Chapter 11
Wishart Processes

The aim of this chapter is to introduce Wishart processes as tractable diffusions,
which can be used to better capture dependence structures associated with multidi-
mensional stochastic models. The focus of this chapter is on the tractability aspect.
We present illustrative examples, which show that we can move beyond the depen-
dence structures possible on the Euclidean state space. As discussed in Chap. 9, we
consider a model to be tractable if we have access to its affine transform. As demon-
strated in Bru (1991), Grasselli and Tebaldi (2008), Ahdida and Alfonsi (2010),
Benabid et al. (2010), Laplace transforms of the Wishart process are available in
closed-form and exponentially affine. The Wishart process is, in fact, an affine pro-
cess. We present results on affine transforms in Sect. 11.4.

Besides computing Laplace transforms, exact simulation schemes play an im-
portant role in finance, as they allow the pricing of e.g. path-dependent options,
see also Chap. 6. In Sect. 11.3, we will discuss simulation schemes for the Wishart
process, where we present the approaches from Benabid et al. (2010) and Ahdida
and Alfonsi (2010). The two approaches are different in nature, as they exploit dif-
ferent properties of Wishart processes. We hence present both approaches, as they
illustrate interesting properties of Wishart processes.

Subsequently, we present an extension of the model presented in Sect. 9.7 to the
case where positive factors are modeled via a Wishart process. This illustrates the
additional degrees of freedom given by employing the Wishart process. We begin
this chapter with a section which introduces Wishart processes and present existence
results. Subsequently, we study some special cases of the Wishart process in detail
to gain further insight. One of the special cases motivates immediately one of the
simulation schemes to be presented in Sect. 11.3.

11.1 Definition and Existence Results

Wishart processes were introduced in Bru (1991), as a matrix generalization of
squared Bessel processes. In her PhD thesis, Bru applied these processes to prob-

lems from biology. As we will show below, Wishart processes are S; or Sj valued,

J. Baldeaux, E. Platen, Functionals of Multidimensional Diffusions with Applications 261
to Finance, Bocconi & Springer Series 5, DOI 10.1007/978-3-319-00747-2_11,
© Springer International Publishing Switzerland 2013


http://dx.doi.org/10.1007/978-3-319-00747-2_11

262 11  Wishart Processes

i.e. they assume values as positive definite or positive semidefinite matrices. This
makes them natural candidates for the modeling of covariance matrices, as noted
in Gouriéroux and Sufana (2004a). Starting with Gouriéroux and Sufana (2004a,
2004b), there is now a substantial body of literature applying Wishart processes to
problems in finance, see Gouriéroux et al. (2007), Da Fonseca et al. (2007, 2008a,
2008b, 2008c¢), and Buraschi et al. (2008, 2010).

All of the above references study Wishart processes in a pure diffusive setting.
Recently, matrix valued processes incorporating jumps have been studied, see e.g.
Barndorff-Nielsen and Stelzer (2007), Leippold and Trojani (2008). These processes
are all contained in the affine framework introduced in Cuchiero et al. (2011), where
we direct the interested reader. Furthermore, we mention the recent paper Cuchiero
et al. (2011), which extends the results from Cuchiero et al. (2011) to symmetric
cones.

We introduce the Wishart process as in the work of Grasselli and collaborators.

For x € 5, we introduce the S; valued Wishart process X* = X = {X,, t > 0},
which satisfies

dX;=(ea"a+bX,+X,b")dt + (VX dW,a+a" dW/]/X,), (1111

where ¢ >0, a,b € My and X¢g =x € M. An obvious question to ask is whether
Eq. (11.1.1) admits a solution, and furthermore if such a solution is unique and
strong. For results on weak solutions, we refer the reader to Cuchiero et al. (2011),
and for results on strong solutions to Mayerhofer et al. (2011b). We now present a
summary of their results, see Corollary 3.2 in Mayerhofer et al. (2011b) and also
Theorem 1 in Ahdida and Alfonsi (2010).

Theorem 11.1.1 Assume that x € S, and a > d — 1, then Eq. (11.1.1) admits a
unique weak solution. If x € S; and o > d + 1, then this solution is strong.

In this book, we are primarily interested in explaining the tractability of the pro-
cesses under consideration, where in this chapter, we focus on Wishart processes.
In particular, we present for the Wishart process Laplace transforms and an ex-
act simulation scheme. Weak solutions suffice for our purposes and we assume that
a > d — 1, so that the weak solution is also unique. As in Ahdida and Alfonsi (2010),
we use WIS, (x, «, b, a) to denote a Wishart process and WIS, (x, «, b, a; t) for the
value of the process at time point 7.

11.2 Some Special Cases

In this section, we discuss some particular special cases of Wishart processes. Recall
that we defined a Wishart process WIS, (x, «, b, a) to be

dX,=(ea'a+bX, +X,b")dt +/X,dW,a+a' dW] /X,
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for a,b € My, and @ > d — 1. In Sect. 3.2, we had already introduced Wishart
processes. We recover the special case studied in Sect. 3.2 by settinga =14, b =0,
and o = d, to obtain

dX,=dlgdt + X, dW, +dW/] J/X,. (11.2.2)

Recall that Eq. (11.2.2) is the analogue of Eq. (3.1.1), which introduces the squared
Bessel process as a sum of squared Brownian motions. In Eq. (11.2.2), d is also an
integer. Subsequently, in Sect. 3.1 we relaxed the assumption that d is an integer. We
now do the same for Wishart processes. However, in Bru (1991), the condition « >
d — 1 was used to establish the existence of a unique weak solution, see Theorem 2
in Bru (1991), i.e. she established the existence of a unique weak solution of a
WISy (x,d, 0, I;) process.

So far, we introduced Wishart processes as squares of matrices of Brownian mo-
tions, i.e. the WIS, (x, d, 0, I ;) case. However, as in Bru (1991), we can also estab-
lish a connection with squared matrix-valued Ornstein-Uhlenbeck processes. This
is an important observation, and will also motivate our first simulation scheme in
Sect. 11.3.

Let X ={X,, t > 0} be an n x d matrix diffusion solution of

dX;,=ydB, + BX,dt, (11.2.3)
where B = {B,, t > 0} is an n x d Brownian motion, and x is an n X d matrix,

yeN,and B eN". Weset S; =X;'—X,,s=xTx.

Lemma 11.2.1 Assume that X; satisfies Eq. (11.2.3). Then S; = X;'—X, satisfies the
SDE

dS; =y (VS dB; +dB \/S;) +2B/S: dt +ny*1,dt,

(11.2.4)
So=s.

Proof The technique of the proof follows Theorem 4.19 in Pfaffel (2008), where
the result was shown for the more general case that corresponds to Lemma 11.2.2.
We define

Si=XX,, t>0,

t
W, =f VS'Xx ] dB, e My,
0

for all > 0. We first show that W = {W,, ¢ > 0} is a Brownian motion. We compute

o[ (fsuxl) (Vsix)au)
:E(/Otxusglxjdu>

=tl, <00, as,

and
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establishing that W is a local martingale. Also,

d
dW,ij = ZI}/ SIIIXI:L mdBt'mj.
m=1 ’

Hence

d[W.;iW. uls

= Xd:[\/EX[T]m [\/EX,T]WI.,-:, dt

m=1

= [\/EX,TX,\/E]i Ajrdr
=11 dt |
=11, dt,
where we used that
AW i, Wl =dt < j=I
By Theorem 10.4.5, W is a Brownian motion. Finally, we compute

M
t

dS;=d(X/X,)=@X) X, +XdX,+d[X", X]

= (BX, dt +dB[y)X, + X (BX,dt +dB,y) +yd[B",B]"y

=BS,dt +dBy X, + BS;dt + X dB,y + y*nl 4 dt
=288, dt +y~/S;dW, +ydW] /S, + y*nl dt1,
which yields that S; solves Eq. (11.2.4). O

The following time-change formula is reminiscent of Proposition 3.1.5, see
Eq. (5.3) in Bru (1991). If X = {X,, r > 0} is a solution of (11.2.3), then there
exists a Wishart process X = {X;, t > 0} € WIS;(s, «, 0, I ;) such that

St = X;l—Xt = eXp{Z,Bt}EVZ 1—exp{—2Bt} -

28
Using this time-change formula, Bru established that the Wishart process WIS, (x, «,
b,a), where b=pIl;,a=yI;, B,y eN,a>d—1and x € ST, with distinct
eigenvalues, admits a unique weak solution, see Theorem 2’ in Bru (1991). Fi-

nally, she extended this result replacing y and 8 by d x d matrices b and a, where
a € GL(d). We consider the following SDE for X = {X;, t > 0},

dX;=dB;a+ X,bdt, (11.2.5)

where Xo =x, B ={B;, t >0} is a n x d matrix valued Brownian motion and X,
is an n x d matrix. We set §; = X,TX,, s=x'x¢e S;, and in the next lemma derive
the SDE for S;.
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Lemma 11.2.2 Assuming X = {X;, t > 0} satisfies Eq. (11.2.5), we obtain the fol-
lowing dynamics for S; = X X;,

dS;=+/SidW,vaTa+aTadW\/S,+ (b"S; + S;b)dt +na"ad:,

(11.2.6)

where Sg=s.

Proof The proof is completed in the same fashion as the proof of Lemma 11.2.1,
and is given in Pfaffel (2008). We firstly define

t
W,zf VS X dBa(VaTa) du e M.
0

Note that the matrix square-root is positive definite and hence invertible. We com-

pute
(/ (w/ X—r aTa ) (\/ XT aTa ])du>
_E</ (aTa) 2aTX S;'X)a (a a)” %du)
0
t
=/ (aTa)_%aTa(aTa)_%du
0
=tl, <00 as.
‘We have that
n d
Wiy =Y Y [a(VaTa) "], ;[VST'X]] dBiun.
u=1v=1 ’

and we compute

dlW.ij, Wil
n d
:ZZ[\/STIX?] [\/ XT] a( aTa) l]v’j[a(VaTa)_l]v’l
u=1v=1
= [,/S,_IXITXH/S;l]i’k[(\/a—ra)_laTa(\/aTa)_l]j’ldt
=14k14 1 dt
=1i=k1j=ldt~

By Theorem 10.4.5, W is a Brownian motion. Finally, we compute
dS;=d(X[X,)=@X) X, + X X, +d[x", x]"
—(a"dB] +b"X/] dt)X, + X[ (dB;a+ X,b)dt +a"d[B",B]"a
=a'dB'X,+b"XX,dt + X dBia+ X X,bdt +aandr
=a'dB/X,+b"S,dt +X] dB,a+ S,bdt +na'adt
=(b"S, + Sib)dt +/S;,dWVaTa+VaTadW/ /S, +na'adr,
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where we used that

d[BT, B [y Zd B.si, B.ij) =nli—; dt,
k=1
which establishes that S; solves Eq. (11.2.6). O

We now state Theorem 2” from Bru (1991).

Theorem 11.2.3 Letax €{l,...,d —1}U(d —1,00),a € GL(d),be S, ,s € Sj
and all eigenvalues of s be distinct, and B; is a d x d matrix valued Brownian
motion, then on [0, T), where T denotes the first time that the eigenvalues of S;
collide, the stochastic differential equation

dS; =+/S;dWVaTa+VaTadW /S, + (bS; + S:b)dt + ava T ad:,

where So = s has a unique weak solution if b and ~/a'a commute.

We remind the reader that the preceding examples were all studied in the original
paper on Wishart processes, Bru (1991).

Now, we turn again to the Wishart process as discussed in Sect. 11.1. We intro-
duce the process X = {X;, t > 0} € WISy (x, «, b, a), given by

dX;=(ea'a+bX, + X,b")dt + (VX dW,a+a' dW]/X,),

and we firstly investigate the following case, which was investigated in Benabid
et al. (2010). It shows how to link a Wishart process to a multidimensional square
root process, see also Sect. 6.7. We assume that @ and b are diagonal matrices and
that the elements of a are positive, whereas the elements of b are negative. Then one
can show that the diagonal elements of X, satisfy

dXt”—(oza +2b; i X1ii +zaltZ[\/ tlik dWi ki

Now we define fori € {1, ..., d},

l‘ _ d
Bii= /0 Vi Y WX T d Wi
k=1

We have

t d
E </0 (VX5.i) ™! Z[\/X_s]k,i VXl [v Xs.i17" dS)
k=1

t
= E( /0 VX5.i) "V X sV X1t (VX5 i) ds)
t
=FE (/ (v Xs,ii)_IXx,ii(\/ Xs,ii)_l dS)
0

=1.
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Hence, B = (By, ..., By) is a vector of d independent Brownian motions, and we
obtain

dXyii = (aazi +2b; i Xy,ii) dt +2a;i/X1,ii dByi.

Consequently, for diagonal matrices a and b, the diagonal elements of the Wishart
process are square-root processes.

We now discuss how to construct a matrix-valued Wishart process from vector-
valued Ornstein-Uhlenbeck processes. This construction will also motivate the first
simulation scheme in Sect. 11.3. In particular, we set

p
Vi=) XX €My, (11.2.7)
k=1
where
dX,x=MX g dt+ Q" dW,y, k=1,....8, (11.2.8)

where M € My, X, € R, Q € My, Wi e R4, sothat Vi e My, Vo=ve S/
and B > d + 1. The following lemma gives the dynamics of V = {V,, t > 0}.

Lemma 11.2.4 Assume that V; is given by Eq. (11.2.7), where X; satisfies
Eq. (11.2.8). Then

AV, =(BQTQ+MV,+V,M ) dt +/V,dW,Q+ QT dW] V.,

where W = {W,, t > 0} is a d x d matrix valued Brownian motion that is deter-
mined by

g
VVidW, =Y X, dW/,.
k=1

Proof We compute

d(Xi kX)) = @X DX+ Xex@X 0T +d[Xe, X[V
=(MX, 1+ Q" dW, )X/,
+ Xk (X M7 dt +dW/, Q)
+QTd[wie. W] 0
=MX ;X[ dt + QTdW, (X + X X[ M dt

+ X dW/ 0+ 014041,
where we used that

AW Wi = 1,41
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Hence
B g
AV, =M X X[ dt+ Q"> dW X[,
k=1 k=1
p B
+) XX MTdt+) X, dW/, 0
k=1 k=1
+BQ" Qdt
=MV di+V,M"di+ Q" dW]JV, +/V.dW, 0+ 80" Qa1
since

g
VVidW, =X dW],.
k=1

To complete the proof, we need to show that W, is a Brownian motion. As before,
we use Theorem 10.4.5. We define

B

t

W, = / Vil Y o XikdW ],
0 k=1

and it is easily seen that W is a local martingale. Furthermore,

d B
Wiy =Y [VVi'] Y Xeada[aW ]
m=1 k=1
d
SV, X [dW]L

1m=1

B
k=

Now we have

dlWi j, Wil
d

= XB: Xd:[ Vt_l]i’m/[Xt,k/]m’ Z[ V;l]k’m”[x,,k/]m/,h:l dt

kK'=1m'=1 m''=
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11.3 Exact and Almost Exact Simulation Schemes for Wishart
Processes

In this section, we discuss two simulation schemes for Wishart processes. The first is
based on Benabid et al. (2010), Sect. 1.3, the second on Ahdida and Alfonsi (2010),
Sect. 2. We also alert the reader to Chap. 2 in Platen and Bruti-Liberati (2010),
where the simulation of the process WiS;(x, d, 0, I;) was discussed.

11.3.1 Change of Measure Approach

First we present the approach from Benabid et al. (2010). Recall that in Sect. 11.2,
we showed that if o assumes integer values, we can simulate a Wishart process
by simulating vectors of Ornstein-Uhlenbeck processes. The simulation of multi-
dimensional Ornstein-Uhlenbeck processes was discussed in Sects. 6.7 and 10.6.
Intuitively, the approach can be described as follows: starting under a probability
measure P, where the Wishart process is given by its general form in Eq. (11.1.1)
witha > d+1, o € R, we aim to find a change of probability measure, so that under
the new measure the corresponding value of «, say &, assumes integer values, i.e.
& € N and @ > d + 1. Consequently, we can simulate the Wishart process under the
new measure by using Ornstein-Uhlenbeck processes, as explained in Sect. 11.2. In
particular, following Benabid et al. (2010), we represent « as follows,

=K +2v,

where K = |a| > d + 1, where |a] denotes the largest integer less than or equal
to a, and v is a real number satisfying 0 < v < % The next result, Theorem 2 in
Benabid et al. (2010), shows how to introduce a new measure, say P*, under which
the Wishart process can be simulated via Ornstein-Uhlenbeck processes.

Theorem 11.3.1 Letg=K +v—d—1.1f
_dapr*

Ar =
T="ap

Ar
defines the Radon-Nikodym derivative of d P* with respect to d P, then

det(X7)\ 2 vg (T
A = (WXZ)) exp{vT(Tr(b))}eXp{7/0 Tr(XS 1a—ra)ds}.

Proof The proof is given in Benabid et al. (2010), see Theorem 2. We present here
only the basic ideas of the proof. As in Definition 10.5.4 and Theorem 10.5.5, we
specify the new measure via

* T 2 pT
62}; ) =exp{—v/0 Tr(,/Xs—ldWSa> — %/0 Tr(XslaTa)ds},
T
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where the Wishart process X € WISy (x, «, b, a) satisfies under P
dX,=(ea'a+bX,+X,b")dt +/X,dW,a+a" dW'/X,.

Under the new measure P*,

t
W= vf VX aTdr+w,,
0

is a Brownian motion, see Benabid et al. (2010). Consequently, the dynamics of X,
are given by

dX,
= (wa"a+bX, +X,b")dt + /X, dW,a+a" dW] /X,
= (KaTa +bX; + X,bT) dr + \/ZdW;"a +aT(dW;‘)T\/7,.

As shown in Benabid et al. (2010), Sect. 1.3.1, the dynamics of the determinant of
X satisfy

| (det(XT))
8\ der(X)
T T
=27 (Tr(b)) + (K —d — 1)/ Tr(X,_laTa)dt+2/ (VX7 aw;a).
0 0

Substituting, we get

dpP*
dpP

—exp / Tr FdW, )——/OTT;»(thaTa)dt}

—exp / FdW*) —/ (J;aTa)dt}

T
—exp %(log(det(XT)> — 27 (Tr(b)) — (K —d — 1)f (X 'a"a) dt)
0

T
1T
+ 2/0 Tr(,/x, )d;}
_ (det(Xt) : p T T
_<det(Xo)> exp{TuTr(b)+§(K—d—1+u)/(; Tr(,/xt a a)dt}.

O

Consequently, if we are interested in computing

Ep(f(X1)),

for a suitable function f(-), we use Theorem 11.3.1 and obtain



11.3  Exact and Almost Exact Simulation Schemes for Wishart Processes 271
E(f(X1))

det(X7)\ }
=exp{—vT (Tr(b))} Ep- ((deett((XZ)))

v ! -1, T
X exp —E(K—i-v—d—l) Tr(Xt a a)dt f(Xr)).
0
The simulation of the integral, which appears in the Radon-Nikodym derivative, can
be discretized and approximated as follows:

t+At 1
/ (X, aTa) ds ~ 5 ATH(X7 ! 4 X, )aTa).
t

11.3.2 An Exact Simulation Method

We now discuss an exact simulation scheme for Wishart processes, which is based
on Ahdida and Alfonsi (2010). To produce the result, we firstly recall the char-
acteristic function associated with WIS;(x, «, b, @). The result was presented in
Gouriéroux and Sufana (2004a), see also Gouriéroux and Sufana (2004b), and we
point out that this result led to the realization that there are affine processes that
do not assume values on the Euclidean state space. Furthermore, we point out that
additional Laplace transform identities are presented in Sect. 11.4. We now follow
the presentation in Ahdida and Alfonsi (2010).

Proposition 11.3.2 Let X, ~ WIS ;(x,«, b, a; t),

t
q, =/ exp(sb)a aexp(sb")ds
0

and m; = exp(tb}. The Laplace transform of X;, for v € Dp 4., is given by

Tr(v(I4 —2q,v)"! T
E(exp{Tr(vXt)}) = xpTr 9:v) Zn,xmt )}, (11.3.9)
det(I; —2q,v)?2
where Dy q.r = {v € Sy, E(exp{Tr(vX;)}) < oo} is the set of convergence of the
Laplace transform, which is given explicitly by

Dpar={veSa, Vs €[0,1], 14 —2q,v € GL(d)}.

We remark that for v = vy + 10, vy € Dp 4., and vy € Sy, the Laplace transform
in Eq. (11.3.9) is well-defined. For X; ~ WISy(x, «, 0, I'}; t), we have

_exp{Tr(v(lq — 2t1"v) " x)}

E(exp{Tr(vX1)}) det(I; —2t1"v)?
d

For a proof of Proposition 11.3.2, we refer the reader to Gouriéroux and Sufana
(20044a), and also to Ahdida and Alfonsi (2010). We remark that in Lemma 11.4.3
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and Corollary 11.4.5, we will discuss the special cases v; =0,b =0, and a =14
and a € GL(d), respectively.

Regarding the exact simulation procedure, we need the following result from
linear algebra, which shows how to perform an extended Cholesky decomposition.

Lemma 11.3.3 Let q € Sj be a matrix with rank r. Then there is a permutation
matrix p, an invertible lower triangular matrix ¢, € GL(r) and k, € Mg_,, such
that

T_ ..T _(c 0
pqp’ =cc c_(kr 0).

The triplet (¢, ky, p) is called extended Cholesky decomposition of q. Besides,

B cr 0
c= € GL(d),
ky I,

g=E"p) 1,& p,

and we have

where Iy = [1;—j</l1<i j<a and r < d.

Proof The lemma appeared in this form in Ahdida and Alfonsi (2010), Lemma 33,
which refers to Golub and Van Loan (1996), Algorithm 4.2.4. Il

We point out that a numerical procedure to obtain such a decomposition can be
found in Golub and Van Loan (1996), see Algorithm 4.2.4. When r = d, then we
can choose p = I 4, and ¢, is the usual Cholesky decomposition.

The following proposition, which is Proposition 9 in Ahdida and Alfonsi (2010),
sits at the heart of the approach. Essentially, it shows that by rescaling, we can rep-
resent a general Wishart process WIS, (x, «, b, a; t) as one which satisfies b = 0 and
a= IZ, where n = Rank(q,). This is crucial, as the law of WIS;(x, «, 0, I"; t) can
be simulated exactly, as we demonstrate below. As in Ahdida and Alfonsi (2010),
we remark that one can exactly compute 8,, which appears in Proposition 11.3.4,
using Lemma 11.3.3.

Proposition 11.3.4 Lett >0,a,b € My, and o > d — 1. Then m, = exp{tb}, q, =
fot exp{shla"a exp{st} ds and n =rank(q,), and there is a 0; € GL(d) such that

q; =f0z13977
and we have

WISg(x, . b, a; 1) < 0, WISq(0; 'myxm[ (0;7") ", 0,1 1)0] .
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Proof We present the proof from Ahdida and Alfonsi (2010), due to the impor-

tance of the result. We apply Lemma 11.3.3 to q,/t € Sj and obtain the extended
Cholesky decomposition (¢, k,,, p). Also, we obtain from Lemma 11.3.3 that

We define
0, =p ¢
which by Lemma 11.3.3 is invertible. We now get that
q,=10,1"0].
Next, we recall that for a, b, ¢ € M, the following equalities hold
det(ab) = det(ba), Tr(ab) = Tr(ba),
and also
(abe) ' =c¢ " 'a7 !,

assuming that @, b, and ¢ are invertible. We hence obtain the following string of
equalities,

det(I; — 21q,v) = det(1, — 210,10, v)
=det(0,(0; " — 211130, v))
=det((0; " — 21110, v)0,)
=det(I; — 2150, v0,).
Furthermore,
Tr(iv(I 4 — 21qtv)*1m,xm;r)
=1r(:(6,1) "0 (8,0, —2110,10]v8,0;") ' m,xm])
=Tr(:(0;") "0, v(8,(Is — 2116, v0,)0;") 'm,xm])
=Tr(:(6,") "0 v, (s — 21170 v8,) "0, 'm,xm,)
=Tr(:0] 0, (1, — 201120, v0,) " 07 ' myxm (67)7).
We now let X, ~ WIS;(x,a,b,a;t) and X, ~ WISd(0;1m,xm,T(0;1)T,a, 0,
I';; t) and apply Proposition 11.3.2 to obtain

E(exp{lTr(vXt)})
_ exp{Trv(l; — 2q,zv)_1m,xm;r)}
B det(I; —2g,1v)%
exp{Tr(i8; v, (Iq — 21130, v0,)"'0, 'mixm/[ (6,)T))
B det(1; —2ut1%0] v0,)%
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— E(exp{Tr(lotTvotit)})
= E(exp{Tr(1v8,X,0])})

completing the proof. 0

We remark that Lemma 11.3.3 generalizes the well-known one-dimensional link
between a square-root and a squared Bessel process. For d = 1, Lemma 11.3.3 gives

a®(exp{2b} — 1)

2btx
WIS (x,a,b,a;t) = ——— WIS,

a?(1 — exp{—2bt})’

«,0,1;¢).
(11.3.10)

2bt

This identity can easily be obtained from the results in Sect. 3.1. Let X = {X;, t > 0}
be a WIS (x, a, b, a), then

dX; = (aa® +2bX,) dt +2a\/X, dW;.
From Proposition 3.1.5, it follows that
d ~
X; =exp{2bt} X (),

where

a®(1 — exp{—2bt})
2b

c(t) =

and X is a squared Bessel process, i.e. a WIS (x, «, 0, 1) process. We hence have
established that

WIS (x,a, b,a;t) 4 exp{2bt} WIS (x, «,0,1; c(t)).

Now we apply the linear time-change, see Proposition 3.1.2,

t t t
WIS, (x,a, 0.1: £t> RGOS (x—,a, 0.1: t).
t t Cc
Hence

WIS (x, @, 0, 1; 1) = exp{2b1}WIS; (x, &, 0, 1; (1))

2
_ SxP200e® e (XL 0010r),
t c(t)

which is Eq. (11.3.10).

We now proceed as follows: from Proposition 11.3.4, it is clear that we can fo-
cus on the WIS, (x, a, 0, I'}) case. For the generator of WISy (x, ., 0, I'}), we recall
a remarkable splitting property from Ahdida and Alfonsi (2010). Having split the
operator, we show that each of these operators correspond to an SDE which can be
solved explicitly.
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11.3.3 A Remarkable Splitting Property

The infinitesimal generator of the Wishart process, or rather the splitting property
thereof, plays an important role in the development of an exact simulation scheme.
We hence recall this generator, which is a special case e.g. of Corollary 4 in Ahdida
and Alfonsi (2010).

Lemma 11.3.5 On M, we associate with WIS, (x, «, b, a) the infinitesimal gen-
erator

L= Tr([aaTa +bx + be]D) + 2Tr(xDaTaD),

where D = (z0-), 1 <i.j <d.

The following result, which is Proposition 10 in Ahdida and Alfonsi (2010),
gives the splitting property of the operator L, for the special case WISy (x, o, 0, I')).
Recall that by Proposition 11.3.4, the study of the simulation of Wishart processes
can be reduced to this case. We use efj to denote the matrix

e =[li—j—nli<i j<d-
We clearly have, I =Y"7_, e’
Theorem 11.3.6 Let L be the generator associated with the Wishart process

WISy (x,a,0,1) and L; the generator associated with WISy (x, a, 0, eil) forie
{1,...,d}. Then we have

n
L=Y"L; andVi je{l.....d}, LiL;=L;L;. (11.3.11)
i=1

Proof The first part of the proof follows immediately from Lemma 11.3.5, noting
that Iy = "7, e!,. The commutativity property is established in Appendix C.1 in
Ahdida and Alfonsi (2010). Il

As stated in Ahdida and Alfonsi (2010), two features of Eq. (11.3.11) are impor-
tant:

o the operators L; and L ; are the same up to the exchange of coordinates i and j;
e the processes WIS;(x, «, 0, efi) and WIS (x,a,0, I'}) are well defined on Sj

under the same hypothesis, namely that o >d — 1 and x € Sj.
The latter property motivates the simulation scheme:

xx~ WiSq(x, e, 0, el; 1)

2,x1*
t

X7 ~ WISq (X} F, @, 0,625 1)

1,x x

n,.. Xt n—1 Xt]’
XPh ~ WISy (X e, 0,€l5 ).
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X],x

Thus, one samples X, byee T according to the distribution at time ¢ of a Wishart

lx

process starting from X, i1, and with parameters o, @ = efi and b =0.

1,x

Xl
Proposition 11.3.7 Let X} ' be defined as above. Then

1.x
t

XPt ~ WISy (x, 0,0, 15 1).

Proof For a formal proof, we refer the reader to Ahdida and Alfonsi (2010), here

we just present the main ideas of the proof. Consider a smooth function f on SJ.
Then by iterating 1t6’s formula, one can establish that

E(f(X7)) =Y _*LF )/ k.

k=0
Next, we employ the tower property, to get

X, X _ X
E(F(xi="" )= E(E(r(x? " )Ixp70)
- tkn k n—1 flx
= Z k yE(Ln"f(Xt ))
k=0 n
Repeating this argument, we obtain
xh* © iz ki
E(f(X; " )= Z W Ly f(x)
1o k!

k1,....kn=0
= Z —(L1 +-+ L) = E(f(X7)). (113.12)

Equality (11.3.12) relies on the identification of a Cauchy product and one uses the
fact that the operators commute. For example, for n = 2,

0 k4
1 ki v ko
> k,k,L L5 f(x)—ch,
k1,ka=0 k=0

where

k X!
[ ° Ll Lk—l
!gl!(k—l)! 172
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k
_ ﬁ k Lkt
Tk 1) 712
=0

tk '
ZE(L1+L2) . O

Proposition 11.3.7 shows that if we can simulate WIS;(x, «, 0, efi; t), for k €
{1,...,d}, then we can simulate WISy (x, ¢, 0, I"}; t), which according to Proposi-
tion 11.3.4 means that we can simulate WIS;(x, ., b, a; t). The next lemma shows
that we can simulate WIS, (x, «, 0, eii; t) by simulating WIS;(p,x py, o, 0, Ié; 1),
and subsequently changing the first and the kth coordinates, where we use p; to de-
note the matrix which changes the first and the kth coordinate. The following lemma
formalizes this.

Lemma 11.3.8 Construct a matrix p; € Sy, so that px,1 = p1x = pi.i = 1, for
i ¢{1,k}, and p; j = 0 otherwise. Let the law of X, be given by WIS;(p;x py, ., 0,
1%; 1) and the law of X, by WIS, (x, @, 0, €k; 1). Then

WiSq(x, e, 0, e';; 1) 4 PiWISq(pix py. .0, Itli; 1) Py

Proof This result is proven in the same way as Proposition 11.3.4. In particular, we
use the characteristic function given in Proposition 11.3.2 for the case b = 0 and
a = I;. The proof is now easily completed by using the facts

pilip; 235 and prpr=1g4,

which then allows us to establish that

E(exp{zTr(vka,pk)}) =E(exp{zTr(v)~(,)}). 0

11.3.4 Exact Simulation for Wishart Processes

In this subsection, we discuss how to simulate a WIS;(x, c, 0, I (11) process, with

a>d—landx e S;’. Due to Proposition 11.3.7 and Lemma 11.3.8, this allows us
to sample from the distribution of WIS, (x, «, 0, I';; t). As the presentation is easier,
we start with the case d = 2.

From Lemma 11.3.5, we obtain the following infinitesimal generator of

WISy (x, a,0,1}). Forx € S5,
X
L () = i1 f () + 200007 1 f () + 20120100120 () + 207 0f (2).
(11.3.13)

This generator is associated with an SDE that can be solved explicitly. As in Ah-
dida and Alfonsi (2010), we denote by Z' = (Z!, t > 0) and Z? = {Z?, ¢t > 0}
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two independent standard Brownian motions. We distinguish the two cases when
x22 =0 and x22 > 0. For x » =0, we have that x; » =0, since x € S;. In fact,
one has

dX; 11 =Oédt~|—2w/X,,11dZtl, dX;12=0, dX;2» =0, (11.3.14)

where X = x, has the infinitesimal generator given in Eq. (11.3.13). Clearly, X; 11
is a squared Bessel process of dimension «, that can be sampled as discussed in
Sect. 3.1.

We now turn to the case where x; 2 > 0. The SDE

X? X
dXp i =adt +2, X — ~22dz) +2202 72 (113.15)
Xt X2

dX:12= /X1 20dZ? (11.3.16)
dX;2 =0, (11.3.17)

started at X = x has an infinitesimal generator as given in Eq. (11.3.13). This
system can be solved explicitly. We introduce auxiliary variables

2
(Xt,lz) Xt.12
U =X — , Uip=——, Ui oo =x2,
Xi VX222

(11.3.18)

where Uy = u. An application of the 1t6 formula confirms that

dU, 11 = (a — 1)dt +2/U, 11dZ}, dU, 12 =dZ?, U2 =0.

Hence, U; 11 is a squared Bessel process of dimension « — 1, and Uy 17 is a Brownian
motion. Consequently, we simulate X; 11, X; 12 and X; 2 by inverting Eq. (11.3.18)
to yield

X1 =Up + (U 12)%, X112 =Us12v/Us 22, X220 =Us 2. (11.3.19)

The following proposition summarizes the discussion in this subsection.

Proposition 11.3.9 Ler x € § Then the process defined by either Eq. (11.3.14)

or Eq. (11.3.16) when x32 = 0 or x32 > 0 respectively, has its infinitesimal gen-

erator given by (11.3.13). Moreover, the SDE given by Eq. (11.3.16) has a unique
2

strong solution that is given by Eq. (11.3.19) starting from u; 1 = x1,1 — 2—; >0,

X1.2
U2 = ﬁ, U2 =x22.

Proof This result is a special case of Theorem 13 in Ahdida and Alfonsi (2010). [

As noted in Ahdida and Alfonsi (2010), an interesting property of the result in
Proposition 11.3.9 is that the squared Bessel process is well-defined when its di-
mension o — 1 satisfies « — 1 > 0, which is the same condition under which the
Wishart process WIS, (x, «, 0, I é) is well defined, @ > d — 1, since d = 2. Lastly,
we point out that the process U = {U,, t > 0} has a squared Bessel process on its
diagonal and a Brownian motion on the off-diagonal.
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We now discuss how to sample from the distribution WIS, (x, «, 0, I”; t), where

d > 2. 1t is easy to check that for WIS, (x, «, 0, IZ), for x € ST, the infinitesimal
generator is given by

Lf(x)=adif(x)+2x1107f(x)

1
+2 Y Mmdind fE S D X dimd f ).
1<m=<d 1<m,l<d
m#£1 m#1,1#1
(11.3.20)

The next theorem, which is Theorem 13 in Ahdida and Alfonsi (2010), shows how
to construct an SDE with the same infinitesimal generator as Eq. (11.3.20) and that
it can be solved explicitly. Recall that for the case d = 2, we distinguished two cases
depending on whether x2 2 = 0 or x3 2 > 0. For the general case, the SDE depends
on the rank of the submatrix [x; j]o<i j<qa. We set

r =Rank([x,~’j]25i,j5d) €{0,...,d—1}.

First we consider the case 3¢, € G, that is lower triangular, k, € Mg_1_,x,, so that

¢ 0 CT k—r
[xi,jl2<ij<a = (kr 0) <vr0 (; ) =:cc'. (11.3.21)

The following theorem formally applies to the case where Xy = x satisfies
(11.3.21). However, the subsequent Lemma 11.3.11 shows that such a decomposi-
tion can always be obtained by permuting the coordinates {2, ..., d}. As in Ahdida
and Alfonsi (2010), we also abuse the notation as follows: when r = 0, we still as-
sume that Eq. (11.3.21) holds, in particular with ¢ = 0. When r =d — 1, we recover
the usual Cholesky decomposition of [x; jl2<i, j<d-

Theorem 11.3.10 Let us consider x € g such that Eq. (11.3.21) holds. Let Z =
(Z, =z}, th, e, Ztr'H), t > 0} be a vector valued standard Brownian motion.
Then the following SDE, where Y ;_, =0, forr =0,

2
r r
dX;n=adt+2 | X; 11 — Z(Z[cr_l]k’lxt,l(Hl)) dz}

k=1 \I=1

r r
F23° 3 e Ko dz
k=1 I=1

.

dXi =Y cidzZ™', i=2....d
k=1

dX; =0, k,01=2,...,d,
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has a unique strong solution X = {X,, t > 0} starting from x. It assumes values

in § and has the infinitesimal generator L given in Eq. (11.3.20). Moreover, the
explicit solution is given by

Uit + Y1 Wagn)®  Wiaasnli, o,
X;=C W ia+nh<i<r I, o|lcT, 11322
0 0 0

where

,
dU; i = (@ —r)dit +2,/U; ndZ,, Wi =x11— Y Uiy =0
k=1

dUs gy =dzZIT, 1<i<r, [t i1 i<i<r = € X101 li<i<rs
and
1 0 0
C=|0 ¢ 0
0 k 15,

When r =0, then Eq. (11.3.22) should simply be read as

U 00
X, = 0 0 0
0 0 0

Regarding the matrix U;, we point out that the algorithm only accesses the first row
and column of this matrix. As in Ahdida and Alfonsi (2010), X; can be seen as a
function of U, by setting

Unij=uij=xij, 1i,j>2, Uii=u,; =0, r+1=<i=d.

For a proof of Theorem 11.3.10, we refer the reader to Ahdida and Alfonsi (2010).
We point out that sampling from the WiS;(x, «, 0, I é; t) distribution amounts to
sampling a non-central chi-squared random variable and a Gaussian random vari-
able. As for the d = 2 case, we note that the condition ensuring that the squared
Bessel process Uy, is well-defined for all r € {0,...,d — 1} ise —d —1>0,
the same as for the Wishart process. We now recall that the procedure in Theo-
rem 11.3.10 assumed that x € Sj satisfied Eq. (11.3.21). This assumption can be
relaxed using the extended Cholesky decomposition from Lemma 11.3.3.

Lemma 11.3.11 Let X = {X,, t >0} be a WIS(x, v, 0, Icli) process and (¢, , ky, p)
be an extended Cholesky decomposition of [x; jla<ij<a obtained from

Lemma 11.3.3. Then
1 0
T =
0 p
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is a permutation matrix, and

X={X,, t>} inTWISd(nan,oz,O, Ié)n,

. (e 0\ (¢ k|
[(n'xft )i,j]2§i,j§d - (kr 0) ( 0 0

satisfies (11.3.21).

and

Proof The first part of the proof can be completed in the same way as the proof
of Proposition 11.3.4, namely using characteristic functions. The second part of the
proof is an immediate consequence of Lemma 11.3.3. O

Hence, using Theorem 11.3.10 and Lemma 11.3.11, we have a simple way
of constructing an SDE that has the generator L from (11.3.13) for any initial
condition x € S;. It means that we can sample exactly the Wishart distribution
WIS (x,a, 0, Ié; t), which we summarize in Algorithm 11.1.

As discussed in Ahdida and Alfonsi (2010), the computational cost of Algo-
rithm 11.1 is O(d?), as this is the computational cost of performing the extended
Cholesky decomposition.

We recall that the splitting property established in Theorem 11.3.6 means
that if we can sample WISd(x,a,O,eii;t), for i = 1,...,n, we can sample
WISy (x,, 0, I;; t). However, Lemma 11.3.8 established that sampling WIS, (x, «,
0, eil; t) amounts to sampling WiIS;(x, «, 0, I 1 ; 1), which we discussed in Theo-
rem 11.3.10 and Algorithm 11.1. This is illustrated in Algorithm 11.2.

Algorithm 11.2 performs Algorithm 11.1 n times, resulting in a computational
complexity of O(nd?), which is bounded by O(d*). Concluding this section, we
present Algorithm 11.3, which shows how to sample WIS;(x,«, b, a;t), which
uses Proposition 11.3.4 to reformulate the problem into the one solved by Algo-
rithm 11.2. We remind the reader that this algorithm is applicable if « > d — 1,
which is also the requirement for the existence of a unique weak solution of the
SDE (11.1.1) describing the Wishart process.

11.4 Affine Transforms of the Wishart Process

In this section, we discuss the explicit computation of affine transforms associated
with Wishart processes. These results are crucial, as they make Wishart processes
useful for practical applications. We present two approaches to this problem: the first
is based on the linearization procedure presented in Chap. 9. As discussed below, it
turns out that the Riccati equations associated with affine transforms of the Wishart
process can be linearized allowing us to compute the affine transform. Consequently,
we present an alternative approach, which generalizes a result from Bru (1991), and,
following Bru, we refer to it as Cameron-Martin formula. The section concludes
with a comparison of the two approaches.
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Algorithm 11.1 Exact Simulation for the operator L

Require: xeS_+,ozzd— landt >0
1: Compute the extended Cholesky decomposition (¢,,k,, p) of [x; jlo<i j<a
given by Lemma 11.3.3,r €{0,...,d — 1}

2: Set
o 1 0
=lo p):
X =thnT,
st li<i<r = ¢ (%1041 li<i<rs
r
wiy=x1-Y (Ui =0.
k=1
3: Sample independently » normal variates G, ..., G,4+1 ~ N(0, 1) and a non-

central chi-square random variate XOZH,("]T‘]), i.e. a non-central chi-square dis-
tributed random variable with o — r degrees of freedom and non-centrality pa-
rameter L.

t
4: Set Up1g+41) = U141 +1Giy1
50 Set Uy i1 =tx3_, (%)
6: return X =

Uit 4+ Y je (Un i 1)? [Uz,1(1+1)]1T§,§,

z'C Uraa+nhi<i<r I, 0|C'n,
0 0 0
where
1 0 0
CcC=|0 ¢ 0
0 ky Ig—r—

Algorithm 11.2 Exact Simulation for WIS, (x, «, 0, I'}; t)

Require: x ST, n<d,a>d—1landt >0

1: Sety=x.
2: fork=1ton do
3:  Construct the permutation matrix p by setting px.1 = p1x = pi,; = 1 for

i ¢{l,k},and p; ; =0 otherwise.
4:  Set y = pY p, where Y is sampled according to WIS;(pyp, «, 0, I:l; t) by
using Algorithm 11.1.
end for
6: return X =y.

b
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Algorithm 11.3 Exact Simulation for WIS, (x, «, b, a; t)

Require: xeS_+,a >d—1,a,be Mgandt >0
1: Calculate ¢, = fol exp{shla'a exp{st}ds and (c,, k., p) an extended
Cholesky decomposition of g, /1.

2: Set
c 0
0, = P_l "
kn T4,
and m; = exp{tb}.

3: return X =0,Y0tT, where Y ~ WISd(G,_lmtxmlT(G,_l)T, o, 0, I;; t) is sam-
pled by Algorithm 11.2.

11.4.1 Linearization Applied to Wishart Processes

We assume the following dynamics for the Wishart process,
dX;=(ea'a+bX, +X,b")dt + (VX,dW,a+a' dW,/X,), (11.423)
and the infinitesimal generator is given by
L= Tr([aaTa +bx + be]D) + 2Tr(xDaTaD),

see Lemma 11.3.5. As in Chap. 9, we study the discounted conditional characteristic
function,

Uy(u,x,t,7)
T
= E(exp{—/ (no + Tr(nXS))ds} exp{Tr(luXT)}LA,)
t
= exp{VO(r, ) — Tr(V(r, lu)X,)},

where t = T — t. The Feynman-Kac argument now yields, where we use ¥ =
Px(u,x,1,7),

ov
=LV - (no + Tr(nx))
= Tr((aaTa + bx + be)DlI/ + 2xDaTaDl1/)
— (no + Tr(yx)).
On the other hand,
ov d

_4y0 d
¥ = EV (T) — Tr(EV(‘E)x),
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which yields
d‘;or(f) - Tr(%V(t)x)
=Tr((eaa’ +bx +xb")D¥ +2xDa'aDV¥)
— (no + Tr(yx))
=Tr((ea"a+bx +xb" )(—V) +2xVa'aV)
— (no + Tr(nx)),
subject to the initial conditions
vO0(0) =0, V(0) = —tu.

By identifying the coefficients of x, we obtain the matrix Riccati ODE satisfied by
V(z):

—iV(z) =-V@b->b'V@)+2V(t)a'aV(r) -y, (11.4.24)

dt
and
d‘;or( 2 - Tr(ea’a(=V(1))) = 0. (11.4.25)
From Eq. (11.4.24) we get
dZS) =V(@b+b"V(r) —2V(r)a'aV(1) +1. (11.4.26)

We now employ the linearization idea from Chap. 9, and set
V(@) =F(1)~'G(0),
where F(t) € GL(d) and G(t) € M,. Now
d d d
—(F@V(@) - (E“”)V(” =F() V().
and substituting (11.4.26), we get

i(F(z)V(r)) — LRV =FOV(Db+ F0)bV
dt dt

—2F(t)V(t)aaV(z) + F(0).

Matching coefficients, we obtain

dicm — G(0)b+F(o)n
H (11.4.27)

iF(r) =—-F(@)b" +2G(1)a'a,
drt

which can be written as

d b 2a'a
E[G(r) F(0)]=[G(x) F(r)][77 —bT:|'
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The solution is obtained through exponentiation,
b 2a'a
[G(t) F(@)]=[G0) FO)]expit y b7
[V(O) P ] b 2a'a
= X T
d p 7 _bT
=[(VOOA1(T) + A21(D) (VO A12(7) + An(D)],
where we use the notation
A1(t) Ap(r) b 2aa
=expiTt T
A2 (7) An(T) n —b
for the matrix exponential. Hence
V(1) = [V0) A1x(0) + Ana(0)] ' [VO) A11(2) + A2 (7)]
=[—1uAn() + Azz(f)]_l[—luAll(T) + A21(1)],
since V(0) = —iu. As usual, a direct integration allows us to compute
d
e VO(2) = ~Tr(aa"aV(z)) — no, (11.4.28)
T
which implies that
T
Vo) = —/ Tr(aaTaV(s)) ds —not. (11.4.29)
0

Performing the integration in (11.4.29) can be cumbersome, hence we employ the
following technique from Da Fonseca et al. (2008c). Equation (11.4.27) can be

rewritten as

1/d _
§<EF(1)+F(t)bT>(aT ) =G

and from
V(@) =F '()G(1),
we obtain
(4 N
F(o)V(r) = > (dt F(r)+F()b )(a a) ,
which is equivalent to
1/ _ d -
VD) =5 (F 1(1)EF(1) + bT) (a"a)”,

which we substitute into (11.4.28) to obtain,
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d 1 d —1
—Vo%t)=-TrlaaTa=F'(1)—F b" )(a” -
e (1) r(aa a3 ( (r)dr (r) + (a'a) 10

_ % (1 L T\ _
= 2Tr<F (r)drF(r)er) 1o,

which gives
Vo(r) = —%Tr(log(F(r)) + th) —1noT.

We conclude that the solution can be explicitly represented in terms of blocks of a
matrix exponential. Before discussing this solution further, we present a competing
method from Gnoatto and Grasselli (2011) and conclude this section with a com-
parison.

11.4.2 Cameron-Martin Formula

In this subsection, we present an alternative derivation of the Laplace transform.
The result is presented in Gnoatto and Grasselli (2011), and it generalizes a result
from Bru (1991), namely Eq. (4.7) in Bru (1991). We first state the result and then
compare it with the one from the preceding subsection.

Theorem 11.4.1 Let X € WIS; (X, «, b, a), assume that a € GL(d),
bT(aTa)_1 =(a’ )_lb,

let « > d + 1, and define the set of convergence of the Laplace transform

t
D, = {w,veSd: E(exp{—Tr(th—i—/ vX,,du)}) <oo}.
0

Then for all w, v € D, the joint moment generating function of the process and its
integral is given by:

b (exp|-1r(wx + [ Xy )

= det(exp{—bt}(cosh(~/31) + sinh(vT1)k)) ?
—1 [Fp(aTy—1 T \—1
X exp{Tr((a \/;l;(a ) — (a 112) b)Xg)},

where the matrices k, v, w are given by

k = —(v/3 cosh(v/t) + w sinh(v31)) ™' (v/B sinh(v/1) + ® cosh(v/31)),
V= a(2v +bTa! (aT)_lb)aT,
w=a2w—(a’ )_lb)aT.
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The proof of Theorem 11.4.1 can be found in Gnoatto and Grasselli (2011), it
consists of three parts. The first establishes the result for WIS;(Xo, @, 0, I 4), and
consequently the conclusion of the first part is extended to WIS;(Xo, «, 0, a). The
final part establishes the result for WIS, (X, «, b, a@). Here, we present the first two
parts of the proof, for the third part, we refer the reader to Gnoatto and Grasselli
(2011). Before proceeding with the proof, we recall two results from Bru (1991).
The next result is Proposition 2 in Bru (1991).

Lemma 11.4.2 If & : i+ — g is continuous, constant on [t, o0) and such that

its right derivative (in the distribution sense) @' : Rt — S is continuous, with
®(0) =14, and ®'(t) =0, then for every Wishart process X € WIS;(x,a,0,1%),

we have
t
E(exp{—lTr(/ ¢”(s)¢_l(s)Xsds)}>
2 0

o

1
= (det ®(1))> exp{ETr(xoqﬁ(O))},
where
&1 (0)=1lim®'(¢).
N\
Also, we recall Theorem 3 from Bru (1991), see also Proposition 11.3.2.

L_emma 11.4.3 Let X be a WIS;(Xo, @, 0, I 4) process, where o« >d + 1, and u €
Sj, then

4

E(exp{—Tr(uX,)}) = (det(Id + 2tu)) 2 exp{—Tr(X()(Id + 2tu)_1u)}.

We now establish the result from Theorem 11.4.1 fora WIS, (x, «, 0, I ;) process,
which is Proposition 2 in Gnoatto and Grasselli (2011).

Proposition 11.4.4 Let ¥ € WIS (x,®,0, 1), then

t(ow] (o, + [[5.05)))

3

1
= det(cosh(+/v1) + sinh(v/v1)k) 2 exp{ ETr(Zoﬁk) },
where k is given by

k = —(v/vcosh(v/vt) + wsinh(v/v1)) ' (v/o sinh(v/v1) 4+ w cosh(v/1)).
(11.4.30)

Proof By Lemma 11.4.2, we have to solve the ODE:
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" (s)=vd(s), se(0,1),
di/_(t) =—-wd (1), (11.4.31)
P0)=1,.
The general solution of (11.4.31) is given by
@ (s) = cosh(/vs)k| + sinh(y/vs)k.

From the condition @ (0) = I 4, we get k1 = I ;. In order to determine k, we look at
the boundary condition at @ ~ () and hence obtain

Vv sinh(v/v1) + /v cosh(v/v1)k = —w(cosh(y/vr) + sinh(y/v1)k).

This yields the value of k given in Eq. (11.4.30). Next, we compute the derivative
of @,

@' (5) = /vsinh(y/vs) + /v cosh(y/vs)k,
which yields
lim @' (s) = /vk.
sN\O0

Since @ is constant on [, c0), we obtain that @ (co0) = @ (¢), which completes the
proof. g

Now we attend to the second part.

Corollar_y 11.4.5 Let X € WISy (x,a, 0, a), where o > d + 1 and a € GL(d), and
letu e S;'. Then
E(exp{—Tr(uX))})
= (det(I4 + 2taTau))_% exp{—Tr(u(Is+ 2taTau)_1x)}.
Proof Firstly, we note that since a € GL(d), a'a €S, and since u € 5, we

have that I; + 2ta'au € Sj. Furthermore, as demonstrated in Sect. 11.2, for
Y eWIS;(x,a,0,1,;), we can set

Xl‘ =aT2,a, IZO
to obtain

dX, =X, dW,a+a dW X, +aa adr,

where dW, = «/Y,_l QT«/Z,th is a Brownian motion, and W denotes the
Brownian motion driving X'. We apply Lemma 11.4.3 and use the fact that ¥ =
(aT)’lXoa’1 to obtain
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E(exp{—Tr(uX,)}) = E(exp{—Tr(u(aTZ'ta )})
= (det(I14 + 2tauaT))_%
X exp{—Tr((aT)leoa*1 (Is+ 2tauaT)71auaT)}
= (det(I4 + 2tauaT))7%
X exp{—Tr(Xoa_1 (Iq+ 2tauaT)_lau) ).
We now use Sylvester’s determinant theorem,
det(lg+ AB) =det(I1; + BA),
to obtain
det(Id + 2tauaT) = det(Id + 2taTau).
Since
a’! (Id + 2[auaT)_1au = u(Id + 2taTau)_1,
we compute
E(exp{-Tr(uX,)})
= (det(I4 +2ta"au))”
= (det(I4 +2ta" au))”

IR

exp{—Tr(Xou (I, + ZtaTau)_l)}
exp{—Tr(u(I4 +2taTau)_1X0)}. 0

IR

We remark that Corollary 11.4.5 is a special case of Proposition 11.3.2. The third
step, where one incorporates the drift in Eq. (11.4.23), is completed by employing
the Girsanov theorem, we refer the reader to Gnoatto and Grasselli (2011).

11.4.3 A Comparison of the Two Approaches

In this subsection, we recall the discussion in Sect. 3.4 of Gnoatto and Grasselli
(2011), which compares the linearization approach to the Cameron-Martin formula.
First, in terms of precision and execution speed, the two methods produce identical
results. However, the disadvantage of the linearization method is that the functions
F(7) and G(7) are expressed in terms of matrix exponentials, and the matrix ex-
ponential depends on the parameters @ and b of the Wishart process. Furthermore,
to obtain the function V°(z), one multiplies the remaining parameter « by the log-
arithm of F(t), and F () depends on the matrix exponential. As the matrix expo-
nential is a symbolic expression, it means that the linearization method might be
less useful if we want to understand the implications of the various model param-
eters, which is particularly important in applications. The result in Theorem 11.4.1
is strictly explicit, and furthermore it involves exponentials of d x d matrices, as
opposed to the linearization method, which doubles the dimensionality of the prob-
lem, resulting in a 2d x 2d matrix. Also, the Cameron-Martin formula does not
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require the computation of the matrix logarithm. Finally, with regards to the com-
putation of sensitivities, which play an important role in finance, we can expect the
Cameron-Martin formula to be more useful.

11.5 Two Heston Multifactor Volatility Models

In this section, we discuss two Heston multifactor volatility models, firstly a single-
asset and secondly a multi-asset model, which were presented in Da Fonseca et al.
(2007) and Da Fonseca et al. (2008c), respectively. The aim of this section is to
illustrate how to exploit the tractability of the Wishart process. For each of the
two models, we firstly discuss how to correlate the Brownian motion driving the
asset, or assets respectively, and the Brownian motion driving the Wishart pro-
cess, to retain the affinity of the model. Finally, we find that once we have an
explicit representation of the infinitesimal generator, we can immediately employ
the approach from Sect. 11.4 to compute the characteristic function. We remark
that we employ linearization, as it follows easily from the presentation. However,
instead the Cameron-Martin formula could have been used, see Gnoatto and Gras-
selli (2011), where the two models were studied using the Cameron-Martin for-
mula.

11.5.1 A Single Asset Heston Multifactor Volatility Model

In this subsection, we present a single-asset model, in which we describe the
stochastic volatility via a Wishart process. This model can be considered to be the
natural extension of the Heston model, as discussed in Sect. 9.5. Following Da Fon-
seca et al. (2008c), we model the risky asset under an assumed risk-neutral measure
via the SDE,

ds
?‘ =rdt +Tr(/X,dZ,), (11.5.32)

t

where r denotes the risk-free interest rate which, for ease of presentation, is assumed
to be constant. The process Z = {Z;, t > 0} is a matrix-valued Brownian motion,
X ={X;, t>0}isa WIS;(x, «, b, @) process, given by

dX,;=(ca'a+bX,+b'X,)dt + (VX dWia+a’ dW//X;), (11.5.33)

where « >d — 1, b € My, and a € GL(d). Following Da Fonseca et al. (2008c), we
assume b € Sd_, to obtain the mean-reverting behavior of X. We now turn to the cor-
relation structure of the Brownian motions Z and W. In particular, Da Fonseca et al.
(2008c) introduce a correlation matrix R € M to obtain the following correlation
structure,

Z,=W,R" +B,VI—RR", t>0, (11.5.34)
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where B = {B,, t > 0} is a Brownian motion independent of W. The next proposi-
tion establishes that Z is a Brownian motion.

Proposition 11.5.1 The process Z ={Z;, t > 0} defined in Eq. (11.5.34) is a Brow-
nian motion.

Proof We use Theorem 10.4.5 to obtain the proof. Clearly, the process Z is a local
martingale. Furthermore,

d d
dZ;j=> dWi i Rjx+ Y dB (VI — RR"), ..

k=1 k=1

Hence we have

dlZ.ij, Z. kil

d
= (Z RjmRim+ (VI - RRT)m,j(\/I - RRT)m’l>1i:k dt

m=1
= Ij,llizk dt
=1;—1;- dt,

which completes the proof. g
The next result discusses the correlation structure of Z, and W,.

Proposition 11.5.2 The covariance of Z; and W, is given by
Cov(Z;, W) =tI;QR. (11.5.35)

Proof From Definition 10.3.7, we have

Cov(Z;, W;) = E(vec(Z;r)vec(W;r)T) — E(vec(Z;l—))E(vec(W[T))T

= E(vec(RW;r)vec(W;r)T).

We find it convenient to denote the i-th row of W; by w;, and regarding the matrix
RW/, we denote its j-th column by r ;, so that

d

Y1 RiaWik
d

2 k=1 R Wik

rj=

d
Yiei RaiWik
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Hence
m
E(vec(RW yveeW) )V =E || : |[wi-- w4l
_rlwl e F1Wy
=F
_rdW1 cee FgWy
lll,lR tll,dR
= : : (11.5.36)
tlg1R - t34R
=tl;® R.
To see equality (11.5.36), we consider an element of the matrix r;w,,, say the ele-
ment [r;w,,]; j, wherei, j,I,m € {1, ..., d}. This element admits the representation
d
Z RitWe ik Wemj.
k=1
Consequently,
d
0 forl #m
E Ri Wi kWi i | =
(kZ:l i,k Wi,lk t,mj> { [R; forl = m. O

Hence, R, which is a d x d matrix, summarizes the covariance structure, which
is, in principle, a matrix of size d> x d”. We choose to summarize the covariance
structure by R, as it preserves the affine structure of the model, which is crucial for
analytical tractability.

We now turn to option pricing. It is convenient to work with the logarithm of the
stock price, i.e. Y; = log(S;), which satisfies the SDE

1 /
dYt:<V—5TT(X[)>dt+Tr(\/ft(thRT‘i_dBt Id_RRT))

As in Da Fonseca et al. (2008c), we work with the infinitesimal generator of the
process, which then allows us to employ linearization to compute the Laplace trans-
form. Alternatively, the Cameron-Martin formula could have been employed, we
refer the reader to Gnoatto and Grasselli (2011) for this approach. Recall that the
Laplace transform is given by

¥y (1) = E(exp{y Yi1c})
:exp{Tr(A(r)X,) +b(1)Y; +c(t)}, (11.5.37)

where y € N, A(t) € My, b(r) € N and c(t) € R. We use Ly to denote the in-
finitesimal generator of X, and Ly x to denote the infinitesimal generator of (Y, X).
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Recall from Lemma 11.3.5 that the infinitesimal generator of X is given by
Ly = Tr([aaTa +bx + be]D + 2xDaTaD),

where D is a matrix differential operator with D; ; = (%), and from Da Fonseca
L]
et al. (2008c), Proposition 3.1, we obtain the infinitesimal generator of (¥;, X,),
which is given by
L Ly )2 4 Lviay &
=\r—=Trx) | —+ =Tr(x)—
rX 2 ay 2 dy2
+Tr((wa"a+bx +xb")D +2xDa'aD)
ad
+2Tr(xRQD)a—. (11.5.38)
y

Using the Feynman-Kac argument, we have

oY, 1
0t

= LY,XlI/)/,t
and

¥y, (0) = exp{y Y:}.
Using Eq. (11.5.38), we obtain that

AW, 1 v, 1 92w,
v~ (r - ETr(x)) Lt ST () v

ot ay 0y?
+ Tr((ozaTa +bx + be)DlIJ,,,,
+2(xDaaD)¥,,)
oY, s
+2Tr(xRaD) ~,
at
subject to A(0) =0, b(0) = y, and ¢(0) = 0. From Eq. (11.5.37), we obtain that
oYy, d d d
—=Tr| —A —b — .
5 r(dt (r)x> + )y + P c(7)

Identifying the coefficients of y, we obtain
d
—b(t) =0,
e (7)

hence b(t) = y, for T > 0. The remaining part of the argument is identical to the lin-
earization procedure employed in Sect. 11.4. We obtain the following matrix Riccati
ODE satisfied by A(7),

%A(” =A@b+(b' +2yRa)A(r) +24(r)a aA(r) + @u,

subject to the condition A(0) = 0. Again, we compute c(t) by direct integration,

j—fc(r) = Tr(aaTaA(r)) + yr,
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subject to ¢(0) = 0. As in Sect. 11.4, we double the dimension of the problem, by
setting

A =F ' (DG(),
where F(t) € GL(d), G(t) € M. Hence we conclude that

[G(r) FM]=[(AOA1(T) +A2(1)) (AD)A(T)+An(1))],

where
A(t) Ap(r) b —2a'a
=P T v T :
AZI(T) A22(T) VTId —(b +2)/Ra)

‘We conclude that

A(D) = (AA (D) +An®) " (AO)AL(2) + A2 (0)
= (Azz(f))_lAzl (1),
since A(0) = 0. Lastly, we conclude that
c(r) = —%Tr(log(F(r)) + (" +2yRa)t) +yrr,

which, as in Sect. 11.4, avoids a numerical integration to compute c(7).

11.5.2 A Heston Multi-asset Multifactor Volatility Model

We now discuss Wishart processes in a multi-asset framework. The model presented
in this subsection first appeared in Da Fonseca et al. (2007) and extends the models
presented in Sect. 6.7. Under an assumed risk-neutral measure, we use the following
model for the vector of risky assets,

dS; = Diag(S;)(r1dt ++/ X, dZ,), (11.5.39)
where 1 =(1, ..., I)T, and Z={Z;,t >0} e R is a vector-valued Brownian mo-

tion. The process X = {X,, t > 0} is a WIS, (x, «, b, @) process with dynamics
dX,=(ca'a+bX,+X;b")dt + /X, dW,a+a' dW]/X,,

whereaw >d—1,b € M  and a € GL(d). We now make the following assumptions,
cf. Da Fonseca et al. (2007):

Assumption 11.5.3 The following assumptions are in force in this subsection:

1. the continuous-time diffusion model for S is a linear-affine stochastic factor
model with respect to the log-returns and variance-covariance factors X. zs;

2. the stochastic covariance matrix is given by the Wishart process X;

3. the Brownian motion driving the assets’ returns and those driving the instanta-
neous covariance matrix are linearly correlated.

Now we discuss how the Brownian motions Z = {Z;, t > 0} and W = {W,,
t > 0} can be correlated in order to satisfy Assumptions 1-3 above.
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First we introduce d real-valued matrices Ry € My, k=1, ...,d, so that
dzf =\/1 —Tr(RcR])dBf + Tr(RcdW/), k=1,....d,
where the vector Brownian motion B = (B!, ..., Bd) is independent of W. We

point out that for a generic choice of Ry the model in Eq. (11.5.39) need not remain
affine. Instead, we show the following result from Da Fonseca et al. (2007), which
explains how the Brownian motions can be correlated. For a proof, we refer to Da
Fonseca et al. (2007).

Proposition 11.5.4 Assumptions 1 and 2 imply that for k =1, ...,d, the correla-
tion matrix Ry is given by

0O 0 O
Ri=|p - pg | < kthrow, (11.5.40)
0O 0 O

where p; € [—1,1],i=1,...,dand p"p < 1.

Equation (11.5.40) implies that the Brownian motion driving the asset vector has

to satisfy
dZt =4/ 1 - prdB[ +dW;p

In particular, for d = 2, this means that

dZ;1=1/1—(p} + p3)dBi1 + (dW; 11 p1 +d Wi 12 p2)

dZip=1/1—(p} 4+ p3)dB: 2+ (dW; 2101 +dW; 22 p2).

So all elements of the correlation vector p = (p1, p2) feature in both Brownian
motions, Z; and Z5.

We now turn to derivative pricing. Recall from Lemma 11.3.5 that the infinitesi-
mal generator of the Wishart process X is given by

Lx =Tr([ea"a+bx +xb"|D +2xDa'aD),
and furthermore, the infinitesimal generator of the asset returns, Y; = log(S;), is

given by

1 1
Ly =V, (rl — EVec(xi,')> + EVyxvyT

d d 2
1 ) 0 1 0
S () AN N
i=1( 2 0y 21.’].=1 0y 8)’]
where V, denotes the gradient operator, V), = (8‘%, R %). Lastly, from Proposi-

tion 4 in Da Fonseca et al. (2007), we have
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Ly x =Tr((eda"a+bx +xb")D +2xDa'aD)
1 1 T
+Vylrl— EVec(xi,-) + EVyxVy

+2Tr(Da’ pVyx),

where D is a matrix differential operator with elements

L] — ax%j ’

and Vec(x;;) is the vector comprised of the elements x;;,i =1, ..., d. We now attend
to the computation of the affine transform of the log-returns under the assumed risk-
neutral measure,

W, = E(exp{(y, Yi+c) I A).
As before, we apply the Feynman-Kac argument,

oWy ¢
ot
We guess that ¥y, ; is exponentially affine in X, and Y, so we assume that

=Ly x¥,.,. (11.5.41)

W, =exp{Tr(A(X) + BT (DY, +c(v)}, (11.5.42)
where A (1) € My, B(r) € R?, and c(t) € N. From Eq. (11.5.41), we compute

v, .,

5= Tr((wa"a+bx +xb")D +2xDa"aD)¥, ,

1
+Vy <r1 — EVec(Tr(e,‘ix)))llfy,t

1 T
+§Vyxvy lp)’,t

+ 2Tr(DanVyx)lI/y,,,

0y
at

where e;; = (8, j k) jk=1,..4 denotes the canonical basis of M,. Replacing
we get

B d d d
0= —Tr(EA(r)x) - Eﬂ (D)y — d—rc(r)
+ ﬂT(r)<r1 — %Vec(Trwi,-x))) + %ﬂT(t)xﬂ(r)

+ Tr((aaTa + bx + be)A(‘L’) + 2xA(r)aTaA(r))

+2Tr(A(m)a’ pBT ()x),
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that is

__ (L 9 iy =L
0= Tr(th(r)x+8Tﬂ(r)y) BTC(T)

T Tr(rl/ﬂr) -3 éﬂi (Deix + %B(r)ﬁT(r)x>
+Tr((ea"a+bx +xb")A(z) + 2xA(v)a " aA(z) + 2A(v)a pBT (0)x),
subject to the boundary conditions
A0)=0, BO) =y, c(0)=0.

Identifying the coefficients of y we deduce

d

- =0,

7= B(7)
hence B(t) = y, for Tt > 0. As in Sect. 11.4, by identifying the coefficients of X,
we obtain the matrix Riccati ODE satisfied by A(7),

d

d 1 1
—A@=AMb+ bTA(T) — 3 X;yie,-i +2A(t)a aA(x) + E”"T
1=

+AM@a'py" +yp aA()
=A@ (b+apy")+ (0" +yp a)A(r) +2A(1)a aA(r)
1< 1
3 Z}’ieii + 5}’)’ ,

=

subject to A(t) = 0. Doubling the dimension of the problem, as in Sect. 11.4, we
obtain

A7) = (A(0)A12(0) + Azz(f))_l(A(O)An(f) + A21(1)),
where
An(r) Anp(r) | b+a'py’ —2a'a
[Am) Azz(f):| :exp{t (%(ny — yien) —B +ypTa>)}'
For the function ¢(t), we have

d
d—c(r) = Tr(rlyT + aaTaA(r)),
T
subject to the initial condition ¢(0) = 0. We can solve the above equation to yield
o
c(r) = —ETr(log(Azg(r)) +1b" + ty,oTa) + tryTl.

Consequently, we price derivatives as discussed in Chap. 8.
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