 — 12)

RV!
i
We note that neither p; nor s, do not depend on v. O

Remark 1 Sometimes instead of transformation (5) it is better to use transformation X = p +
LZ, where instead of square root of matrix X one uses the lower triangular matrix of Cholesky
decomposition of matrix X, that is,

»=1LLT (10)

This may be explained by the fact that performing the Cholesky decomposition is easier than the
square root decomposition. The previous results can be easily corrected as follows:

ox (\) = e PRy (I/f (xTLQVLTx)) ,

n—1

=2 Tvi
i=1

where we take into account that [L| = |LT| = |Z|V/2.

n 1 T
fx(®) =Ey | — g (5 x—wT e hHTe 'L 1(x—m)

Remark 2 Unlike the elliptical-based copula approach, in which we have elliptical marginals, the
proposed approach given in this paper provides important properties much similar to the stan-
dard elliptical family of distributions such as the closeness to affine transformations and gives a
natural extension of the elliptical family into a multivariate symmetric distribution with different
elliptical density generators. We point out that there is no direct link between the copula approach
and the ME distributions, since the distribution function of the later one is based on expectations
of the elliptical density function, unlike copula, which is a function of the elliptical distribution
functions.

Remark 3 Multivariate elliptical distribution can be simulated straightforwardly. First given den-
sity fv, we simulate the realisation of random vector V= (V1, ..., V,u—1)T. Further given realisation
of V, we simulate the realisation of elliptical vector X ~ E,, (1, Zv, g(”)). Repeating this process N
times, we obtain N realisations of ME vector ME,(u, Xv, g(”), ~).

3.1 A brief review of existed generalisations of the elliptical families
Frahm (2004) introduces the generalised elliptical distributions which take the traditional form:

XL+ RAUW eR" n>1

where unlike elliptical distribution, the random R may also obtain negative values. Here U is a
k-variate, 1 < k < n, random vector that is uniformly distributed, and A is some n x k real matrix.
Note that Frahm’s generalised elliptical distributions have the same disadvantages as the classical
elliptical distributions: its marginal distributions preserve the same form up to the location and
scale transformations.

In Fang et al. (2002), the authors introduced the meta-elliptical distributions, which are defined
by a copula of elliptically distributed random variables that generates, for example, multivariate
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non-symmetric distributions. We note that the ME distributions essentially differ from meta-
elliptical distributions. The latter uses the copula approach and is notoriously cumbersome and
does not preserve the geometric representation inherent for elliptical distributions. In particu-
lar, meta-elliptical distributions do not preserve the important properties of elliptical distribution
such as, for example, the linear transformation (see Theorem 3) preserving by ME distributions
but not preserving by meta-elliptical.

In Ollila & Koivunen (2004), the authors introduce complex random vectors that possess
elliptical distributions, extending the standard elliptical random vectors into the complex plane.

In Gomez et al. (2007), the authors extend the multivariate slash normal distribution into the
multivariate slash elliptical distributions, which is defined by a stochastic representation as to the
scale mixture of elliptically distributed random variables with respect to the power of a uniform
random variable. In particular, an n-variate random vector X has a slash elliptical distribution if

it can be represented by Y =p + ¥ l/zg_li/q where ¢ ~ exp (2), g > 0 and Z is an n-variate spheri-

cal random vector with density generator g, The slash elliptical distributions are an interesting
generalisation of the normal distribution. However, unlike the proposed ME distribution, the slash
elliptical distribution is not closed under affine transformation. They also possess the same disad-
vantage of elliptical distribution: they preserve the same form of univariate marginal distributions
up to the location and scale transformations.

For arranging the flexible tail behaviour of any multivariate radial direction, an interesting gen-
eralisation of elliptical distribution was suggested in the paper by Kring et al. (2009). However, this
distribution also does not preserve the linear transformation (see Theorem 3), which is important
when dealing with financial returns and risks.

Comparing the proposed ME family of distributions with other extensions of the elliptical
family of distributions, we observe that our proposal provides a suitable scheme for modelling
loss distributions since while dealing with symmetric loss marginal distributions, which appeared
quite often in financial losses, we also have multivariate symmetric distribution unlike the previ-
ous suggested families such as the generalised elliptical distributions that also includes skewed
distributions such as the asymmetric Student’s t-distribution. Moreover, our proposed family
of distributions is obtained explicitly by knowing the marginal distributions, without additional
assumptions about their dependence structure, as appearing in copulas or copula-like distribution
functions. We suggest an alternative approach that has some convenient properties allowing to
obtain explicit formulas for the tail value at risk (T'VaR) of the components and their sum. In this
paper, we introduce a multivariate family of distributions that captures the different behaviours of
each of the marginals but still preserves the symmetry inherent to the elliptical family and conve-
nient geometric representation. The proposal is based on a different distribution of radius of each
elliptical component.

4. The Normal-ME Distribution
Assume g(”)(u) = e, the characteristic function is

' 1
ox () = By (eXP <_51T21/29v21/2k)>

and the pdfis given by:

fx(x)=Ey —

@m) 2V Vi
i=1

exp (—% x— T 27120y w12 <x—u>) (1)
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Then,
; 1
Py, W) = e exp (—5011A2>

meaning that X; ~ N(u1, 011). The first univariate marginal distribution is normal. However, the
other univariate marginals have different distributions that are distinct from the normal. The
characteristic function of X;,i =2, .., nis

. 1
¢y (W) =e""Ey,_, exp (-501':"’3_1)»2)

and the pdf is

B I S B €S
fx,(x) =Ey, (JEJa_ﬁVi_l exp( 2 0Vi, )) -

It can be seen from (12) the distribution of each marginal X; is elliptical with the density generator
that is a scale mixture of a normal density generator, and the mixing distributions are different for
any i = 2, ..., n. It can be also noticed that the class of such mixtures is rather rich.

The normal-ME family of distribution has an attractive representation of its density by the
moment generating function (mgf) of some (n — 1)-variate vector of positive components. To
show this consider (n — 1)-variate vector U = (sz, s V;_zl)T = (U}, ..., Uy—1)T with density of
the form:

fU(ul’---’ ul’l—l)z (13)

where fy«( - ) is some n — 1 variate density function such that

[ee} o0 1
/ . / fU*(ul,..., Up—1)duy - - - duy =1/C<OO
0 0

Theorem 6 Suppose, for simplicity, p =0, X =I,,, where I, is n—dimensional identity matrix.
Then,

1 1, c 1
fz(Zb--,Zn)=EeXP 54 mMU* =5 (@-102-1)

where z_1 = (22, .. zn) |, and My+( - ) is a mgf of vector U*.

Proof. From (7), we write

__1 L /w.../w;
fZ(zla'-) ZVl)_ (\/E) eXp( 2Z1> 0 0 (27.[)(11—1)/2
——

n—1

n—1

1
[ Juiexp <_§ (z1oz )" un—l)fU (up—1) day—;
i=1

1 1 c 1
= E exp (—EZ%> WMU* (—5 (Z—l o Z_1)) (14)
where w,—; = (uy, o up_1)7, duy_1 = duy - - - dup_1. O
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4.1 The multi-Student family of distributions

Let us demonstrate the n-variate ME distribution in which the first univariate marginal is a normal
and the other univariate marginals are Student’s t-distributions with different degrees of freedom.

We choose U* having the multivariate gamma-type distribution which was introduced in
Krishnamoorthy & Parthasarathy (1951), Section 4. This distribution has mgf:

n—1
Mu()=] [(1 = s)7"g(Bus s Bu1) ™ (15)

i=1

where v1>0,..,vy—1 > 0,v>0, Bi=s;/(1 —s;),i=1,.,n— 1 and g(B1, ..., Bn—1) is determinant:

1 —p12B2 - —p-1Bn-1
—p1281 1 coo —Pn—1Bn—1
8(B1s s 1) =det (16)
—Pin—1B81 —pm—1B2 - -- 1

constructed by pjj, i,j = 1,..,n — 1, being elements of some (n — 1) x (n — 1) correlation matrix.
From expression (15), it immediately follows that mgf of univariate vector is

My (si) = (1 —s;) 7" (17)

that is, the marginal element U} actually has a gamma distribution with a shape parameter v;. In
the following Theorem, we clarify the role of coefficients pjj, i, j = 1, ..., n — 1, of matrix in (16).

Theorem 7 The correlation between elements U}, U]* is equal:

2
vpj;

Vi Vj

corr (U;“, U;“) = ij=1.an—1 (18)

Proof. We recall the well-known Leibniz formula for calculating the determinant of matrix

~1
A= (“ij):j:f
n—1
det(A)= Y sign(@)] [ai
a€S,—1 i=1

where the sum is computed over all permutations « of the set {1, ..., n — 1}. Applying this formula
to the matrix in (16), we can write that

n—1

8(B1, - Bum1) = 1= Y piBifSj — c1p12p130231B2 s (19)
ij=1
i<j

-+ pin—lpZz,n—l T Przl—z,n—lﬂlﬁZ " Bn2
Recalling that 8; = s;/(1 — s;), we can write from (19) that

azg(ﬂb wees :311—1)
0s;0s;

j=1,.,n—1i#]j

[s1=0,..,5,_1=0= _pizj (20)
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Then, using equality (20):
82
35,’8$j

cov(U7, Uj*) = In My=(s) s =0, ...,5,_1 =0

2
= sz]

Taking into account that it follows from (17) that Var(U}) =v;,i=1,..,n — 1, and we immedi-
ately obtain (18). O

Let us now return to calculating the normal-multi-Student density based on the dependence
structure generated by multivariate distribution of vector U*. Substituting (15) into equation (14)
of Theorem 6, we obtain

1 1,
215 2p) = —F/—— €X —=Z
Jz(z1, .., zn) N P( 2 1>

n —v; 1.2 1,2 v
¢ 1 2) ’ 2% 2%n
X —l | 1+ =z e (21)
(2m)n=D/22 2 ( 27) 8 (1 +127 1+ 12

One can see that Z; is a normal random variable, which is independent on (Z;, ...,Zn)T , and
(Zay o Z)T is a (n — 1)-variate dependent random vector with univariate marginals having
Student’s t-distributions with m; =2v, — 1, ..., m,_1 = 2v,, — 1 degrees of freedom, respectively.
The statement about marginal distribution of Z; follows after substituting — %zlz into the marginal
mgf of U* given in (17) for any i =2, ..., n, respectively. When all p;; =0,i,j=1,.,n—1, Z, ...,
Z, are independent.

4.1.1 Special case,n =3
The determinant in (16) is

—p12p2
g(B1, f2) = det =1-phh1h2 (22)
—pr2p1 1
and the moment generating function of a generalised bivariate gamma-type distribution from (15)

has a form:

(1—=s)(1—s2)

recall vi, v, v > 0. From Theorem 7, it follows that the correlation coefficient:

2 —V
$18
Mys(s) = (1 — 1) 7" (1 —55) " (1 - L)

2
VP12
A V1V2

This distribution was considered in Van Dan Berg et al. (2013). Now from (21) and (22), we can
write the three-variate symmetric density of Z:

1 1
fZ (z1,22,23) = = exp (_EZ%)

c 1\ " 1,\ "7 22222 -
X — (1 + —z%) (1 + —z%) 1— . 1; 273 5 (23)
27 2 2 4(1+4323) (14 3%3)

One can see again that Z; is a normal random variable, which is independent of (Z5, Z3)T, and
(Z2,Z3)T isa bivariate-dependent random vector, whose marginals are Student’s t-distributions

corr ( 1 U;) =
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Different degrees of freedom Equals degrees of freedom
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Figure 1. Density of multi-Student family of distributions with different and equals marginal degrees of freedom.

with m; =2v; — 1 and my = 2v, — 1 degrees of freedom, respectively, and 0 < pfz < 1is a mea-
sure of dependence. The statement about marginal Student’s t-distribution of Z; follows after
substituting —%ziz into the marginal mgf of U* given in (17) for i = 2, 3. When p12 =0, Z; and Z3
are independent.

Now we show how to calculate the constant ¢ using another method that was proposed in (13).
In fact, we have to evaluate

o0 o0 1 —V1 1 —V2 2 Z2Z2 -v
I:/ / (1 + —z%) (1 + —zg) (1 — '1013 243 — dz,dzs
0 Jo 2 2 4(1+323) (1+32)

After changing variables:

{ 2, = /2 tan (arcsin y/x)
z3 = +/2 tan (arcsin ./y)

we get

1 Tp+1I(g+1) <1
=-7 b | =,
2" T(p+3/2)T(q+3/2) 2

where 3F;(ay1, a2, as; by, by; 2) is the generalised hypergeometric function, and p=v; —3/2,9=
v2 —3/2,r=v. The integral in (24) was evaluated using the WolframAlpha computational
package. Therefore, the constant ¢ in density (23) is equal to:

(v (v2) F (1 1 2>_1
317 Vs VIJVZ;pIZ
-2

Recall that ,Fy(ai, ..., aps by, ..., by; 2) is a generalised hypergeometric function of z with p param-
eters of type 1 and g parameters of type 2 (see, e.g. Masjed-Jamei & Koepf 2019, equation (2)). In
Figure 1, we provide a graph of the densities of a “multi-Student” vector Z_; = (Z;, Z3)T, with
different and equals marginal degrees of freedoms, respectively

bt g2l (24)
— 71 ) -5
2 p 24T 55 P12

c=2m/(4]) =
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4.1.2 Special case,n =4
We consider the case of a normal-multi-Student distribution when n = 4. The determinant in (16)
is equal to:

1 —p12B2  —p13P83
g(B1, B2, B3) =det | —p1281 1 —p23P3
—p13B1 —p23P2 1

=1—p}P1B82 — 0138183 — p33P2B3 — 201201302381 P23
Then, from (21), we can write the density of four-variate symmetric density of Z:

fz( )= — L < (14l2) T (1el2) (e i)
» 22523, = X —=Z —_— —-Z —-Z —
z (21, 22, 23, 24 mep 29 ) anyl 2% 5% 5%

2 2.2 2,22
« ( P12%%3 P12P13P2323232,

4(1432) (1+32)  4(1+37) (1+37) (1+32)

2.2.2 2,22 -V
_ P13%32%4 _ Py3%3%4
12 1.2 1.2 1.2
4(1+437) (1+325)  4(1+323) (1+323)
Again we see that that Z; is a normal random variable, which is independent on (Z;, Z3, Z)7T,
and (Z,, Z3, Z4)T is a three-variate dependent random vector, whose marginals are Student’s t-
distributions with m; = 2v; — 1, mp = 2v, — 1 and m3 = 2v3 — 1 degrees of freedom, respectively.
From Theorem 7, it follows that
2

Vp:
corr (U,.*, Uj) = i j=1,2,3,i #]

When p13 =0, p13 =0and py3 =0, Z,, Z3 and Z4 are independent. When only p13 =0 and p3 =
0, Z4 is independent on vector (Z, Z3).

4.2 Examples of application Theorem 6 not related to distribution (21)

Example 1 Suppose that U* has the bivariate exponential distribution proposed in Balakrishna &
Shiji (2014), where the moment generation function is

B
A=\ g—s, (Ai\ﬂ)a

where A > 0 and B > 0 are scale parameters of the marginal exponential distributions, 0 < o < 1
is measure of dependence. Then, using (14), we can write the density of Z:

1 1 c —1z
) 2%2
21,22, 23) = exp | —=z] | — My~ ,
fr (21,22, 25) 27 ( 2 1) 2 U (— Zz)

1 1,)\ ¢ 1+12_1 1+1z§ 1+12_a,
=——exp|—=2z{ | — —z ——= —z
J2m P\ 7)) on 0.2 2B 0.2

One can see that Z; is again a normal random variable, which is independent on (Zs, Z3)T,
and (Zy, Z3)T is a bivariate-dependent Cauchy distribution, whose marginals are Cauchy with
different scale parameters A and 8. When « | 0, (Z3, Z3)T becomes independent.

My+(s) =
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Example 2 Suppose that U* has a bivariate x? distribution with m degrees of freedom proposed
in Natarajah (2010), where the moment generation function of U* is

1— pz m/2
My=(s) = ( )
Y (1= 251(1 = p2)(1 = 252(1 = p?) = p?
Then, again using (14), we write the density of Z :

ooz = — exp (= 22 S a2
Z(21,22,23) = exp (— —z7) — My~ s
N A —12

m/2
1 ( 1 2) c 1—p?
= exp | —=z] | —
Var P2 2 \(T4 2 (1= p9) (1+ 2 (1= 7)) - 12
One can see that Z; is a normal random variable, which is independent on (Z,, Z3)T and (Z,, Z3)T
is a bivariate dependent x? distribution, whose marginals are x? distributions with m degree of

freedoms and p is measure of dependence, 0 < p% <1.When p =0, Z, and Z3 are independent.
For the case p — 1, density of (Z;, Z)T degenerates to a constant.

5. TVaR and Allocation of the Aggregate Loss

Landsman & Valdez (2003) investigated the TVaR risk measure in the context of elliptical family.
They considered various examples of TVaR models and obtained the closed-form expression of a
natural allocation for aggregate loss. We provide a brief review of the presented results.

Consider a random variable X representing a loss of a portfolio or risk of the stock. We denote
by Fx(x) the cumulative distribution function (cdf) and by Fx(x) = 1 — Fx(x) the distributional
tail function. TVaR is defined as:

TVaR,(X) = E(X|X > x4) (25)

where x, represents the g-level quantile of the loss distribution, which means that Fx(x;) = q. The
TVaR defined in equation (25) represents the expected loss that potentially occurs in unfavourable
scenarios.

Assume now that the random vector X* ~ E, (i, £,g"™), that is, elliptical with density gener-
ator g, Then, for the aggregate loss $* = 37_, Xi= 17X ~ E, (e, aé*,g(l)), where 1 is the
vector with # ones, g =17, and asz* =17%1 are the expectation and the scale values of S*.
Assume the expected value of components of vector X* exists, that is,

E(X}) < o0 (26)

in Landsman & Valdez (2003), it was shown as:
TVaR,(S*) = ps+ + Ag - 0 (27)

where
-5 (12)
O 2%s;
Age =2~ 7 (28)
l1—¢q
SZ — *
ith z = ————. Here, the following function G(x) =¢; [>° gV(u)d introduced in th

with zg; Jovs ere, the following function G(x) = ¢; fx g (u)du was introduced in the

cited paper, whose compliment G(x) = ¢; f(f gV (4)du was called the cumulative generator, and
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SZ = VaR4(S*). We note that the condition (26) guarantees the finiteness of G(x). TVaR provides
the following natural capital allocation of the aggregate loss S*:

n
TVaR,(S) =E (S°I5* > 5;) = Y E (X715" > 5})
i=1

In Landsman & Valdez (2003), the components of this allocation were also derived as follows:

E (X;f|s* > s;> = Jtk + A+ - Oger fork=1,2, . m

n n
where oy g« = Zokj. Our goal is to provide the capital allocation of aggregate sum S = ZXi of
j=1 j=1
elements of ME random vector X ~ ME, (g, Xy, g(”), ).
Denote s; = VaR4(S) and notice that s = pss = XL ;. Assume
i1 - din
w1/2 _
5n1 e Snn
Then,

2
Ugs =oss|{V= V}=Efj:1 21":131'151]‘1’1_1

where vo = 1. Define

Note that

and recall that Ty = 21/2Qy 2 1/2.

Theorem 8 Assume X ~ ME,,(f, Xy, g(”),fv). Then

1 I
Ky =B (XIS > sg) = i+ 7— 1S Suyh s

i=1,...,n

Proof. For the proof, please see the supplementary material. O

Remark 4 If instead of square root decomposition of matrix X, we use Cholesky decomposition
(10) as in Remark 1, with the matrix:

L= (dij)?,j:p
dij=0,j>i
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Then, using the same method shown in the proof of Theorem 8, one can obtain the TVaR-based
decomposition:

1
Ki=EXilS > sq) = i + qE 1 Zi<ij<jdnd; l)»s ,
i=1,..,n
where

Ogs = ijzlﬁzgi,zgdzldzvl 1

To illustrate the obtained results, consider the case n = 3. Then,

2
of p120102  P130103
2
X =1 p12o102 o) 0230203
2
P130103 0230203 03

As the symbol form of £1/2 is rather cumbersome, we use Cholesky decomposition, which looks
more elegant:

(oa] 0 0

i 2
= | o212 02 1—pp, 0 (29)

2 2
npaen /1 _ plytod—2pn000
2
1-p, =P

03013 03
Then, the non-zero elements of matrix L are as follows: di; =o01,dy = 02012, d2 =

2 2
2 _ __ . P23—P12013 _ P13 H033—2012013023
02/ 1 = pip, d31 = 03p13, d3p = 03 =2 dyy = 03\/1 - s 231_p2 ,
12

1- '012

os=di| + 2di1doy + 2d11ds1 + d3, + doyv

+ 2(dy1d31 + d22d321/%) + d d32V1 + d331/2

and

1
Ki=E (X1|S > Sq) =u+ m (d%l +dy1do + d11d31) )‘\(gl)
_ _ ; 2 (1) 2 (2)
K =E (XIS >sq) = p2 + =4 ((dlleI + d3 + dardsr) Ay’ + (d3; + doadsa) A )

1
K3 =E (X3|S>sg) = us + =4 ((dud31 + dy1ds1 + d3) Aé” + (dnadsz + d3,) Ag 2D 44 3)»(53))

6. Numerical Illustration

In this section, we show how the portfolio decomposition with TVaR can be provided numerically
in the case of the ME family. We assume that X ~ ME3(u, Ev,g(3),fv), where g(3)(u) =exp(—u)
and fy is such as in Example 4.1.1. In other words, the density has the form:

fG0=— 1 fol L x — ) (30)

1]
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where fz(z) is given in (23). Recall that the lower triangle matrix of Cholesky decomposition has

form (29), we can write that determinant of L, |L| = 010303,/ 1 — p%,; = |X|"/?, and

L 0 0

o1

1 P12 1 0

—1 o
L = ! V 1-pf, 02/ 1-p,
/ 2
_ P13—P12023 _ (P23—p12013) 1 [ 1-pp
2 2 2 2 o3\ 1—p?
‘71\/(1_/’123)\/(1_/’12) UZ\/(I_Plza)\/(l_/’lz) Pz

where ,0%23 = /0%2 —2p12013023 + ,0%3 + /0223' Then,

1 c 1 (x; — )
x(x) = 17 @) P (—50—12>

1 (=) G —p)) -
X(”zu—pfz)(‘”” o ))

—v,
1+ 1 ((013—/)12023) (x1—p1) + (023—p12013) (X2—H2)

200=rin) \ -l 7 Ja-eg)
2
_ [ 1=rp (x;—m))z
1=ply; O3

02222 -
x|\ 1= 11223 1.2 »0=p=1
4(1"‘222) (1+523)

where z2:<_ pum;_lxmrm;_lm) /J(1—p%)  and 232(_ (v papm) (1) _

J=nt)
(p23—p12013) (2—p2) / 1-p}) (x3—p3) 2
\/(I—sz) o - 1=pl; 03 >/ (1 ,0123).
Now we assume that m; =2, my =3, v = 2.5, ,0122 =0.879, p =(5,3,7)T and

1.33 —0.067 2.63

Y=| -0067 025 —0.50
263 —050 5.76
Then,
1.1533 0 0
L=| —5.8096 x 1072  0.496 61 0
2.2805 —0.74004 0.108 03

and portfolio decomposition is given in the Table 1.

One can see that even for aggregate risk with components having different shapes of distri-
butions, the TVaR-based capital allocation can be computed numerically. When investigating
portfolio risks, we show that ME family allows to naturally decompose total risk into the sum
of individual risks of the portfolio constituents. This turns out to be particularly meaningful in
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Table 1. TVaR-based capital allocation of aggregate risk

Observations Marginals Degrees of freedom A Ki = E(Xi|S > sq)
X1 Normal 00 0.061 6.627

)(2 e Studentst e 3 e 0122 R 3604 S—
X3 S V'Stu‘dér‘{t’st” S 5 T ,.0',0.41. S 7009

S Sum of ME TCE(S) = 17.240

practice, when one is interested in computing capital requirements for each institutional busi-
ness line, whereas business lines are assumed to be correlated and allocate the contribution of
individual risks to the aggregate risk.

Alternatively, one might be interesting in the problem of optimal portfolio selection (OPS)
using TVaR. Landsman & Makov (2011) have shown that the elliptical family is very convenient
for the solution of this problem using TVaR and not only TVaR, but any translation invariant and
positive-homogeneous risk measure, where TVaR is a main representative, because OPS problem
reduces to the linear plus square root quadratic functionals. In the case of ME family of distribu-
tions, which is more complicated case, the mentioned phenomenon still can be used conditionally
of vector V with further averaging the result with respected probability measure having density
fv. The details will be developed in the future research.

7. Conclusion

We proposed a ME family of distributions that generalises the elliptical family of distributions.
In particular, the proposed model allows each of the elliptical random variables to have different
characteristic (or density) generators and is based on a different distribution of the radius of each
elliptical component. We investigated and calculated the covariance structure of this family and
provided an expectation of the linear regression vector. As special cases, we offer a multi-Student
subfamily of distributions and several notable examples. We investigated the problem of capital
allocation of the aggregate sum of the components of this family to obtain the analytic form of
this allocation based on a TVaR risk measure. We also presented a numerical illustration of the
obtained results.
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