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This work deals with the simulation of Wishart processes and affine dif-
fusions on positive semidefinite matrices. To do so, we focus on the splitting
of the infinitesimal generator in order to use composition techniques as did
Ninomiya and Victoir [Appl. Math. Finance 15 (2008) 107-121] or Alfonsi
[Math. Comp. 79 (2010) 209-237]. Doing so, we have found a remarkable
splitting for Wishart processes that enables us to sample exactly Wishart dis-
tributions without any restriction on the parameters. It is related but extends
existing exact simulation methods based on Bartlett’s decomposition. More-
over, we can construct high-order discretization schemes for Wishart pro-
cesses and second-order schemes for general affine diffusions. These schemes
are, in practice, faster than the exact simulation to sample entire paths. Nu-
merical results on their convergence are given.

Introduction. This paper focuses on simulation methods for Wishart pro-
cesses and more generally for affine diffusions on positive semidefinite matrices.
Before explaining our motivations and our main results, we start with a short in-
troduction to these processes. Even though we use rather standard notation for
matrices, they are recalled at the end of the Introduction, and we invite the reader
to first give a quick look at it. Wishart processes have been initially introduced by
Bru [4, 5]. They are also named because their marginal laws follow Wishart dis-
tributions. Very recently, Cuchiero et al. [7] have introduced a general framework
for affine processes on positive semidefinite matrices Sj (R) that embeds Wishart
processes and includes possible jumps. In this paper, we only consider continuous
processes of this kind. Such processes solve the following SDE:

t t
(1) Xf=x+f0(&+B(X§))ds+/0(,/X;deSaJraTdWsT,/X;f).

Here, and throughout the paper, (W, t > 0) denotes a d-by-d square matrix made
of independent standard Brownian motions and

2) x,aeS;R), aeMy®) and BeL(S;(R))
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is a linear mapping on Sz (R). Wishart processes correspond to the case where

T

Ja >0, d=aa a and

3)
3b € My(R),Vx € Sy(R) B(x) = bx + xb'.

When d =1, (1) is simply the SDE of the Cox—Ingersoll-Ross (CIR) process that
has been broadly studied, and we will implicitly assume that d > 2 throughout
the paper. Weak and strong uniqueness of SDE (1) has been studied by Bru [5],
Cuchiero et al. [7] and Mayerhofer, Pfaffel and Stelzer [22]. Here we sum up their
results.

THEOREM 1. Ifx € S (R), @ — (d — Dala € S§(R) and B satisfies the
following condition:

4) Vxi,x2 € S (R) Tr(xix2) =0 == Tr(B(x1)x2) >0,

there is a unique weak solution to the SDE (1) in Sj (R). We denote by
AFF,(x,a, B, a) the law of (X;);>0 and AFF,(x,a, B, a;t) the marginal law
of Xi. If we assume, moreover, that & — (d + Dala e SJ(R) and x € SJ’*(R),
there is a unique strong solution to the SDE (1).

Under the parametrization of Wishart processes (3), condition (4) is satisfied
and weak uniqueness holds as soon as o > d — 1. In that case, we denote by
WISy (x, o, b, a) the law of the Wishart process (X} ):>0 and WISy (x,a,b,a;t)
the law of X7 .

Throughout the paper, when we use the notation AFF;(x, «, B, a) or AFF;(x,
o, B,a;t) [resp., WISy (x, o, b,a) or WIS;(x, «, b, a; t)], we implicitly assume
that@ — (d — Da’la e SJ(R) (resp., « > d — 1) and B satisfies (4) so that weak
uniqueness holds.

In her Ph.D. thesis [4], Bru introduced Wishart processes and used them in
biology to study perturbed experimental data. Recently, great attention has been
paid to Wishart processes for applications in finance. Namely, Gourieroux and Su-
fana [14] and Da Fonseca, Grasselli and Tebaldi [8] have suggested the use of these
processes to model the instantaneous covariance matrix of d assets. It naturally ex-
tends stochastic volatility models for only one asset like the Heston model [16].
Obviously, processes on positive semidefinite matrices are really interesting to
model the evolution of a dependence structure because they can describe a co-
variance matrix. However, when dealing with applications, it is, in general, crucial
to be able to sample paths of such processes and make Monte Carlo algorithms.

To the best of our knowledge, there is minimal literature on simulation meth-
ods for Wishart and general affine processes (1). Wishart distributions have been
intensively studied in statistics when « € N. In this case, exact simulation meth-
ods have been proposed by Odell and Feiveson [25], Smith and Hocking [26] and
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Gleser [12], to mention a few. Concerning discretization schemes, the usual Euler—
Maruyama scheme is not well defined because of the square-root. This already
happens for the CIR process (d = 1). One has then to find specific schemes. Re-
cently, Benabid et al. [3] and Gauthier and Possamai [10] have proposed numerical
approximations for Wishart processes that are well defined under some restrictions
on the parameters. However, there is no result on the accuracy of their methods.
Currently, Teichmann [29] is working on dedicated schemes for general affine pro-
cesses by approximating their characteristic functions. Our study here is only ded-
icated to the diffusion (1).

Initially, our goal was to find high-order discretization schemes for Wishart pro-
cesses by splitting operators and using scheme compositions. Indeed, this approach
has already proved to be very efficient for other affine diffusions (see [2]). The
main difficulty here was to find a splitting that involves infinitesimal generators
of diffusions that are well defined on S; (R) and that can be simulated. Doing
so, we incidentally have found a remarkable splitting for some canonical Wishart
processes: the infinitesimal generator of WIS, (x, &, 0, 1) is the sum of commut-
ing operators that are associated to elementary SDEs that can be sampled exactly.
With the help of a simple but useful law identity, this enables us to sample exactly
Wishart processes for any admissible parameter. In particular, our result extends
the Bartlett’s decomposition that is commonly used to sample central Wishart dis-
tributions. This splitting is not only interesting for the exact simulation method. It
is also useful to construct high-order discretization schemes for Wishart processes
that are, in practice, faster to generate full paths. In fact, it allows us to get a high-
order scheme that preserves the domain S; (R). We provide a rigorous analysis of
the weak error in this framework. Still, by using the splitting technique, we also
get a second-order scheme for any affine diffusion (1) without any restriction on
the parameters.

This paper is structured as follows. First, we present some general results on
affine diffusions. We calculate their infinitesimal generator and obtain interesting
identities in law that are intensively used next for the different simulation methods.
Section 2 is devoted to the exact simulation of Wishart processes. It exhibits the
remarkable splitting of the infinitesimal generator and shows how it can be used to
sample exactly any Wishart distribution. Section 3 deals with high-order schemes
for affine diffusions. Thanks to the remarkable splitting, we are able to construct
a third-order scheme for Wishart processes and second-order schemes for affine
diffusions. Last, we give numerical illustrations of our convergence results in Sec-
tion 4. We compare the time required by each method and also give a possible
application of our results in finance.

Notation for real matrices.

e Ford,d e N*, M ;(R) denotes the real d square matrices and M4 (R) the
real matrices with d rows and d’ columns.
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o S;(R), Sj (R), S;’*(]R) and G4(R) denote, respectively, the set of symmetric,
symmetric positive semidefinite, symmetric positive definite and nonsingular
matrices.

e Forx e My(R),xT, adj(x), det(x), Tr(x) and Rk(x) are, respectively, the trans-
pose, the adjugate, the determinant, the trace and the rank of x.

e Forx € S:[ (R), «/x denotes the unique symmetric positive semidefinite matrix
such that (/x)? = x.

e The identity matrix is denoted by I; and we setforn <d, I] = (Li=j<n)1<i, j<d
and ej = (1j—j—n)1<i,j<d» SO that I} =37, eil. We also set for 1 <i,j <d,
e = (Lkmii=j)1<k,i<d-

e For x € §4(R), we denote by xy; ;) the value of x; ;, so that

ij i
X = Z X{ivj}(edj + ]li;éjeé ).
I<i<j=d
We use both notation in the paper: notation (x;, j)1<;, j<a 1s more convenient for
matrix calculations while (x(;, j})1<i<j<d is preferred to emphasize that we work
on symmetric matrices.

e For Ay,...,Aq € R, diag(A1,...,Ay) denotes the diagonal matrix such that
diag(A1, ..., A@)ii = A

1. Some properties of affine processes on positive semidefinite matrices.

1.1. The infinitesimal generator on Mg(R) and Sz (R). We start with a simple
lemma. It is useful to calculate the infinitesimal generator of processes on matrices.

LEMMA 2. Let (F;)s>0 denote the filtration generated by (W;, t > 0). We con-
sider continuous (F;)-adapted processes (A)i=0, (Bt)r>0 and (Ct)s>0, respec-
tively, valued in M4(R), Mg4(R) and S4(R), and a process (Y;);>0 that admits
the following semimartingale decomposition:

(5) dY, =C,dt + B, dW,A, + AT dw! B .

Then, fori, j,m,n € {1, ...,d}, the quadratic covariation of (Y;); j and (Y;)m n is
d((Yt)i.j» Y)m.n)

(6) = (BB )im(Al A jn + (BiB])in(A] A jm

+ (BeB]) j (AT A)in + (B:BD) j n (AT A)i w1 dt.

It is worth noticing that the quadratic covariation given by (5) depends on A;
and B; only through the matrices A,T A; and By BtT . Lemma 2 enables us to easily
calculate the infinitesimal generator for the affine process (1) which is defined by

ELf(X)] - f()
t

xeS;®),  LMf)= lim

for f € C*(My(R), R) with bounded derivatives.
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In fact, we get that the generator of AFF;(x, @, B, a) is given by
LM =Tr([@ + B(x)]|DM)
(7 + 12 Tr(xDMa’ aD™M) + Tr(x (D) a” aD™M)
+ Tr(x DMaT a(DM)T)H},

where DM = (9i,j)1<i, j<a- Since we know that the affine process (X7 );>¢ takes
values in Sj (R) € S4(R), we can also look at the infinitesimal generator of this
diffusion on S4(R), which is defined by

E[f(X)]— f(x)
t
for f € C*(Sz(R), R) with bounded derivatives.

xeS;®),  LOf(x)= lim

For x € S4(R), we denote by xy; j; = x; j = x;; the value of the coordinates (i, j)
and (j, i), sothatx =31 ;g xq jy(ey’ +1izje)"). For f € C*(S4(R), R), we
then denote by dy; ;) f its derivative with respect to xy; j;. For x € My(R), we set
T(x)=(x +xT)/2. It is such that 7w (x) = x for x € S;(R), and we have

LS f(x)=LMf om(x).

By the chain rule, we have for x € Sy(R), 3;,j f o (x) = (Lj=j + 51i)di, jy f ()
and get from (7) the following result.

PROPOSITION 3. The infinitesimal generator on S;(R) associated to AFF;(x,
a, B, a) is given by

(8) L® =Tr([@ + B(x)]D®) + 2 Tr(x D®a’ aD®),
where DS is defined by ij = 1= + %]li#)a{i’j},for 1<i,j<d.

Of course, the generators L™ and LS are equivalent; one can be deduced from
the other. However, L® already embeds the fact that the process lies in Sy(R),
which reduces the dimension from d? to d(d + 1)/2 and gives, in practice, shorter
formulas. This is why we will mostly work in the sequel with infinitesimal gener-
ators on Sz (R). Unless it is necessary to make the distinction with LM, we will
simply denote L = LS.

1.2. The characteristic function of Wishart processes. As for other affine pro-
cesses, the characteristic function of affine processes on positive semidefinite ma-
trices can be obtained by solving two ODEs. In the case of Wishart processes, it
is possible to solve explicitly these ODEs by solving a matrix Riccati equation
(see Levin [20]). Here, we give the closed formula for the Laplace transform and
a precise description of its set of convergence.
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PROPOSITION 4. Let X} ~ WISy(x, e, b,a;1), g = fé exp(sb)a’ aexp(s x
bT)ds and m; = exp(tb). We introduce the set of convergence of the Laplace
transform of X7, Dp.a.r = {v € Sq(R), E[exp(Tr(vX;))] < oo}. This is a convex
open set that is given explicitly by

9) Dp.a;r ={v € Sa(R), Vs €0, 1], s — 2q5v € Ga(R)}.

Besides, the Laplace transform of X} is well defined for v = vg + iv; with vg €
Dp.a:t» v1 € Sqa(R) and is given by

exp(Tr[v(lz — 2q,v)_1m,xm,T])

(10) Efexp(Tr(vX; )] = det(ly — 2¢,v)%/2

The characteristic function corresponds to the case vg = 0 that clearly belongs
to Dy 4:;. The proof of this result is given in Appendix B.1. The formula (10) is
well known in the literature, and our contribution is to characterize precisely the
set of convergence. In particular, let us observe that pl; € Dy 4., when p > 0 is
small enough, which will help us to study the Cauchy problem (Proposition 14).

Last, let us remark here that for X ¥~ WIS;(x, 0,0, 1 [;’; t), the formula above
becomes even simpler and we have for v = vg 4 iv; such that vg € Dy, 4, V) €
Sq(R),

exp(Trlv(ly — 2t 11v)~1x])
det(ly — 2t I}}v)*/?

(11) Elexp(Tr(vX}))] =

1.3. Some identities in law for affine processes. This section gives simple but
interesting identities in law for affine processes. First, we observe that their in-
finitesimal generator (8) only depends on a through a’ a and get

(12) AFFy(x,&, B.a) = AFFy(x.a, B.VaTa).
aw

Also, it is natural to look at linear transformations of affine processes. Let g €
G4(R) and define B, € £(S4(R)) by B,(x) = (q7)"'B(qgTxq)q". One easily
has that B satisfies (4) iff B, satisfies (4), and we get

(13) AFFd<x,6z,B,a)waqTAFFd((q‘l)qu‘l,(q‘l)T&q‘l,Bq,aq‘l)q,

since both processes solve the same martingale problem. An interesting conse-
quence is given in the following proposition: any affine process can be obtained as
a linear transformation of an affine process for which « is a diagonal matrix and
a = I}. Since our main goal here is to sample paths of such processes, this says to
us that it is sufficient to focus on this special case.

PROPOSITION 5. Let n = Rk(a) be the rank of a’a. Then, there exist a di-
agonal matrix § and a nonsingular matrix u € G4(R) such that @ = u” su and

ala= uTlgu and we have

AFFy(x.&. B.a) = ul AFE (™ HTxu™',8, By, I"u,
w
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whereVy € S4(R), B, (y) = (u_l)TB(uTyu)u_l .

The proof of this result consists of algebraic arguments and is found in Ap-
pendix B.2. It gives, in particular, a general way to compute u and §. Let us notice,
however, that in the case of Wishart processes, u can directly be obtained by using
a single extended Cholesky decomposition (Lemma 23).

Up to now, we have stated identities for the law of affine processes. Thanks to
the explicit characteristic function of Wishart processes, we are also able to get
another interesting identity on the marginal laws.

PROPOSITION 6. Lett>0,a,b € My(R) and @ >d — 1. Let m; = exp(th),
q: = fé exp(sb)aTa exp(st)ds and n = Rk(qy). Then there is 6; € G4(R) such
that q; = 16,1 C’I’OIT, and we have

(14)  WISy(x. . b,ait) = 0, WIS (0, 'mixmT (071, 2,0, 12 )0 .

This proposition plays a crucial role for the exact simulation of Wishart pro-
cesses. Thanks to (14), we can sample any Wishart distribution if we are able to
simulate exactly the distribution WIS, (x, «, 0, 17}; ¢) for any x € S; (R). In Sec-
tion 2, we focus on this and give a way to sample exactly WISy (x, o, 0, I'}; t). Let
us stress here that we can compute the matrix ; by using the extended Cholesky
decomposition of g;/¢, as it is explained in the proof below.

PROOF OF PROPOSITION 6. We apply Lemma 23 to ¢;/t € SJ(R) and
consider (p, ¢,, k,) an extended Cholesky decomposition of g;/t. We set 6; =

p! (;Z Ido_ ). Then 6, is invertible and it is easy to check that g, = 16,16 . Now,

let us observe that for v € S;(R),
det(ly — 2ig,v) = det(9, (0,1 = 2it 170 v)) = det(ly — 2it 176 v6,),
Tr[iv(lg — 2igv) 'myxm!']
=Te[i (0, )T 0 v (6,0, —2i16, 1761 v6,6,) " \m,xm! ]
=Te[i0T v0,(Ig — 2it 120 v6,) 0 Y mxmT (9,717 1.
Let X} ~ WISy (x,a, b, a;t) and )?;‘ ~ WISy (x,a,0,1};1). Then, from (10) and
(11), we get that
~pn—1 Tp—I\T
Elexp(i Tr(vX*))] = E[exp(i Tr(6 vg, X "1 @ 7))
S| T n—INT
=E[exp(i Tr(v@,Xf’ ey @) 61))]. O
Last, let us mention that (14) extends a usual identity between CIR and squared
Bessel distribution. It gives when d =1,

et 1 ( 2btx
2bt a2 =201y’

WIS | (x,a,b,a;t) = a? «, 0, 1;t>.
Law
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In that case, this identity can also be obtained directly from the SDE. Let
(XX)i=0 ~ WIS (x, &, b,a). Then, ¥, = e 2" X¥ /a? is a time-changed Bessel
squared process since dY; = o(e 20t dt) +2\/7,(e*b’ dW;). We obtain WIS (x, o,
b,a; t)L?WazeZb’ WISl(x/az,a,O, 1; I_S:bt). A linear time-change also gives
that WIS (x, «, 0, 1; At) L?WAWIsl(x/)», a,0, 1;¢), which leads to (14) by taking

A= (1—e 2t/ (2b1).

2. Exact simulation of Wishart processes. In this section, we present a new
method to simulate exactly a Wishart process. To the best of our knowledge, this
is the first exact simulation method for noncentral Wishart distributions that works
for any o > d — 1. Wishart distributions have been thoroughly studied in statis-
tics when o € N (which is then called the number of degrees of freedom). Exact
simulation methods have already been proposed in that case. For instance, Odell
and Feiveson [25] and Smith and Hocking [26] have proposed an exact simula-
tion method for central Wishart distributions based on the Bartlett’s decompo-
sition. Gleser [12] extends it to any (noncentral) Wishart distribution. Bru [5]
also explains, when o € N, how Wishart processes can be obtained as a square
of Ornstein—Uhlenbeck processes on matrices.

Here, our method relies on the identity in law (14) that enables us to focus on the
case b =0, a = Ij. Then we show a remarkable splitting of the infinitesimal gen-
erator as the sum of commuting operators. These operators are associated to SDE
that can be solved explicitly on Sj (R), which enables us to sample any Wishart
distribution.

2.1. A remarkable splitting for WIS;(x, «, 0, [ g‘). The following theorem ex-
plains how to split the infinitesimal generator of WISy (x, a, 0, I}) as the sum of
commutative infinitesimal generators. This result is the keystone of the paper and
will play a crucial role in the sequel both for the exact and discretization schemes.

THEOREM 7. Let L be the generator associated to the Wishart process
WIS (x, «,0, 1 g‘) and L & be the generator associated to WIS, (x, a, 0, e;) for
i€{l,...,d}. Then, we have

n
(15) L=Z}Leb and Vi,je{l,....d}  LiLy=L, L.
1=

PROOF. From (8), we easily get that L =), Lﬂ’f; since I = Y7_, e/;. The
commutativity property comes from a tedious but simple calculation. [
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Beyond the commutativity property, two other features of (15) are important to
notice:
e The operators L & and L, are the same up to the exchange of coordinates i

d
and j.

e The processes WIS, (x, «, 0, eil) and WISy (x,,0, 17) are well defined on
S; (R) under the same hypothesis, namely, « >d — 1 and x € Sj (R).

This second property makes possible the composition that we explain now. Let us
consider t > 0 and x € SJ (R). We define, iteratively,

X ~ WISy (x, .0, el 1),

1,x
X,z’X[ ~ WISd(X,I’x, «, 0, 6[21; 1),

1,x 1,x

X
X~ WISg(XP T @, 0, 7).

1,x . 1,x

X X
", X" s sampled according to the distribu-

1,x
- X, .
tion at time ¢ of a Wishart process starting from X, L™ and with parameters
(ar, 0, e};). We have the following result.

Thus, conditionally to Xf_l’"'

1,x

X
PROPOSITION 8. Let X" be defined as above. Then

1,x

X
X~ WISy(x, a, 0, 175 1).

Thanks to this proposition, we can generate a sample according to WIS, (x, «,
0, 17; t) as soon as we can simulate WIS, (x, «, 0, eil; t). These laws are the same
as WIS, (x, «, 0, e}i; t), up to the permutation of the first and ith coordinates. In
the next subsection, it is explained how to draw such random variables.

It is really easy to give a formal proof of Proposition 8. Let X7 ~ WIS, (x, «, 0,
I7;t) and f be a smooth function on 8; (R) such that the series below
converge absolutely. By iterating It6’s formula, we have that E[f(X;)] =
Yo t*L¥ £ (x)/k!. Similarly, we also get by using the tower property of the con-
ditional expectation that

E[f (X" )] =E[E[F (X} N

+00 tk"

kn .

kn =0 n

(16)
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Simply by repeating this argument, we get that

1,x +0o0 [Z?:l ki

E Xl’l,... t — 4[,](1 . Lkz (x
Lr (xi J kw%:o kil ky! e edf )
(17 .

-y %@65 + oot Lok ) = ELF (XL,
k=0 """

To get the second equality, we identify a Cauchy product and use that the operators
L ehoe Leg commute. To make this formal proof correct, one has to check that
the series are well defined and can be switched with the expectation. This check
is made in the Appendix C.1 for our framework and remains valid as soon as the
operator LEZ and L are of affine type.

2.2. Exact simulation for WISy (x, «, 0, ecll; t). For the sake of clarity, we start
with the case of d =2 that avoids complexities due to matrix decompositions. We
deal with the general case just after.

2.2.1. The case d =2. We start by writing explicitly the infinitesimal genera-
tor Leé of WIS, (x, «, 0, eé). From (8), we get

x € Sf M),
(18) Ly () = adpi,ny f () + 250,10 1y f ()
X{2,2
+ 2x(1,2)0(1,139(1,21 f (%) + %3{21,2}1”()6)-

We now show that this operator is in fact associated to an SDE that can be explicitly
solved. We will denote by (Ztl,t > 0) and (Z,z,t > 0) two independent standard
Brownian motions in R.

When x{2 2y =0, we also have x{j 2) = 0 since x is nonnegative. In that case,

Xg=x, dX)pn=adt+2/(X)HdZ]),

d(X{)u =0, d(X{ )22y =0

(19)

has the infinitesimal generator (18), which is one of a CIR process (or of a squared
Bessel process of dimension « to be more precise). By using an algorithm that
samples exactly a noncentral chi-square distribution (see, e.g., Glasserman [11]),
we can then sample WIS, (x, «, 0, eé; t) when x(2 2y =0.
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When x{2 2; > 0, it easy to check that the SDE

CONENE

dz!
(X2 !

d(X)p 1y =adt +2J (X)),

) (XN,

VXD
d(XH)1,2 = (X2 dZ},

d(X7)p.2 =0,

+ dz?,

(20)

starting from X = x, has an infinitesimal generator equal to Le; . To solve (20),
we set

(X)1.2)?
UHan=X)Hun — SR

’

(X2
21 (X5)
{1,2} u
Uy = ——=, U221 =xp2,2)-
r {1,2} m r (2,2} {2,2}

Here, u stands for the initial condition, thatis, u = Uf. We get by using It6 calculus
that

AU = (@ — Ddt +2,/ (UM, dZ}
(22)

dU"n2=dZ? and d(U")p.2 =0.

Therefore, (U/')(1,2) and (U;"){1,1) can be sampled, respectively, by independent
Gaussian and noncentral chi-square variables. Then, we can get back X; by in-
verting (21),

XHy= U1+ UHT .,

X).2y = (UH,217/ U223, (XD = U022

This result gives an interesting way to figure out the dynamics associated to
the operator L, 1 by using a change of variable. It is worth noticing that the CIR
process (U;"){1,1y is well defined as soon as its degree a — 1 is nonnegative, which
coincides with the condition under which the Wishart process WIS, (x, «, 0, e;)
is well defined. Last, we notice that the solution of the operator L el involves a

(23)

CIR process in the diagonal term and a Brownian motion in the nondiagonal one.
A similar structure holds for larger d.
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2.2.2. The general case. We now present a general way to sample exactly
WIS, (x, «, 0, e}i; t). We first write explicitly from (8) the infinitesimal generator

of WIS, (x, &, 0, e}) for x € ST (R)
L, f () = a1y f(0) +2x1,10f 1./ ()

24 +2 Z X{1,m)9¢1,m} 01,13 f (x)
1<m<d
m#1
1
T3 D Xmndmdnf ().

1<m,l<d

m#1,1#1
As for d = 2, we will construct an SDE that has the same infinitesimal generator
L o) and that can be solved explicitly. To do so however, we need to use further

matrix decomposition results. In the case d = 2, we have already noticed that we
choose different SDEs whether x2 2 = 0 or not. Here, the SDE will depend on the
rank of the submatrix (x; j)2<; j<d, and we set
r =Rk((x;,j)2<i, j<a) €{0,...,d — 1}.
First, we consider the case where

dc, € G, lower triangular, kr € Ma_1—pxrR),

v O\ (cl kT T
(X)2<i,j<d = <k: O) ( 6 6 ) =:cc’.

With a slight abuse of notation, we consider that this decomposition also holds
when r = 0 with ¢ = 0. When r =d — 1, ¢ = ¢, is simply the usual Cholesky
decomposition of (x;, j)2<;, j<d- As it is explained in Corollary 11, we can still get
such a decomposition up to a permutation of the coordinates {2, ..., d}.

(25)

THEOREM 9. Let us consider x € SI(R) such that (25) holds. Let

(Zf)lflg_H be a vector of independent standard Brownian motions. Then, the
following SDE [convention Y ;_;(---) =0 when r = 0]

2

r r

d X))y =adt+2 | (X)) — Z(Z(Cr_l)k,l(xf){l,zﬂ}) dz,
k=1 \I=1

r r
+23 3 e (XD dZEH,
k=11=1
(26)

.
dX)iy =Y cicixdZT, i=2,....d,
k=1

d((XD k) 2<p 1< =0
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has a unique strong solution starting from x. It takes values in S; (R) and has the
infinitesimal generator L e Moreover, this solution is given explicitly by

1 0 0
X; =10 ¢ 0
0 kr Id—r—l

:
U+ 2 (UHa) (U)o, 0

(27) X k=1
(U 1) 1 <1< I 0
0 0 0
1 0 0
x|0 o k! ,
0 0 g
where

AUy = (@ —r)dt +2,/ (U1 dZ)

r

w1y =x11) — 9 (uesn)’ =0,
k=1

(8) u I+1
AU 1+1) <1<, = @Z7 1z,

(1) 1 <r<r = € (5141 1 <<

Once again, we have made a slight abuse of notation when r = 0, and (27)

should be simply read as
WHay 00
X; = 0 0 0

0 0 0

in that case. In the statement above, it may seem weird that we use for # and U}
the same indexation as the one for symmetric matrices while we only use its first
row (or column). The reason is that we can, in fact, see X; as a function of U/* by
setting

WUy = i, jy = X0,y fori,j>2 and
(29)
UHan=upnp=0 forr+1<i<d.

Thus, (¢, k-, I5—1) is an extended Cholesky decomposition of ((U/); j)2<i,j<d
and can be seen as a function of U}*. We get from (27) that
d—1

(30) X =hU")y  withh@) = L—R[u; )z -ahr @) and
r=0
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1 0 0
hr(u)=(0 cr(u) 0 )
0 k() Id r—1

ug1y + Z U{1k+1)) {1,1+1})1T515, 0

X
(u {1,1+1})1515r I 0
0 0 0

1 0 0
x10 W kw!],
0 0 lg—r—1

where (¢ (u), k-(u), Iz—1) 1is the extended Cholesky decomposition of
(ui,j)2<i,j<a given by some algorithm (e.g., Golub and Van Loan [13], Al-
gorithm 4.2.4). Equation (30) will later play an important role in analyzing
discretization schemes.

The proof of Theorem 9 is given in Appendix C.2. It enables us to simulate
exactly the distribution WIS;(x, «, 0, e}i; t) simply by sampling one noncentral
chi-square distribution for (U/*){1,1y (see Glasserman [11]) and r other independent
Gaussian random variables. As in the d = 2 case, we notice that the condition
which ensures that the CIR process ((U/)(1,1},t > 0) is well defined for any r €
{0,...,d — 1}, namely, @« — (d — 1) > 0, is the same as the one required for the
definition of WIS, (x, «, O, ecll).

REMARK 10. From (27), we easily get by a calculation made in (47) that
Rk(Xf) = Rk((xi,j)Zfi,jfd) + 1(U[”){1,1)750’ and therefore,

Rk(X7) = RK((x;, j)2<i,j<a) +1 a.s.

In particular, X; is almost surely positive definite if x € 8;’*(]1%).

Theorem 9 assumes that the initial value x € Sj (R) satisfies (25). Now we
explain why it is still possible, up to a permutation of the coordinates, to be in
such a case. This relies on the extended Cholesky decomposition which is stated
in Lemma 23.

COROLLARY 11. Letx € S; (R) and (cy, kr, p) be an extended Cholesky de-
composition of (x;, j)2<i,j<a (Lemma 23). Then, w = ((1) 2) is a permutation ma-

trix, WISq(x, o, 0, e}l)Lz 7T WIS (mxn™, a,0, el and (mxnwT)i j)o<i j<a =
aw

CT T .
(Z: 8)( z k(’) ) satisfies (25).
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T _ T _

PROOF. The result comes directly from (13), since & 7~ ! and ne}ln

1
e;. O

Therefore, by a combination of Corollary 11 and Theorem 9, we get a simple
way to explicitly construct a process that has the infinitesimal generator L, ! for any
initial condition x € Sj (R). In particular, this enables us to sample exactly the
Wishart distribution WIS, (x, , 0, e }1; t). Algorithm 1 below sums up the whole
procedure.

Algorithm 1: Exact simulation WIS, (x, «, 0, e}i; 1)

Input: x € SJ(R), d,a>d—1andt > 0.

Output: X, sampled according to WIS, (x, «, O, eall; 1).

Compute the extended Cholesky decomposition (p, k,, ¢;) of (x;, j)2<i, j<da
given by Lemma 23, r € {0, ...,d — 1} (see Golub and Van Loan [13] for an
algorithm);

Setm = (, 2), Y=mxrl, (ups)1<i<r = () " Fpus1y)1<i<r and

w1y = 1,1y — Lgo 1) = 03
Sample independently r normal variables G», ..., G,4+1 ~ N (0, 1) and
(Uf)11,1y as a CIR process at time ¢ starting from u 1,1y solving d(U/)(1,1) =

(@ —r)dt +2,/(U", 1 dZt1 (see Glasserman [11]).

Set (U1 1413 = uq1 41} + V1Gry1;
return

1 0 0
x==nT|o0 cr 0
0 ko Ilg—r—1

)
UMy + 2 (UHnen) (UHnn)i<e, 0

% k=1
((Utu){l,lJrl})lglsr Iy 0
0 0 0
1 0 0
x [0 kT )71
0 0 [lg—r—

Let us now discuss the complexity of Algorithm 1. The number of operations
required by the extended Cholesky decomposition is of order O (d>). From a com-
putational point of view, the permutation is handled directly and does not require
any matrix multiplication so that we can consider w.l.0.g. that 7 = I;. Since ¢,
is lower triangular, the calculation of uy ;j, i =1, ...,r + 1, only requires 0(d2)
operations. Also, we do not perform in practice the matrix product (27), but only
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compute the values of X ;) fori =1,...,d, which also requires O(dz) oper-
ations. Last, d samples are at most required. To sum up, it comes out that the
complexity of Algorithm 1 is of order O (d?).

2.3. Exact simulation for Wishart processes. We have now shown all the
mathematical results that enable us to give an exact simulation method for gen-
eral Wishart processes. This is made in two steps.

First, we know how to sample exactly WIS;(x, , 0, e 411; t) thanks to Theorem 9
and Corollary 11. By a simple permutation of the first and kth coordinates, we are
then also able to sample according to WIS, (x, «, 0, es; t)forke{l,...,d}. Thus,
we get by Proposition 8 an exact simulation method to sample WIS, (x, &, 0, 175 t).
It is given explicitly in Algorithm 2. Then we get an exact simulation scheme for
WIS (x, «, b, a; t) by using the law identity (14) (see Algorithm 3).

Algorithm 2: Exact simulation for WISy (x, &, 0, 1}; t)

Input: x € Sy (R),n <d,a>d —landt > 0.

Output: X, sampled according to WIS, (x, «, 0, I}; 1)

y=x

fork=1tondo
Set pi;1 = p1x = pi,i = 1fori ¢ {1, k} and p; ; =0 otherwise
(permutation of the first and kth coordinates).
y = pYp where Y is sampled according to WIS;(pyp, «, 0, ecll; t) by
using Algorithm 1.

end

return X = y.

Algorithm 3: Exact simulation for WIS, (x, «, b, a; t)

Input: x € S;(R), 0 >d — 1,a,b € My(R) and ¢ > 0.

Output: X, sampled according to WIS, (x, «, b, a; t).

Calculate g; = fé exp(sb)aTa exp(st) ds and (p, ¢, k) an extended
Cholesky decomposition of ¢; /1.

Set 6, = p‘l(iz Id(in) and m, = exp(th).

return X = 6,6, where ¥ ~ WISy (0, 'mxm? (0, )T, @, 0, [%; 1) is
sampled by Algorithm 2.

Let us analyze the overall complexity of Algorithm 3. Since it basically runs n
times Algorithm 1, it requires a complexity of order O (nd 3) and therefore at most
of order O(d*). As we have seen, the “bottleneck” of Algorithm 1 is the extended
Cholesky decomposition which is in O (d?). All the other steps in Algorithm 1 re-
quire at most O (d?) operations. A natural question for Algorithm 2 is to wonder if
we can reuse the Cholesky decomposition between the loops instead of calculating
it from scratch. For example, if it were possible to get the Cholesky decomposition
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of loop k + 1 from the one of loop k at a cost O (d?), the complexity of Algorithms
2 and 3 would then drop to O (d>). Despite our investigations, we have not been
able to do so up to now.

REMARK 12. When « > 2d — 1, it is possible to sample WIS, (x, «, 0, I/}; 1)
in O(d®) by another mean. If X! ~ WIS, (x,d, 0, I%;¢) and X? ~ WIS;(0, a —
d,0,1}7;t) are independent, we can check that th + X% ~ WISy(x,e,0,1];1).
Then, X tl can be sampled by using Proposition 21 and X t2 by using Bartlett’s de-
composition (31) since X,2 L?WfWISd(O, a—d,0,I7; 1) from (11).

2.4. The Bartlett’s decomposition revisited. Now we would like to illustrate
our exact simulation method on the particular case WIS;(0, &, 0, 17; 1), which is
known in the literature as the central Wishart distribution. In that case, we can

perform explicitly the composition X 'f el given by Proposition 8. We will show
by an induction on n that
1,0 T
n XU ((Lijh<ij<n O\ (L] N<ij<n O
G o= ( 0 o)L "o 0)

where (L; j)1<j<i<q and L;; are independent random variables such that L; ; ~
N(0, 1) and (Li,,')2 ~ x3(@—i+1) and L; j =0fori < j. This result is known
as the Bartlett’s decomposition and dates back to 1933 (see Kshirsagar [18] or
Kabe [17]).

For n = 1, we know from Theorem 9 that (Xll’o)lvl ~ x%(«) since d(th’O)l,l =

adt + 24 (X,l’o)l,l a’Z,1 with (Xé’o)l,l =0, and all the other elements are equal
to 0. Let us assume now that the induction hypothesis is satisfied for n — 1. Then,

we can apply once again Theorem 9 (up to the permutation of the first and nth coor-
1,0

X
dinates). We have Rk(X;’fl"" : ) =n — 1, a.s., and the Cholesky decomposition
is directly given by (L; j)1<i,j<n—1. Then, we get from (27) that there are inde-
pendent variables L%’n ~x*(@—n+1)and Ly;i~N(@©,1)foriefl,...,n—1}

such that
x10 (Liji<ij<n—1 0 0
- 2 0 10

0 0 I;_,
In—l (Ln,i)lfifn—l 0
n
X (Ln,i){fl'fn_l ZLI%J 0
i=l1
0 0 0
(Lllj)ngi,jfn—l 0 0
X 0 1 0
0 0 I,
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Since
I — L i)l<i<n— 0
n—1 ( n,n)lf <n-—1 In_l 0 0
(L”si){fifn—l ZL%J 0 :((Lﬂ,i)ngign—l L O)
i=1 0 0 0
0 0 0
Inv (Lpi)i<i<n—1 O
X 0 Ln’n O )
0 0 0

we conclude by induction on 7.

3. High-order discretization schemes for Wishart and semidefinite positive
affine processes. In this section, we switch from exact sampling to approximate
schemes. First, this will enable us to simulate not only Wishart processes, but also
general affine processes. More importantly, the discretization schemes that we in-
troduce are in practice faster than the exact simulation scheme, especially if one
has to sample entire paths. This will be illustrated in Section 4.

When dealing with discretization schemes, splitting operators is a powerful
technique to construct schemes for SDEs from other schemes obtained on sim-
pler SDEs. This idea of splitting originates from the seminal work of Strang [27]
in the field of ODEs. As pointed out by Ninomiya and Victoir [24] or Alfonsi [2],
it is rather easy to analyze the weak error (i.e., the error made on marginal distribu-
tions) of schemes obtained by splitting. Indeed, this can be done simply by using
the same arguments as Talay and Tubaro [28] for the Euler—Maruyama scheme.
Nonetheless, when we use the splitting technique for SDEs that are defined on a
given domain [Sc}|r (R) in our case], one has to be careful that the discretization
scheme remains in it. For example, in the case of the CIR diffusion (i.e., d = 1),
general splitting methods such as Ninomiya and Victoir [24] fail to preserve the
domain RT. It s, in fact, only well defined for & > 1, while the CIR process exists
for any o > 0 (see Alfonsi [2]). Of course, the same remark holds for Wishart and
affine processes. This is why we will use the ad hoc splitting (7) instead of general
splitting methods, which enables us to get schemes that preserve Sc}" (R) and are
defined without any restriction on the parameters.

The analysis of the strong error of our schemes is beyond the scope of this paper.
In fact, behind the term “strong error” we have in mind here two different things.
First, it can be the error made on pathwise expectations between the discretization
scheme and the exact scheme. This kind of error is illustrated numerically in the
next section (Figure 3) and seems to be of the same order as the weak error, even
though we are not at all able to mathematically show this result. Second, “strong
error’” can also mean the pathwise error between the discretization scheme and the
exact solution for a given Brownian motion (W;, t > 0). The rate of convergence
for this kind of error has been analyzed for the CIR in Alfonsi [1] and is really
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low. This is mainly due to the fact that the square root is not Lipschitz near 0.
Fortunately, discretization schemes are mostly used to compute expectations with
a Monte Carlo algorithm. In this context, pathwise error is not so relevant.

To our knowledge, there are very few papers in the literature that deal with
discretization schemes for Wishart processes. Recently, Benabid, Bensusan and
Karoui [3] have proposed a Monte Carlo method to calculate expectations on
Wishart processes which is based on a Girsanov change of probability. Gauthier
and Possamai [10] introduce a moment-matching scheme for Wishart processes.
Both methods are well defined under some restrictions on the parameters, and there
is no theoretical result on their accuracy. Currently, Teichmann [29] is working on
dedicated schemes for general affine processes by approximating their character-
istic functions.

This section is structured as follows. First, we recall basic results on the splitting
technique to get discretization schemes for SDEs. We will take the same frame-
work as Alfonsi [2] since it is somehow designed for affine processes. Then we
will explain how to get high-order schemes for WIS, (x, «, 0, egll) from the con-
struction given by Theorem 9. The remarkable splitting (15) will then enable us
to get high-order schemes for WIS, (x, «, 0, I)j). From this result, we will be able
to get a second-order scheme for any semidefinite positive affine processes and a
third-order scheme for Wishart processes.

3.1. Weak error analysis and splitting methods. Let us start with some no-
tation. We consider a time horizon 7 > 0 and the regular time grid defined by
tiN =iT/N,i=0,..., N. When considering a Markovian process on a domain [,
a discretization scheme is a way to sample the value at a given time step ¢ > 0,
starting from the current value x € . It is thus described by a probability measure
DPx()(dz) on D, and we denote by )A(f a random variable that follows this law.
Then the full discretization on the regular time grid associated to this scheme from
x € D is simply a sequence (X tN ,0 <i < N) of random variables such that:

o XN =x,
%

o the law of X ;}/YF 1 is sampled according to ﬁXf\Ilv (T/N)(dz) independently from

the previous samples, that is, E[f(f(;\}(, )|(}A(t1\,’v, 0<j<il=Jp f(z)ﬁ)plzv (T/
i+1 j i
N)(dz) for any bounded measurable function f:D — R.
Now we focus on the analysis of the weak error E[ f(X7)] —E[ f ()A( ZI\{,)]. There
N

is a huge literature on this topic. Talay and Tubaro [28] have obtained an expansion
error for Euler-Maruyama and Milstein schemes. This error has also been studied
on other schemes: we cite the articles of Kusuoka [19], Lyons and Victoir [21],
Ninomiya and Victoir [24], and Ninomiya and Ninomiya [23], to mention a few.
However, to our knowledge, most of these papers make regularity assumptions on
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the SDE coefficients that are not satisfied by affine diffusions. Typically, they as-
sume that these coefficients are C>° with bounded derivatives. This is not satisfied
by general affine diffusions because of the square root diffusion term. For this rea-
son, Alfonsi [2] introduced a framework that allows us to rigorously analyze the
weak error for affine diffusions. In this paper, we will naturally work under this
framework. Unfortunately, this requires us to introduce some definitions, and we
present here only the main ones.

We consider a domain D C R%, ¢ € N*, and L an operator associated to an
SDE defined on [D. Mainly (but not only), we consider in this paper D = Sj R) C

Sa(R) ~R¥HD2 For y = (y1,..., ;) € N¢, we define 3, =9{",..., /" and
ly|=X;_,  and set
(D) ={f €C®D,R),¥y eN*,3C, >0,¢, € N*,

Vx €D, |9, f(x)] < Cy, (1 + [Ix]|)},

where || - || is a norm on RS. We say that (Cy, ey)yeNC is a good sequence for
fe Cpol(]]))) if one has |9, f (x)| < C), (14 |x[|*). The operator L is said to satisfy
the required assumptions if it can be written as L = ) <lyl=29y (x)0,, with a), €

ol oo (D). This property holds for affine diffusions since any a,, is an affine function.

We will say that X * is a potential weak vth-order scheme for the operator L if for
any function f € C o1(D) with a good sequence (C),, e},)y eN¢ » there exist positive

constants C, E and n depending only on (Cy, ey ), ¢n¢ such that

Vi € (0, 1)
(32)

< Ce" PN+ [|x)|F).

ELf(XP)] - [f(x)+z thf(x)}

Roughly speaking, this is the main assumption that a discretization scheme
should satisfy to get a weak error of order v. This is precised by the following
theorem given in [2] that relies on the idea developed by Talay and Tubaro [28] for
the Euler—Maruyama scheme.

THEOREM 13. Let L be an operator satisfying the required assumptions on D.
We assume that:

(1) )A(f is a potential weak vth-order scheme for L, and the scheme has uni-
formly bounded moments, that is,
(33) Ing € N*, Vg € N* sup IE[||)A(ZJ}'V||‘1] < 00;

N>ngy,0<i<N i

(2) f:D — R is a function such that u(t,x) = E[f(X7}_,)] is defined on

[0, T] x D, C®, solves Vt € [0, T],Vx € D, 0,;u(t, x) = —Lu(t, x) and satisfies
VieN,y eN,3Cry, e, >0,YxeD,1€[0,T]
(34)
180y u(t, )| < Cry (14 [lx[[).
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Then, there is K > 0, Ng € N, such that |E[ f(X ) = E[f (X))l < K/NV for
N > Njy.

It is really important to notice that only assumption (1) depends on the dis-
cretization scheme. Assumption (2) just depends on the underlying diffusion. Since
we only have a hold over the discretization scheme, this means from a numerical
point of view that we mainly have to focus on assumption (1) to construct an ac-
curate scheme. From a mathematical point of view, the regularity of the Cauchy
problem which is required by assumption (2) is a tough problem that is interesting
in its own. General results have been obtained in Talay and Tubaro [28] when b
and o are C*° with bounded derivatives. In the case of Wishart processes, we are
able to get (34) when f € Cp01 (Sa(R)).

PROPOSITION 14. Let (X} );>0 ~ WIS4(x, @, b, a) and L the associated gen-
erator. Let f € pol(Sd(R)) X € S+(R) and T > 0. Then, u(t,x) =E[f(X})] is

C®on[0,T] x Sd (R), solves d;u(t, x) = Lu(t, x) and its derivatives satisfy

VI eN,Vn e NYUTD/2 3¢, ¢, > 0,Vx € ST (R), ¥r € [0, T]
(35)

of T o) < Cad+ fx]t).
I<i<j<d

The proof of this result is made in Appendix D.1. It relies on the explicit for-
mula of the characteristic function (10) and, more exactly, on the property stated
in Lemma 26. Unfortunately, we have not been able to show an analogous result
for general affine processes AFF;(x, @, B, a). We deem that (35) also holds in that
case, but this remains an open question.

Let us now turn to assumption (1) of Theorem 13. Usually, the boundedness of
moments is not a big issue and requires, in general, tedious calculations. This ba-
sically holds when the drift and the diffusion coefficients have a sublinear growth,
which is the case here. Conversely, it is much more difficult to find a scheme which
is a potential v-order scheme and stays at the same time in the domain Sj (R).
For example, the Euler—-Maruyama scheme is, generally speaking, a potential first-
order scheme. However, it does not stay in S; (R) even for the CIR case (d = 1).
Still, for the CIR process, higher-order schemes such as Ninomiya and Victoir [24]
or Ninomiya and Ninomiya [23] stay in R* only under additional restrictions on
the parameters. To solve this problem and get high-order schemes that remain in
Sj (R), we will construct ad hoc discretization schemes by taking advantage of
the remarkable splitting (15). In fact, the property of being a potential vth-order
schemes is really easy to handle by scheme composition, especially when v = 2.
This kind of result dates back to Strang [27] in the field of ODEs. In our frame-
work, we recall a result that is stated in [2].



1046 A. AHDIDA AND A. ALFONSI

PROPOSITION 15. Let Ly, L be the generators of SDEs defined on D that
satisfy the required assumption on D. Let X ,1 “*and X t2,x denote, respectively, two
potential weak vth-order schemes on D for L1 and L.

olx
t

() If LiLy = LyLy, X7
scheme for L1 + L.
(2) Let B be an independent Bernoulli variable of parameter 1/2. If v > 2,

is a potential weak vth-order discretization

A2 Xbx SW'ca ) )%1’}?’2/;
(@ BX;"' +(0-B)X,”" and (b) X'
are potential weak second-order schemes for L1 + L.

ol,x

B

Let us explain the notation above. The composition X t2’ means that we first

use the scheme 1 with time step #; and then, conditionally to X tll’x , we sample the
scheme 2 with initial value X tll’x and time step 7. To be explicit, it has the law
Jp P3(22)(d2) pi(t1)(dy), where pi(;)(dz) denotes the law of X;ti=1,2

3.2. High-order schemes for Wishart processes. In this paragraph, we will
give a way to get weak vth-order schemes for any Wishart processes. The con-
struction is similar to the one used for the exact scheme. First, we obtain a
vth-order scheme for WIS, (x, «, O, ecll). Then, we get a vth-order scheme for
WIS, (x, @, 0, 17) from the splitting (15) and Proposition 15. Last, we use the iden-
tity in law (14) to get a weak vth-order scheme for any Wishart process.

Let us start then by introducing a potential weak vth-order scheme for
WISy (x, a, 0, e}i). Roughly speaking, we obtain this scheme from the exact
scheme given by Theorem 9 and Corollary 11 by replacing the Gaussian random
variables with moment matching variables and the exact CIR distribution with a
sample according to a potential weak vth-order scheme for the CIR.

THEOREM 16. Let x € SJ(R) and (cy, k-, p) be an extended Cholesky

decomposition of (x; j)a<i j<da. We set m = ((1) ?9) and ¥ = wxn’

, so that
~ T T .
(Xi,j)2<i, j<d = (Z 8)(% k6 ). As in Theorem 9, we have

r

u = Fo — Y ()’ =0,
k=1

where
(1) << = ¢ (Fae) <1<

and we set uj1jy =0ifr +2 <i <d and uy; jy =Xy j ifi, j > 2. Let (G 1<i<r
be a sequence of independent real variables with finite moments of any order such
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that
Vie{l,...,rh,Vk<2v+1 E[(GH*1=E[G*]  where G ~N(0, 1).

Let h, be the function defined by (30). Let (Utu){l,l} be sampled independently
according to a potential weak vth-order scheme for the CIR process d(U/)(1,1y =

(@ —r)dt +2,/(U" 1y dZt1 starting from uyy 1y. We set
U0 =upn + V16, 2<i<r+1,
U1.5y =0, r+2<i<d,
Oy =uigy  ifij=2.
Then, the scheme )A(f = JTThr(l}tu)]T is a potential vth-order scheme for Le}l and

takes values in Sj (R).

Let us give the idea of the proof. By construction, we have X ;e S;r (R) since
an analogous formula to (27) holds for )A(f The tedious part is to check that it
is a potential vth-order scheme. We know from Theorem 9, equation (30) and
Corollary 11 that we have X} = 77 h,(U!)x. It is easy to check that U is a po-
tential vth-order scheme for the operator associated to the diffusion U/'. Let us
suppose for a while that &, (u) € C2(Sz(R)). Then, u — f (!l h,(u)m) is also

pol
in ngl(Sd (R)), and for any f € ngl (S; (R)), there are constants C, E, n > 0 de-

pending only on a good sequence of f such that
[ELf (" ke (U1)7)] = ELF (XN < Co" P+ 1201,

which basically gives the desired result. Unfortunately, /4, is not in ngl(Sd R)).In
fact, h, is only smooth with respect to the coefficients of the first row and the first
columns. However, these coefficients are also the only ones that are changed by 0,”
[the submatrix ((Ut”)i’j)zf,-,jfd = (u;,j)2<i, j<d 1s constant], and it comes out that
the regularity on /4, is sufficient to get a potential vth-order scheme for L o This
is shown rigorously in the preprint version of this paper at the cost of additional
technical definitions such as the “immersion property” that we do not reproduce
here.

Now we briefly comment on the practical implementation of Theorem 16. Sec-
ond and third-order schemes for the CIR process satisfying can be found in Al-
fonsi [2]. We can therefore get second (resp., third) order schemes for Le,'; by tak-

ing any variables that matches the five (resp., the seven) first moments of A/(0, 1).
This can be obtained by taking

(36) P(G'=v3)=P(G'=—v3)=1 and P(G'=0)=2,
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respectively,

P(G' =ey3+6) = \/46\/_62,

P(G' =ey3 —/6) = % - \;8\/—62, ee{—1,1}.

We focus now on the construction of a potential weak vth-order scheme
for WISy (x, e, 0,17). Let )A(,l’x denote a potential weak vth-order scheme for
WISy (x, ., 0,el). For i € {2,...,d}, WISy(x,a,0,¢’) and WISy(x,,0,e})
have the same law up to the permutation of the first and ith coordinate. Let 7 1</
denote the associated permutation matrix. Then, we easily get that

(37

Xv;,x _ nlei)’ztl,nl“’ixnl"’inlei
is a potential vth-order scheme for WIS, (x, «, O, efj). Last, we get from Theorem 7
and the point 1 of Proposition 15 that

)A(l,x

(38) )A(," " isa potential weak vth-order scheme for WIS, (x, o, 0, 1]).

Now we are in position to construct a scheme for any Wishart process
WIS, (x, a, b, a) thanks to the identity (14). Let 6, € G4(R) be such as in Propo-
sition 6 and I?ty denote a potential weak vth-order scheme for WIS, (y, «, 0, [ 2’).
Then we consider the following scheme for WIS, (x, o, b, a):

—1 —1
50 moxm] (07T

(39) XF=6,Y, or.

Unfortunately, we need to make some technical restrictions on a and b [namely,
a € Gg(R) or ba’ a = a” ab] to show that we get like this a potential vth-order
scheme. We, however, believe that this is rather due to our analysis of the error and
that the scheme converges as well without this restriction. In addition, we mention
that we give in the next section a second-order scheme based on Proposition 5 for
which we can make our error analysis for any parameters.

PROPOSITION 17. Lett >0,a,b € Myg(R) and « > d — 1. Let m; = exp(th),
q: = fé exp(sb)aTa exp(st)ds and n = Rk(al a). We assume that either a €
G4(R) or b and a® a commute. We define:

e ifn=d, 0; as the (usual) Cholesky decomposition of q:/t,
o ifn<d, 0, = \/% 5 exp(sb) exp(sbT) dspfl(,i’; 0 ) where (cn, ky, p) is the

Iq—n
extended Cholesky decomposition of a’ a otherwise.

In both cases, 0; € G4(R) and the scheme (39) is a potential weak vth-order
scheme for WIS, (x, o, b, a).
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The proof of Proposition 17 is left in Appendix D.2. From Theorem 13, we
finally get the following result by using Propositions 14, 17.

THEOREM 18. Let (X} )i>0 ~ WISy (x, a, b, a) such that either a € G4(R) or
alab="ba’a and f € pol(Sd(R)) Let (XN ,0 <1i < N) be sampled with the

scheme defined by Proposition 17 and Theorem 16 with the third-order scheme for
the CIR given in [2]. Then,

3C, No > 0,YN > N |E[f(}?t —E[f(X3)]l < C/N>.

3.3. Second-order schemes for affine diffusions on S+ (R). In this part, we

present a potential second-order scheme for AFF;(x, @, B ,a). Thanks to Propo-

sition 5, there is u € G4(R) and a diagonal matrix S such that @ = u’ u, a’a =

Tldu and we have
—INT -1
(WY u), o~ AFFq(x,@, B, a)

where (Y);>0 ~ AFF4(y, 8, By, I}).

Using the same linear transformation, we can get a potential vth-order scheme
for AFF,(x, @, B, a) from a potential vth-order scheme for AFF,(y, 8, By, I}) as
stated below.

LEMMA 19. If I?,y is a potential vth-order scheme for AFF,(y,§, By, 1),

ToW™ ])TxLFl . . _
then u' Y; u is a potential vth-order scheme for AFF;(x, «, B, a).

PROOF. Let f € C5(S7 (R)). We then have x > f(u” xu) € C35(S] (R)).

Since u is fixed, there are constants C, n, E depending only on a good se-
A(y—T ;-1

quence of f such that for 7 € (0,n), |E[f(uTY(" VRN — ELF(XH)]| =

ELF@T P ) = BLA@TY D o) < et 4+ @ x x
u B < 'tV + ||x || B), for some constant C' > C. [

We now focus on finding a scheme for AFF;(y, 8, By, I 1), and we will con-
struct it from the second-order scheme for WIS, (x, «, 0, I) obtained in (38).
Since § is a diagonal matrix such that § — (d — DI e SC}" (R), we have

Smin := min 8,, >d — 1.
1<i<n

We rewrite the infinitesimal generator of ¥, as follows:

L =Tr([5 + B, (x)1D®) + 2 Tr(x DS I} D)
(40) _
= Tr([5 — Sminl} + Bu(x)1DS) + 8min Tr(12 D) + 2 Tr(x DS 17 D®).

LopE Lwis g (v pin.0.7)
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It is the sum of the infinitesimal generator of WISy (x, min, 0, 1) and of the gen-
erator of the affine ODE

dXOPP =[5 — Suinl” + Bu(XOPP) ] dt, XJPEY = x e ST (R).

We know by Lemma 27 that XtOD Ex e Sj (R) for any ¢ > 0 since assumption
(4) holds for B, and 8 — Smin! e Sj (R). Besides, this ODE can be solved ex-
plicitly [see formula (52)]. Let )A(j‘ denote the potential second-order scheme for
WISy (x, Smin, 0, 1)) obtained by (38) that uses the nested second-order scheme
for the CIR given in [2]. By using Proposition 15, the schemes

ODE, x

R X112 . . ODE,x Sx
(41) le _ XS]ZDE,X[ or th — (1 _ B)szz + BX[ODE,XI

are potential second-order schemes for AFF,(x, 8, By, I ). In the numerical ex-

ODE, x
. . . ODE.X, '/
periments in Section 4, we have used X, 12 even though the other scheme

would have worked as well; it is, in fact, a computational trade-off between solv-
ing a deterministic ODE and drawing a Bernoulli variable. Thanks to Lemma 19,
Proposition 14 and Theorem 13, we finally get the following result.

THEOREM 20. The scheme defined by Lemma 19 and equation (41) is a po-
tential second-order scheme for AFF;(x, «, B, a). In the Wishart case (3), we have

for f € C(Sa(R)),

3C.No>0.YN =Ny  [ELf(XY)]1—ELf(X})]| < C/N%

3.4. A faster second-order scheme for AFF;(x,a, B,a) when a — daTa €
S;r (R). In this section, we focus on the complexity of the discretization schemes
with respect to the dimension d. Up to now, the discretization schemes that we
have considered in Theorems 18 and 20 have a complexity of O (d*). Indeed, both
schemes rely on the construction (38) to sample WIS, (x, «, 0, I}), which requires
n Cholesky decompositions, like the exact sampling. This requires at most O (d*)
operations. Here, we present a second-order scheme whose complexity is O (d?),
provided that @ —da’ a € S;' (R) or @ > d in the Wishart case. The practical rele-
vance of such a scheme will be illustrated in Section 4.

To do so, we use the same construction as in Section 3.3, and we remark that
different splitting from (40) are possible. In fact, we could have chosen instead
L="Tr([§ — BI} + B, (x)1D%) + B Tr(1" D) + 2 Tr(x DS I} D®) for any p € [d —
1, 8minl: the first part is the operator of an affine ODE which is well defined on
Sj (R) by Lemma 27 while the second part is the generator of WIS, (x, 8,0, 1)).
When 8pin > d, which is equivalent to @ — da’a S:{ (R), the following splitting
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obtained with 8 =d

(42)  L=Tr([6 —dI" + B,(x)]D°) +d Tr(I" D%) 4+ 2 Tr(x D° Il D®)

LobE Lwisy(x.d.0.1%)

is really interesting. Indeed it is known from Bru [5] that Wishart processes with
o € N can be seen as the square of an Ornstein—Uhlenbeck process on matrices
and can be simulated very efficiently. More precisely, we will use the following
result that is shown in Appendix D.3.

PROPOSITION 21. Let x € Sj (R) and ¢ € My(R) be such that ¢ c = x. We
have
(e + Wi LT (e + WiL). 1 2 0) = WISg(x.d. 0, 1]).
aw
If G denote a d-by-d matrix with independent elements sampled according

to (36), )A(j‘ = (c + «/fé[c’;)T(c + ﬁé[;) is a potential second-order scheme
for WIS, (x,d,0,1}).

To compute X 7, one has to sample d? random variables and to make one matrix
product, which requires O (d>) operations. This is faster than the scheme obtained
by (38). Then we follow the same line as in Section 3.3 and set

dXPPEY =[5 — Spinl} + B (XPPE ) dr,  XOPE =x e ST(R).

This ODE is well defined on Sc}" (R) and can be solved explicitly. By Proposi-
tion 15,

+ODE,x
SODE,X, '/ o X OPE ~ ODE, X7

@) Ir=X, or V'=(1-BX"  +BX,
is a potential second-order scheme for AFF,;(x, 8, By, I ') that have still an O (d3 )

complexity. Thanks to Lemma 19, Proposition 14 and Theorem 13, we get a similar
result to Theorem 20.

THEOREM 22. Let us assume that & — da’a € SJ(R). The scheme de-
fined by Lemma 19 and equation (43) is a potential second-order scheme for
AFF;(x, @, B, a) that requires at most 0(d>) operations. In the Wishart case (3),
we have for f € ggl(Sd(R)),

3C.No>0.YN =Ny [ELF(X})]—ELf(X})]| < C/N>.
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4. Numerical results on the simulation methods. The scope of this section
is to compare the different simulation methods given in this paper. We still con-
sider a time horizon T and the regular time-grid tl.N =iT/N,fori=0,...,N.In
addition, we want to compare our schemes to a standard one, and we will consider
the following corrected Euler—Maruyama scheme for AFF;(x, @, B, a):

XN_x

(44) XN =X+ @+ BX) )) - (XQVV)+(WN = Wna

+
+a’ Wy =Wl JXN)+,  0<i=N-1L
i+ i i

Here, x™ denotes the matrix that has the same eigenvectors as x with the same
eigenvalue if it is positive and a zero eigenvalue otherwise. Namely, we set x T =
odiag()ﬁ, - )»:{)OT for x = odiag(Ay, ..., rg)ol. Thus, xT is by construction
a positive semidefinite matrix and its square root is well defined. Without this
positive part, the scheme above is not well defined for any realization of W.

First, we compare the time required by the different schemes and the exact sim-
ulation. Then, we present numerical results on the convergence of the different
schemes. Last, we give an application of our scheme to the Gourieroux—Sufana
model in finance.

4.1. Time comparison between the different algorithms. In this paragraph, we
compare the time required by the different schemes given in this paper. As it has
already been mentioned, the complexity of the exact scheme as well as the one of
the second-order scheme (given by Theorem 20) and the third-order scheme (given
by Theorem 18) is in O (d*) for one time-step. To be more precise, they require
O (d*) operations that mainly correspond to d Cholesky decompositions, O (d?)
generations of Gaussian (or moment-matching) variables and O (d) generations
of noncentral chi-square distributions (or second or third-order schemes for the
CIR). The time saved by the second and third-order schemes with respect to the
exact scheme only comes from the generation of random variables. For example,
the generation of the moment-matching variables (36) and (37) is 2.5 faster than
the generation of NV (0, 1) on our computer. The gain between the second or third-
order schemes for the CIR given in Alfonsi [2] and the exact sampling of the CIR
given by Glasserman [11] is much greater, but it depends on the parameters of
the CIR. When the dimension d gets larger, the absolute gain in time between the
discretization schemes and the exact scheme is, of course, increased. However, the
relative gain instead decreases to 1, because more and more time is devoted to
matrix operations and Cholesky decompositions that are the same in both cases.
Let us now quickly analyze the complexity of the other schemes. The second-order
scheme given by Theorem 22 (called “second-order bis” later) has a complexity
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in O(d?) operations for one Cholesky decomposition and matrix multiplications,
with O(d?) generations of Gaussian variables. The complexity of the corrected
Euler scheme is of the same kind. At each time-step, O (d>) operations are needed
for matrix multiplications and for diagonalizing the matrix in order to compute
the square root of its positive part. However, diagonalizing a symmetric matrix is,
in practice, much longer than computing a Cholesky decomposition even though
both algorithms are in O (d?). Also, one has to sample O (d?) Gaussian variables
for the Brownian increments.

In Table 1, we have calculated by a Monte Carlo method one value of the charac-
teristic function of a Wishart process. It is also known analytically thanks to (10),
and we have indicated in each case the exact value. We have considered dimen-
sions d = 3 and d = 10. We have given in each case an example where o > d
and another one where d — 1 <« < d. We have used the different algorithms pre-
sented in this paper: “2nd-order bis” stands for the scheme given by Theorem 22
[with the moment-matching variables (36)], “2nd order” stands for the scheme
given by Theorem 20 (with (36) and the second-order scheme for the CIR given
by [2]), “3rd order” stands for the scheme given by Theorem 18 (with (37) and the
third-order scheme for the CIR given by [2]) and “Corrected Euler” stands for the
corrected Euler—-Maruyama scheme (44). For the exact scheme, we have consid-
ered both the cases with one time-step 7 and N time-steps 7/N. Of course, the
first case is sufficient to calculate an expectation that only depends on X7, but the
second case allows us to also compute pathwise expectations. For each method, we
have given the value obtained and the time needed (in seconds) on our computer
(3000 MHz CPU).

First, let us mention that the exact value is in each case in the confidence interval
except for the corrected Euler scheme. As one can expect, the exact method with
one time-step is by far the quickest method to compute an expectation that only
depends on the final value. We put aside this case and focus now on the generation
of the whole path. We see from Table 1 that the second and the third-order schemes
require roughly the same computation time. As expected, the second-order scheme
bis is much faster when it is defined (i.e., when o > d). On the contrary, the Euler
scheme is much slower than the second and third-order scheme. This is due to the
cost of the matrix diagonalization. Let us mention that the time required by the
discretization schemes is proportional to N and do not depend on the parameters
when the dimension is given. On the contrary, the time needed by the exact scheme
may change according to « and can increase considerably when « is close to d — 1.
To be more precise, the exact simulation method for the CIR given by Glasserman
[11] uses a rejection sampling when the degree of freedom is lower than 1, which
corresponds to the case d — 1 <« < d. The rejection rate can in fact be rather high,
notably when the time-step gets smaller. For N = 30, d = 3 and o = 2.2, the exact
scheme is four times slower than the second-order scheme and 2.5 slower than the
exact scheme with o = 3.5.
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TABLE 1
Elexp(— Tr(i vX IIX, )] calculated by a Monte Carlo with 10° samples for a Wishart process with

N
a=145,b=0,x=1014,v=0.091;5 and T = 1. The starred numbers are those for which the exact
value is outside the 95% confidence interval, and A g (resp., Ay) gives the two standard
deviations value on the real (resp., imaginary) part

N=10 N =30

Schemes R. value Im. value Time R. value Im. value Time

a=35d=3,Ar=10"3 Ap, =103,
exact value R. = —0.527090 and Im. = —0.228251

Exact (1 step) —0.526852 —0.227962 12

2nd-order bis —0.526229 —0.228663 41 —0.526486 —0.229078 125
2nd order —0.526577 —0.228923 76 —0.526574 —0.228133 229
3rd order —0.527021 —0.227286 82  —0.527613 —0.228376 244
Exact (N steps) —0.526963 —0.228303 123 —0.526891 —0.227729 369

Corrected Euler  —0.525627*  —0.233863* 225  —0.525638*  —0.231449* 687

0=22,d=3,Ar=09x10"3 Ap,=13x 1073,
exact value R. = —0.591411 and Im. = —0.036346

Exact (1 step) —0.591579 —0.037651 12

2nd order —0.590444 —0.037024 77 —0.590808 —0.036487 229
3rd order —0.591234 —0.034847 82  —0.590818 —0.036210 246
Exact (N steps) —0.591169 —0.036618 174  —0.592145 —0.037411 920

Corrected Euler  —0.589735*  —0.042002* 223 —0.590079* —0.039937* 680

a=105d=10,Ag=14x 1073, Az, =13 x 1073,
exact value R. = 0.063960 and Im. = —0.063544

Exact (1 step) 0.062712 —0.063757 181

2nd-order bis 0.064237 —0.063825 921 0.064573 —0.062747 2762
2nd order 0.064922 —0.064103 1431 0.063534 —0.063280 4283
3rd order 0.064620 —0.064543 1446 0.064120 —0.063122 4343

Exact (N steps) 0.063418  —0.064636 1806 0.063469  —0.064380 5408
Corrected Euler ~ 0.068298*  —0.058491* 2312 0.061732%  —0.056882* 7113
0=92,d=10,Agp =14 x 1073, Ap, =1.4 x 1073,

exact value R. = —0.036064 and Im. = —0.093275

Exact (1 step) —0.036869 —0.094156 177
2nd order —0.036246 —0.094196 1430  —0.035944 —0.092770 4285
3rd order —0.035408 —0.093479 1441 —0.036277 —0.093178 4327

Exact (N steps) —0.036478 —0.092860 1866  —0.036145 —0.093003 6385
Corrected Euler  —0.028685*  —0.094281* 2321 —0.030118*  —0.088988* 7144

Let us draw a conclusion from this time comparison between the different
schemes. Obviously, we recommend the use of the exact scheme when calculating
expectations that depend on one or few dates. Instead, when calculating pathwise
expectations of affine processes by Monte Carlo, we would recommend the use of,
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in general, the second-order bis scheme when « > d and the second order (or third
order for Wishart processes) whend — 1 <« < d.

4.2. Numerical results on the convergence. Now we want to illustrate the the-
oretical results of convergence obtained in this paper for the different schemes.
To do so, we have plotted for each scheme E[exp(— Tr(le ))] in function of

the time step 7/N. This expectation is calculated by a Monte Carlo method. As
for the time comparison, we illustrate the convergence for d = 3 in Figure 1 and
d =10 in Figure 2. Each time, we consider a case where o > d and a case where
d — 1 <« < d, which is in general tougher. In these figures:

scheme 1 denotes the value obtained by the exact scheme with one time-step,
scheme 2 stands for the second-order scheme given by Theorem 20,

scheme 3 denotes the third-order scheme given by Theorem 18,

scheme 4 is the corrected Euler scheme (44).

Here, we have not plotted the convergence of the second-order (bis) scheme given
by Theorem 22 because it would have given almost the same convergence as the
other second-order scheme.

As expected, we observe in both Figures 1 and 2 convergences that fit our theo-
retical results. Namely, scheme 2 converges in O(1/N?) and scheme 3 converges
faster in O(1/N?). In some cases, such as Figure 2, scheme 3 already matches
the exact value from N = 2. Even though it seems to converge at an O(1/N)
speed, the corrected Euler scheme is clearly not competitive with respect to the
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FIG. 1. d =3, 107 Monte Carlo samples, T = 10. The real value of E[exp(— Tr(zvX ))] in func-

tion of the time-step T /N . Left: v = 0.051; and Wishart parameters x =0.41;, o = 4. 5 a=1y and
b = 0. Exact value: 0.054277. Right: v =0.21; 4 0.04q and Wishart parameters x = 0.415 + 0.2q,
o =222, a=1; and b = —0.51;. Exact value: 0.239836. Here, q is the matrix defined by:
qi,j = 1, ;. The width of each point represents the 95% confidence interval.
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FIG. 2. d =10, 107 Monte Carlo samples, T = 10. Left: imaginary value of E[exp(— Tr(th N))]
with v =0.0091; in function of the time-step T /N . Wishart parameters: x = 0 417, 0 =12.5, b 0
and a = 1. Exact value: —0.361586. Right: real value of E[exp(— Tr(le ))] with v = 0.0091,4

in function of T /N . Wishart parameters: x =0.415, « =9.2, b = —0.51, and a = 1;. Exact value
0.572241. The width of each point represents the 95% confidence interval.

other schemes. In the tough case d — 1 < o < d, the values obtained by the Euler
scheme are in fact outside the figures, and we have put the corresponding values
in Table 2.

We want to conclude this section by numerically testing the convergence of
our schemes when we calculate pathwise expectations. Of course, our theoreti-
cal results only bring on the weak error, but we may hope that our schemes con-
verge also quickly when considering more intricate expectations. In Figure 3, we
approximate E[maxo<;<7 Tr(X;)] with the different schemes by computing the
maximum on the time-grid. The convergence seems to be roughly in O (1/+/N)
for all the schemes (see Figure 3, left), including the exact scheme. However,
the main error seems to come from the approximation of maxg<;<7 Tr(X}) by
maxg<k<n Tr(Xx ). In fact, we have plotted in Figure 3 (right) the difference

between E[maxo<k<N Tr(X N)] and E[maxo<x<ny Tr(X )]. Then, we find con-
vergences that are very 51m11ar to those obtained for the weak error: schemes 2

TABLE 2
Values obtained by the Euler scheme in the numerical experiments of Figures 1 and 2

N 2 4 8 10 16 30

Figure 1, right ~ —0.000698 0.000394  0.033193 0.111991 0.185128  0.210201
Figure 2, right 0.494752 —0.464121 0.657041 0.643042  0.637585 0.619553
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FIG. 3. d =3, 10’ Monte Carlo samples, T = 1. Wishart parameters x = 0.41; 4+ 0.2q

with q; ; = Ljzj, o« =22, b =0 and a = Ig. Left: E[maXOSkaTf(Xva)]- Right:

E[maxg<g <y Tr()z';\,{,)] — E[maxg<t<n Tr(X;CN)] in function of T /N . The width of each point gives
k

the precision up to two standard deviations.

and 3 converge at a speed which is, respectively, compatible with O (1/N?) and
O(1/N?). Scheme 4 seems also to give an O(1/N) convergence. It would be
hasty to draw a global conclusion from this simple example. Nonetheless, the con-
vergence of schemes 2 and 3 is really encouraging on pathwise expectations, if
we put aside the problem of approximating a function of (X;,0<t <T) by a
function of (X;;N, 0<k<N).

4.3. An application in finance to the Gourieroux and Sufana model. In this
paragraph, we want to give a possible application of our schemes in finance. More
precisely, we will consider the model introduced by Gourieroux and Sufana [14].
This is a model for d risky assets S,l, e, Std . Let (B;,t > 0) denote a standard
Brownian motion on R that is independent from (W, t > 0). Then, we consider
the following dynamics for the assets:

t t
@45 1>0,1<l<d, S,’:S{,Jrr/ sf,du+/ S!(VX.dBy),,
0 0

where X; = X+ fj(@a”a+bX, + XubT) du+ [§(V Xy dWya+al dWI /X))
is a Wishart process. Here, (/X d B,); is simply the /th coordinates of the vector
/X, dB,. We can easily check that the instantaneous quadratic covariation matrix
between the log-prices of the assets is X;. Last, r denotes the instantaneous interest
rate.



1058 A. AHDIDA AND A. ALFONSI

To simulate both assets and the Wishart matrix, we proceed as follows. We
observe that the generator of (S;, X;) can be written as

d d
1
L:LS+LX whereLS:eriE)Si—i—E Z S,'ij,"jasiasj,
i=1 ij=1

and LX is the generator of the Wishart process WISy (x, «, b, a). The operator
L5 is associated to the SDE dS! = rS' + S'(/xdB;); that can be solved ex-
plicitly. We have indeed Stl = S(l) expl(r — x1.1/2)t + (/xBy)i]. Let us also re-
mark that \/x B, L?WCB, if we have cc! = x; both are centered Gaussian vec-

tors with the same covariance matrix. In practice, it is more efficient to use
Stl = S(l) expl(r —x;,1/2)t 4+ (¢ B;);] where c is computed with an extended Cholesky
decomposition of x rather than calculating /x, which requires a diagonalization.
Then we consider the scheme given by 2(a) in Proposition 15, where we take the
second-order scheme for WIS, (x, «, b, a) and the exact scheme for LS. This con-
struction is known to preserve the second-order convergence. To be consistent with
Section 4.2, this scheme will be denoted by scheme 2 in this paragraph. To com-
pare this scheme with a more basic one, we consider the Euler—Maruyama scheme
defined by (44) and

LN _ ol
S =56,

lity

S =8\ (14+rT/N +( ()?;XV)+(BtiN+1—BttN))l), 0<i<N-1.

It is denoted by scheme 4 as in Section 4.2.

We have plotted in Figure 4 the price of a put option on the maximum of two
risky assets (d = 2). The Gourieroux and Sufana model is an affine model, and the
characteristic function of S; is explicitly known (see [14]). Thus, it is possible to
adapt the method proposed by Carr and Madan [6] and to calculate by numerical
integration (which is possible for small dimensions) the value of this put option.
We have given in Figure 4 the exact value obtained by this method. As one might
have guessed, we observe a quadratic convergence for scheme 2 and a linear con-
vergence for scheme 4. The benefit of using scheme 2 is clear since it already fits
with the exact value from N =5 in both cases; its convergence is really satisfac-
tory.

5. Conclusion and prospects. Let us draw a brief summary of this paper.
Thanks to a remarkable splitting of the infinitesimal generator of Wishart pro-
cesses, we have been able to sample exactly any Wishart distribution. We have also
proposed a third-order scheme for Wishart processes and a second-order scheme
for general affine diffusions. We have confirmed these rates of convergence with
numerical tests and analyzed the time complexity of each method. It comes out



SIMULATION SCHEMES FOR WISHART PROCESSES 1059

16.5 15.6 4

1 15.4
16.0 >4

| 15.24 2
15.5 4 Exact value ]

15.0 4 -

15.0 : Exact value

14.8 4

14.54 1
] 14.6

77T T T T vvv‘yvvvyvvvyvvvyvvvyvvv
00 01 02 03 04 05 06 07 08 09 10 00 0.1 0.2 0.3 0.4 05
—rT LN &2,N\\+7 : ¢ . . . . .
FiG. 4. Ele (K — max(StN ’StN )1 in function of T/IN. d =2, T =1, K = 120,
N N

S(l) = S% =100 and r = 0.02. Wishart parameters: x = 0.0415 +0.02q with q; ; =1;2j,a=0.2ly,
b=0.51; and @ =4.5 (left), « = 1.05 (right). The width of each point gives the precision up to two
standard deviations (10° Monte Carlo samples).

that we recommend to use the exact scheme to compute expectations that depend
on one (or few) times. To calculate pathwise expectations, we instead recommend
generally to use discretization schemes. More precisely, the second-order scheme
given by Theorem 22 has to be preferred when o > d. Otherwise, we recommend
to use the third-order scheme given by Theorem 18 for Wishart processes or the
second-order scheme given by Theorem 20 for general affine diffusions.

Let us give now some prospects of this work. As a possible continuation of
this paper, it is natural to study how it is possible to extend our schemes to affine
diffusions on positive semidefinite matrices that include jumps (see Cuchiero et
al. [7]). From a modeling point of view, we believe that Wishart processes could
be used in a wide range of applications. In fact, they can be used as soon as one
has to model dependence dynamics. Thus, we hope that the possibility of sampling
such processes will stimulate different kinds of dependence models.

APPENDIX A: THE EXTENDED CHOLESKY DECOMPOSITION

LEMMA 23. Let g € S;(]R) be a matrix with rank r. Then there is a per-
mutation matrix p, an invertible lower triangular matrix ¢, € G-(R) and k, €

Mi_rxr(R) such that
T _ T (e O
pgp’ =cc', C_<kr 0).

The triplet (c,, kr, p) is called an extended Cholesky decomposition of q. Besides,
~ __(cr 0
¢=( ;) €GaR), and we have

q=C pTe p.
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The proof and a numerical procedure to get such a decomposition can be found
in Golub and Van Loan ([13], Algorithm 4.2.4). When r = d, we can take p = I,
and ¢, is the usual Cholesky decomposition.
APPENDIX B: PROOFS OF SECTION 1
B.1. Proof of Proposition 4. We will need in the proof the following basic

lemma.

LEMMA 24. Let b,c € S4(R). If either b € S (R) or c € S (R), then I, +
ibc is invertible. In particular, if b € 8;’*(R), b +ic is invertible.

PROOF. Letv e S;(R) such that Vs € [0, 7], Iy — 2gsv € G4(R). As it is usual
for affine diffusions, the Laplace transform can be formulated with ODE solutions.
Namely, we will show that E[exp(Tr(vX;))] = expl¢ (¢, v) +Tr(¥ (¢, v)x)], where
Y and ¢ solve the following ODEs (see, e.g., Cuchiero et al. [7]):

oy (t,v) =Y (t,v)b +bT1//(t, v) + 2y (¢, v)aTaw(t, v); Y (0,v) =v,
09 (1, v) =aTr(Y (1, v)); #(0,v) =0.

The function i solves an usual matrix Riccati ODE. As shown by Levin [20],
Y can be obtained explicitly by the mean of an exponential matrix, and we get

¥ (t,v) =exp(th? ) (I; — 2vg,) " 'vexp(th),

provided that I; — 2g,v is invertible for s € [0, ¢], which holds by assumption.
Therefore we get, for x € S;(R),

Tr(y (¢, v)x) = Tr((Id — 2vq,)_1v exp(th)x exp(th))
= Tr(v(ld — 2q,v)’1 exp(th)x exp(th)),

since v(ly; — Zq,v)_1 =g — 2vq,)_1v. As explained by Grasselli and Tebaldi
([15], Section 4.2), ¢ can also be calculated explicitly by the mean of the exponen-
tial matrix above, and we get

o1, v) = —% Tr(logl(I4 — 2vq;) exp(tbT)] — 1 Te(b)).

By using that exp(Tr(log(A))) = det(A) for A € G;(R), we deduce then that

exp(p(t, v)) = exp<%tTr(b)) (det{(Ig — 2vg,)} det{exp(tb”)}) />

1
~ det(ly — 2gv)*/?"
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Now it remains to show that (10) indeed holds. By It6 calculus, we get that for
se€(0,1),

dexp[p(t —s,v) + Tr(¥ (t — 5, V) X7)]
(46) =exp[p(t —s,v) + Tr(¥ (t — 5, v)X})]

X Tyt — 5, v)(/XF dWsa +a” W] [x7)].

Thus, exp[¢(t — s,v) + Tr(¥(r — s,v)X})] is a positive local martingale and
therefore a supermartingale, which gives that E[exp(Tr(vX}))] < expl¢(t,v) +
Tr(y (¢, v)x)] < oo, thatis, Dp 4.t C Dy g.b.a:r, Where

Db,a;t = {U € Sd(R)’VS € [O’ t]s Id - 2%” € gd(R)}

and

Dy a.b.a:t '=1{v € Sa(R), E[exp(Tr(vX;))] < oo}.
On the other hand, when —v € Sj’*(]l{), we can check that exp[¢(t — s,v) +
Tr(y(t — s,v)XY)] < 1 by observing that det(I; — 2g;v) = det(ly + 24/—v x
giv/—v) > 1 and Tr(v(Iy — 2g;v) " exp(tb)x exp(tbT)) = — Tr(v/—v(I + 2 X
V=ugi/—v) " /=vexp(tb)x exp(thT)) < 0. In that case, exp[¢(r — s,v) +
Tr(y (t — s, v)X7)] is a martingale from (46), and (10) holds.

Let us now observe that Dy, ,.; is convex. In fact, we have det(l; — 2¢g,v) =
det(ly — 2,/q5v\/q5), and therefore, Dy 4 = {v € Sy(R),Vs € [0,¢], Iz —
2./q5v./qs € S;’*(R)} which is obviously convex. The Laplace transform v
E[exp(Tr(vX;))]is an analytic function on D, 4., (see, e.g., [9], Lemma 10.8). The
right-hand side of (10) is also analytic on D}, ,4.; and coincides with the Laplace
transform when —v € Sj’*(R). Therefore, (10) holds for v € Dy, 4.; since Dy, 4:;
is convex. Now, we can extend to complex values of v. Indeed, the right-hand side
of (10) is well defined for v = vg + iv; with vg € Dp 4., thanks to Lemma 24.
Since both-hand sides are analytic functions of v, (10) holds for v =vg +iv;.

Last, we want to show that Dy, 4.r = Dy ¢.p.4::- We first consider the case b =0
and assume by a way of contradiction that there is v € @x’mo,a;, \ Dy, q:; for some
x,a,aand t > 0. Let f = min{s € [0, t], I; — 2qsv ¢ G4(R)} € (0, t]. On the one
hand, we have v ¢ D) ,.; and v € Dy 4.5 for s € [0, 7). On the other hand, we have,
by Jensen’s inequality

s €[0,1], exp(a(t — ) Tr(va’ a)) exp(Tr(vX?)) < Elexp(Tr(vX}))| Fsl,

which gives s € [0, ] — exp(—as Tr(vaTa))IE[exp(Tr(vXj‘))] is nondecreasing
and finite. Since (10) holds for s < 7, we get that E[exp(Tr(vX ;f))] = 400, which
leads to a contradiction. Let us now consider the case b # 0. From Proposition 6
(which is a consequence of the characteristic function obtained above), we have

ve DX,a,b,a;l — GITUQI € ,DO,I";;),‘

& Vsel0,1] det(1y — 2(s/1)gsv) #0.
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In particular, ﬁxﬂ,b,a;t is an open set. For v € G4(R), we have det(l; —
2(s/1)qrv) #0 <= det(w™! —2(s/t)g;) # 0 [resp., det(Iy — 2gsv) # 0 <
det(v=! — 2¢y) # 0]. Since sq; < s'q, (resp., gs < qy) for s < s’, we know
from Theorem 8.1.5 in [13] that the (real) eigenvalues of vl —2(s /t)q; (resp.,
v~ — 2¢,) are nonincreasing w.r.t. s. Since they are also continuous, and v~ —
2(s/t)g; = v~ —2¢g, for s € {0, 1}, we get that Vs € [0, 1], det(v™" — 2(s/1)q,) #
0 < Vs e[0,1],det(v" — 245) # 0 and thus Drabait NGa(R) = Dy gy N
Gi(R). Let v € Dx a.b.a:r- Since Dx .a.b.a:r 18 an open set, there is £ > 0 such that
vtel; e Dx,a’b,a,t NGa(R). Since Dy, 4., is convex, v = (v +elg+v—¢ly)/2 €
Dpa:r- O

B.2. Proof of Proposition 5. Once u is given, the identity in law comes di-
rectly from (13). We now give a constructive proof of the existence of u, which
takes back the arguments given by Golub and Van Loan ([13], Theorem 8.7.1).
Nonetheless, we explain it entirely since it gives a practical way to get u.

Let us consider & +a’a € S;r (R). From the extended Cholesky decomposition
given in Lemma 23 there is a matrix v € G4(R) such that viagv+vTalav =1,
where r =Rk(@ + a’ a). Since v'av € S] (R), v a’av € S (R) and " Iz =0

for z € R? such that z; = - - - = z, = 0, there are sl,SZGS,T(R) such that
- (s1 O 17 (52 0
vav_<0 O) and vaav_(o 0).

Let 0o be an orthogonal matrix such that 02T s207 1s a diagonal matrix. We as-
sume without loss of generality that only the first n elements of this diagonal are
02

positive: 02Ts202 =diag(n1,..., M, 0,...,0). We set o = ( . Ido_ ) and get I} =

oTvTavo + oTvTa avo, which gives that oTvlqvo is a diagonal matrix. Thus,

we get the desired result by taking u = diag(\/n1, ..., /T, 1, ..., 1) o vl

APPENDIX C: PROOFS OF SECTION 2

C.1. Proof of Proposition 8. Let X} ~ WIS, (x,«, 0, 1];t). We will check
that for any polynomial function f of the matrix elements, we have E[ f (X7)] =

1,x

X
E[f (X" )]. Let us consider a polynomial function f of degree m,

reS®),  fo= Y aF,

y eNIETD/2 |y |<m

where |y| =3 <i<j<q iyl and XV =[]i<i<j<q x{l{’ 7} Since the operators are
affine, it is easy to check that Lf (x) and Led f(x) are also polynomial functions
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of degree m. We set

I fllp= > lay| and |L|= max ILx” I,

y ENA@+D/2 || <m y eNAE@HDL2 |y |<m

so that ||L¥ f|lp < |L||| f ||p for any k € N. Therefore, the series Yreo KLk f(x)/
k! converges absolutely. By using [ 41 times Itd’s formula, we get

l

E[f(Xf)]zz ka< >+/

=) g FX5)]ds.

Wishart processes have bounded moments since the drift and diffusion coefficients
have a sublinear growth. Thus, C = max,, cndw+1,2 |, |<m SUPse(0,1] E[| X |] < oo

and we obtain that | fj <72 S> E[L*! f(X¥)]ds| < C||f||P(tIL|)l+l/(l+1)‘ — 0.
+
Thus, we have E[ f(X)]=>"72 t*L* £ (x)/k! and similarly we get that

th,x th,x +00 l,kn Xlﬁx

E[f(X:’ )|X?*1,... ]: Flegf(X;F]’m t )
=0 "n-

~ =1.xV
Now, we remark that C = MAaX,, cNd(d+1)/2 SUPc(0.1] max(E[lX,l’x I, ...,
1xY

E[|X/"" |]) < oo by using once again that Wishart processes have bounded
1

moments. Since E[|L’;§f(th—1,...

Jylsm

x,* ~
"= C||f||]p>|LeZ|k", we can switch the ex-

pectation with the series and get (16). Then, since Lfg f(x) are polynomial func-

tion of degree m, we can iterate this argument and finally get (17), which gives the
result.

C.2. Proof of Theorem 9. The proof is divided into two parts. First, we prove
that the SDE (26) has a unique strong solution which is given by (27) and is well
defined on Sj (R). Second, we show that its infinitesimal generator is equal to the
operator L ) defined in (18).

First step. Let us assume that (X;);>0 is a solution to (26). We use the matrix
decomposition of (x; j)2<;, j<a given by (25) and set

.
Uy =D i XDy, lell, ..},
i=1

r r 2
Wy =X)Hun — Z(Z(Cr_l)z,i(Xf){l,iH})

=1 \i=l1
r

=Xy, — Z((Ut){l,Hl})z-

=1
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We get by using Lemma 25 that

1 O 0
0 ¢ 0
0 ki lg—r—1

,
(Ut){l,l}+Z((Ut){1,k+1})2 ((Uz){1,1+1})1T§,§, 0

< k=1
(U pa+1) 1<1< I 0
0 0 0
1 0 0
x{0 o &
0 0 li—r—
U, 1}+Z(U,){1k+1}) (U ar) <=l (U)o kT
(Ur){l l+1})1<z<r crel k!
ke (UD(1141) 1 <1</ kyel 0
= X*.
Since

1 0 0
0 ¢ 0
0 k lg—r—1

is invertible, X} € Sj (R) if, and only if
vz e R?

WD,y + Z((Ut){l,iJrl})z (UDp)a<i<r41 O

T =1
(U1} 2<r<r41 I 0
0 0 0

Z

(47)

.
2
=21 (U1 + Y (21 + U qi+nz1)
izl

>0 <<= (U)un=0.
In particular, we get that (Up)(1,1) = u{1,1y > 0 since x € SJ(R). Now, by It
calculus, we get from (26) that

r r
dUD iy = D 3 (7 Dile)indZE ! =azlt!
i=1k=1



SIMULATION SCHEMES FOR WISHART PROCESSES 1065

and

dUppy=(a—r)dt +2,/(U)q, dw}

roor
+ 22 Z(Cr_l)l,k(xt){l,k+1} thl'H
1=1k=1

- Z 2((Uq1041y) dW!T!
I=1

= (a —r)dt +2,/ U1y dW,.

Thus, the solution (X;);>0 is necessarily the one given by (27) [pathwise unique-
ness holds for ((U/){1,1})1<i<r+1, and especially for the CIR diffusion (U/"){1,1)
since > d — 1 > r]. Reciprocally, it is easy to check by It6 calculus that (27)
solves (26).

Second step. Now we want to show that L, 1 is the infinitesimal operator associ-

ated to the process (X} );>o. It is sufficient to compare the drift and the quadratic
covariation of the process X; with L o Since the drift part of (X;);>¢ clearly cor-
responds to the first order of Le}i , we study directly the quadratic part. From (26),

we have fori, j € {2,..., d}z,

d((X) a1y X))

r r 2
= 4<(Xf){1,1} - Z[Z(Crl)k,l(xf){l,l—i-l}}

k=1LI=1

r r ?
+ [Z(C,_l)k,z(xf){l»lﬂ}} )

f=1Li=1
=4(X )11y dt,

(X)) iy (X))

.
=Y (eri-1klcr)j—rkdt = (ccT)ioy j1dt
k=1

= (X}, dt,
d((XH) a1y (X)) a)

=2 (e)im1k (e D (XD 1141y dt

k=11=1
=2X)p,pdr ifi<r+1,
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d((X)ay, X))

=23 "> (k)ict—rile; Dia (XD 1141y dt

k=11=1

.
=2 Z(erfl)i—l—r,z(Xf){l,erl} dt
I=1

=2(X;)q,iydt ifi >r+1 by Lemma 25.

Thus, we deduce that L, 1 is the infinitesimal generator of (X7 );>0.

LEMMA 25. Lety € S (R). We setr = Rk((yi,)2<i,j<d)s ¥} = (V1i+1)1<i<r

and yf’d = (V1.,i+1)r+1<i<d- We assume that there are an invertible matrix c, and
a matrix k, defined on Mg_,_1xr(R), such that

e 0\ [(cI kT
(Vi,j)2<i,j<d = (k: 0) ( o 0 )
Then, we have yf’d = ke, 1y

PROOF. We set

1o o 1| o 0
p=|ole¢ o0 | andhave p~'= 0‘ ! 0
Oy la—r—1 O —kre; ' Loy
Since the matrix
vt |eyDT Op = ke DT
ply(phHT = oy I 0

y{’d — krcr_lyf 0 0

is positive semidefinite, we necessarily have ylr’d —kyc,” 1 yi=0. O

APPENDIX D: PROOFS OF SECTION 3
D.1. Proof of Proposition 14.

LEMMA 26. Let (Xf)tzoLN WIS (x,a,b,a) and v = vg + iv; such that
aw

VR € Dp g+ and vy € S4(R). We denote by ¢(t,a, x,v) the Laplace transform
of X; given by (10), the other parameters a, b being fixed. Then, the derivative
w.r.t. X(i 1y satisfies the equality

k,l
o, n@(t, o, x,0) =@, a+2,x, v)p,{ }(v),
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where pt{k’l} is a polynomial function of the matrix elements of degree d defined by
k,l . s )
P () = Trfvadj(ly — 2gi0)my (€' + LizreyIm{

k) -
=: Z aty’{ }vy,

yeNA@+D/2 1y |<d

where
-y _ Vii. j}
v = H Vii, j} -
{i,j}
Moreover, its coefficients are bounded uniformly in time,

3K, > 0, Vs € [0, 1] max  (la7%0)) <K,
yGNd(d+1)/2,|y|§d

PROOF. We get from (10)

Tr[v adj(Iq — 2q,v)m, (e + Lymel*ym! ]
det(ly — 2q;v)

oe,n@(t, o, x,v) =

exp(Tr[v(lg — 2qtv)_1mtxmtT])
X
det(1y — 2q,v)*/2

=1, +2,x,v) Tr[vadj(lg — 2qv)m, (e + Lpzeym? .

Since s — ||mg]|| and s — ||gs|| are continuous functions on [0, ¢], we obtain the
bounds on the polynomial coefficients. [

PROOF OF PROPOSITION 14. Let f € ngl (S4(R)). First, let us observe that
(35) is obvious when [ = |n| = 0. Since we have VI € N, L! f € ggl(Sd(R)),
and 8zl a(t,x) =E(L! f(X7)), it is sufficient to prove (35) only for the derivatives
w.I.t. Xx.

We first focus on the case [n| =1 and want to show that 9y ,u(z, x) satis-
fies (35). The sketch of this proof is to write f as the inverse Fourier transform of
its Fourier transform and then use Lemma 26. Unfortunately, f has not a priori the
required integrability to do that, and we have to introduce an auxiliary function f,.

Definition of the new function f,. Since Dy, 4.7 given by (9) is an open set and
0 €Dy 4.1, there is p > 0 such that ply € Dy 4.7. Let w:R — R be the function
such that u(x) =0if x < —lorx >0, u(x) = exp(ﬁ) if —1 <x <0.We
have u € C*°(R).

Then we consider he cutoff function ¢ :R — R € C*°(R) defined as Vx € R,

’(x) = %. It is nondecreasing, such that 0 < ¢(x) < 1,¢(x) =0ifx < —1
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and ¢(x) =1 if x > 0. Besides, we have ¢ € C o1 (R) since all its derivatives have
a compact support. Now, we define a 9 € C"Ol (Sd (R)) as

?:S;(R) — R, X H; X{i.i) Hg“ X(j, /1X(0.i) x{zl-’j}).
i#]
It is important to notice that 0 < ¢ <1, ¥ (x) =1 if x € SJ(R) and 9 (x) =0
if there is i € {1,...,d} such that xj;;; < —1 ori < j e {l,...,d} such that
x{zi’j} > 1+ xiyxq,0)- Let y € N4@d=1/2 Since f e Iff,’l(Sd(]R)), there are con-
stants K, E > 0 and K’, E’ > 0 such that, Vx € S;(R)

d
97 @ N = KA+ 1) [Twgo-1) [T @2 g

i=1 l<i<j<d

K/(l + H (x l)i})1<i<d “El)

1_[ {lxgiiy|>— 1 1_[ (:H‘{x{zl-.j}fl+X(i’i)X{j,j}})'

i=1 l<i<j<d

U

Here, the upper bound only involves the diagonal coefficients. We define
x € Sa(R), fo(x) =0 (x) f(x) exp(—=Tr(px))

and obtain from the last inequality that f, belongs to the Schwartz space of rapidly
decreasing functions since p > 0. Thus, its Fourier transform also belongs to the
Schwartz space and we have

1 .
1000 = G mt7s foasys X0 TG F(F) () .

where
F(fp)(w) = /Rd(d“m exp(Tr(ivx)) fp(x)dx

and, in particular, f,, F(f,) € L'(Sa(R)) N L®(Ss(R)).
A new representation of u(t, x). We have f(x) = exp(pTr(x))f,(x) for x €
Sj (R), and therefore

ii(t, x) = E[exp(Tr(pX;)) fp(X;)]

1
= WE[/RMHW exp(Tr[(—iv+ pl) X} 1) F(f)(v) dv]

1

= Qm)d@+n/2 fww E[exp(Trl(—iv + p ) Xi D) F (fp) (v) dv.
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The last equality holds since

@MHWEFW“ﬂPW+ﬂhﬂﬁHWHﬁwav

Here we have used that pl; € Dy, 4.7 to get ¢ (¢, o, x, ply) < 0.
Derivation with respect to xi 1y, k, 1 € {1, ..., d}. From Lemma 26, we have by

Lebesgue’s theorem

O,y u(t, x)

1 .
= W /Rd(dﬂ)/z ¢l a+2,x, —iv+pla)
(k.
x piol(ply — iv) F(f,) () dv

since Iafk,l@(t,a,x —iv + pI)F(f)W)| < (.o + 2.x, pl)lIpf" (pla —

iv)F(fp)(v)| and pt (,old —1iv)F(f,)(v) is arapidly decreasing function.
Let 1 <k’,I’ <d. An integration by part gives [p(pIg —iv) g 1y exp(Trx (iv —

p[d)])ﬂ(x)f(x)dX{k/,l/} = (]lk’z#l’ +1p—p) fR exp (Tr[x(iv — /Old)])a{k’,l/}(l?(X) X
f(x))dx 11y, and thus

(plg —iv) g 11y F(expl—p Tr(x) ]9 (x) f(x)) (v)
. <]]-k’7él’
2

(48)

+ ]lkr:lr)}"(exp[—p Tr ()13, 1y [0 (x) £ (0)]) (v).

]].k/ v

Weset o(y) =[l1<p<r<a(—5— + Tp—p) VW) for y € N4@+D/2 and get by iter-

ating the argument that

[T ola—iv) i F(fp) )

I<k’<l'<d
(49)
= §0()/)~7:(6XP[—,0TT(X)]3 (¥ x f)(x)) ().
Since p, (,Old —iv) = ZyeNd(dJrl)/Z ly|<d a, H1<k’<l/<d(pld lv)y/gf ll/ , We

get from (48) and (49)
dpnut,x)= 3 a" " Mo)E@, (f x 9)(¥)

lyl=d

= 3 &M eEG, £ (YY),

lyl=d
where (Y;);>0 L~ WIS (x, o + 2, b, a). Here we have used that 9, (¢ x f)(y) =
aw

(50)

0y f(y) fory e S+(R) From Lemma 26 (ay’{k’l})yeNd(H])/z,h,|§d is bounded for
t € [0, T], and we get (35) when |n| =1 since 9, f € Cpo1 (S4(R)). Thanks to (50),
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a derivative of order |n|, can be seen as a (bounded) linear combination of deriva-
tives of order |n| — 1, and we easily get (35) by an induction on |n|.

It remains to check that we have indeed 9;u (¢, x) = Lu(t, x). Let £, h > 0. By
the Markov property, we have i (t 4 h, x) = E[u(t, X3)]. From (35) and 1t6’s for-
mula, we get [u(t + h, x) —u(t, x)]/hh—B+ Lu(t,x). O

—

LEMMA 27. Leta,x € SJ(R), B € L(S] (R)) that satisfies (4), and x(t) be
the solution of the ODE

t
51 = B ds.
(51) x(t) x+/0(ot—|— (x(s)))ds
Then we have x(t) € Sj (R) fort = 0.

PROOF. The ODE (51) is affine and has unique solution on Sc}" (R) which is
given by

(52) t>0, x(t) =exp(tB)(x) + /Ol exp(sB)(a)ds,

where V¢ € R*, ¥x € Sy(R), exp(t B) (x) = Y52 "B 0 Bk(x) = Bo---0 B(x)
k times
such that B(x) = x.

We first assume that o, x € Sj’*(]R) and consider T = inf{t > 0, x(¢) ¢ Sj (R)},
with the convention inf @ = +00. We have 7 > (. Let us assume by a way of
contradiction that T < oco. Then x(t) cannot be invertible and there is y € Sj (R)
such that y # 0 and Tr(yx(t)) = 0. From (52) and (4), we get

Tr(x'(t)y) = Tr([B(x(1)) + aly) > 0,

since « is positive definite. Therefore, there is € € (0, t) such that Tr(yx(t —€)) <
0. Let us now recall that z € SJ(R) < Vye SJ(R), Tr(yz) > 0. Thus, x(t —
€) ¢ S;' (R), which contradicts the definition of .

In the general case a, x € Sj (R), we observe that the solution (52) is continuous
w.r.t. x and «, and thus V¢ > 0, x(¢) € Sj (R) since 5; (R) is a closed set. [

D.2. Proof of Proposition 17. First, let us check that 6, € G;(R) is well de-
fined, such that ¢, /t = 6,1 L’]QIT and satisfies

(53) 3K, n>0,Vr€(0,n) max([6: ]|, 6,1 < K.

When n =d, ¢;/t is definite positive as a convex combination of definite pos-
itive matrices and the usual Cholesky decomposition is well defined. Moreover,
(53) holds since g;/t goes to a’a which is invertible when t — 07. When
n < d, we have assumed, in addition, that b and a’a commute. Therefore,
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qr = aTa(fé exp(sb) exp(sb?)ds/t). Since a’a and (](; exp(sb) exp(sbl) ds/1)
are positive semidefinite matrices that commute, we have

1t 1 rt
qr = ;/ exp(sh) exp(sbT)dsa’ a ;/ exp(sh) exp(sbT) ds.
0 0

Once again, 1 fot exp(sb) exp(sb’) ds is definite positive as a convex combination

of definite positive matrices and we get that 6, = \/ % fé exp(sb) exp(sbT)ds x
p ! (;Z 0 ) € Ga(R) satisfies g;/t = 6,16 by Lemma 23. Similarly, (53) holds

Ig—n
since p~! (,iz ]do_n) does not depend on ¢ and \/ % Jo exp(sb) exp(sbT) ds goes to

I; whent — 0F.
Let f € 581(8; (R)). Let X; ~ WIS4(x, a, b, a; t). Since the exact scheme is
a potential vth-order scheme, there are constants C, E, n > 0 depending only on a

good sequence of f such that

v k
4 vie©n  [EFGHI-Y %ka(x) < (L x| B).
k=0 "

On the other hand, we have from Proposition 6,

ELf(XF)] - ELf(X))]

(55) ~0" \m me(Gfl)T 0 \m me(Hfl)T
=E[f(6, 7, " o) —E[f(6,y, " T 6],
Let us introduce fg, (y) := f(6; yQtT) € ggl(Sj (R)). By the chain rule, we have

3i,j) fo () = Telby (e’ + Lizjey )0 9f 6:6)], where (3f ()t = (L=t +
%]lk#)a{k,l}f(x) and e;’j = (Lg=i,i=j)1<k,i<d- From (53), we see that there is a
good sequence (Cy, ey ), cndw@+n/2 that can be obtained from a good sequence of
f such that

Vi€ (0,m),Yy €STR) 3y fo, (M < Cpy(1+IyI).
Therefore, we get that there are constants still denoted by C, E, n > 0 such that
Vi € (0,n)
g1 T g—I\T -1 T g—I\T
(56) |E[f(9[yt9t mexmy (07 ) etT)] _]E[f(etytet mexmy (07 ) QtT):”
<t 1+ 16, mexm] 07 HTIE).

From (53), we get that there is a constant K’ > 0 such that ||9,_1mtx X
m! 07T |E < K'||x||F for t € (0, ). Thus, we get the result by gathering (54),
(55) and (56).
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D.3. Proof of Proposition 21. We have, by using Itd calculus, dX; =
(c + W,Ig)TdW;I[;’ + 17 thT(c + Wi 1}) + dI)jdt. By using Lemma 2, the
quadratic covariation of (X}); ;j and (X7 )., is given by d{((X7); j, (X{)m,.n) =
(X;C)i,m(lg)j,n + (Xf)i,n(lg)j,m + (X;C)j,m(lg)i,n + (Xf)]n(lgr;)zm Therefore,
(X7):=0 solves the same martingale problem as WIS, (x, d, 0, I}), which is known
to have a unique solution from Cuchiero et al. [7].

Let us now show that X} is a potential second-order scheme. We can see

c+iGI 4 as the Ninomiya—Victoir scheme with moment-matching variables
(see [2], Theorem 1.18) associated to %Z?:l Z;le al%j on My(R). Let f €

ngl(S;(R)). Then, x € My(R) — f(xTx) e Sgl(Md(R)) and there are con-

stants C, E, n > 0 depending only on a good sequence of f such that
vt € (0,n)
[ELf (¢ +V1617)" (¢ +V1GI)))] = E[£ ((c + Wi LD (c + Wi )]
<C" A+ el ).

Let us now observe that the Frobenius norm of ¢ is v/Tr(clc) = /Tr(x) <

Vd+Tr(x?) < Vd + V/Tr(x?2). Therefore, for any norm, there is a constant K > 0
such that ||c|| < K (1 + ||x]||), which gives the result.
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