Available online at www.sciencedirect.com

stochastic

— ScienceDirect processes
: : and their
ey applications
ELSEVIER Stochastic Processes and their Applications 124 (2014) 3578-3611 ML A —

www.elsevier.com/locate/spa

Explicit solutions to quadratic BSDEs and applications
to utility maximization in multivariate affine
stochastic volatility models

Anja Richter*

Baruch College, CUNY, Department of Mathematics, One Bernard Baruch Way, New York, NY 10010, United States

Received 13 January 2012; received in revised form 14 May 2014; accepted 15 May 2014
Available online 14 June 2014

Abstract

Over the past few years quadratic Backward Stochastic Differential Equations (BSDEs) have been a
popular field of research. However there are only very few examples where explicit solutions for these
equations are known. In this paper we consider a class of quadratic BSDEs involving affine processes and
show that their solution can be reduced to solving a system of generalized Riccati ordinary differential
equations. In other words we introduce a rich and flexible class of quadratic BSDEs which are analytically
tractable, i.e. explicit up to the solution of an ODE. Our results also provide analytically tractable solutions
to the problem of utility maximization and indifference pricing in multivariate affine stochastic volatility
models. This generalizes univariate results of Kallsen and Muhle-Karbe (2010) and some results in the
multivariate setting of Leippold and Trojani (2010) by establishing the full picture in the multivariate
affine jump-diffusion setting. In particular we calculate the interesting quantity of the power utility
indifference value of change of numeraire. Explicit examples in the Heston, Barndorff-Nielsen—Shephard
and multivariate Heston setting are calculated.
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1. Introduction

Since Bismut [9] introduced linear BSDEs in the context of Pontryagin’s maximum principle,
they have been intensively studied. Their popularity stems from the fact that they can be applied
to many different areas, e.g. in the study of properties of partial differential equations (PDEs),
see Briand and Confortola [11] and N’Zi et al. [46]. BSDEs also appear in many fields of
mathematical finance, see El Karoui et al. [27] or more recently El Karoui and Hamadene [26]
for an overview. Problems such as pricing and hedging of European options (compare [27]),
stochastic recursive utility (see [24]), utility maximization problems (e.g. [34]) and risk measures
(e.g. [5,48]) have been tackled using BSDE techniques.

For linear BSDE:s it is possible under certain integrability and boundedness conditions to de-
scribe the first component of a solution as conditional expectation, compare [27, Section 2]. This
is already not possible anymore in the Lipschitz case and therefore solutions and their properties
can mostly be studied numerically. In the meantime there is a huge literature on numerics for
Lipschitz BSDEs, see [7,10,28] amongst many others. The present work focuses on BSDEs with
drivers of quadratic growth which were first investigated by Kobylanski [39] in a Brownian set-
ting and later extended to a continuous martingale setting by Morlais in [43]. Imposing certain
growth and Lipschitz conditions on the generator and assuming bounded terminal conditions ex-
istence and uniqueness of quadratic growth BSDEs are guaranteed. However there exists much
less research on numerics for quadratic BSDEs (see [35,49]) and only very few examples where
an explicit solution is known.

Motivated by this lack of examples and by the most important applications of this theory we
analyze conditions under which one can find explicit solutions to a class of quadratic growth
BSDE:s. Our setting is as follows. We consider a forward affine process valued in S7, the cone of
positive semidefinite d x d matrices, and analyze BSDEs whose terminal condition and generator
depend on this forward process. The main question from a BSDE-point of view addressed here is:
Which structural conditions on the terminal condition and the generator are needed (e.g. linear,
affine, quadratic) to allow us to solve the BSDE explicitly?

We have chosen the forward process to be an affine process X on Sj. As Kallsen and Muhle-
Karbe [38] in the univariate case we can relate systems with S;'-Valued forward processes to
multivariate, realistically modeled utility optimization problems. Notice that affine processes
have found a growing interest in the literature due to their analytic tractability which stems from
the affine transform formula

E [exp(—Tr(X,u))] = exp(—¢ (¢, u) — Tr(y (¢, u) Xo)).

forallt € [0,T] and u € S;. The functions ¢ and ¥ solve a system of generalized Riccati
ordinary differential equations (ODEs), which are specified via the model parameters. Affine
processes have been applied in various fields in mathematical finance such as the theory of term
structure of interest rates, option pricing in stochastic volatility models and credit risk, see e.g. [2,
16,22,23] and the references therein. Note that it is not necessary to look at matrix-valued affine
processes as we do, but we could have equally chosen R, x R™, which was characterized by
Duffie et al. [25], or R" x Sj. For the sake of presentation we chose S:{ since this state space is
complicated enough to make important pitfalls visible (e.g. no infinite divisibility, no polyhedral
property, etc., see [18]), but still allows for simple notation. We emphasize that most of our results
carry over to the general state space case.

The forward—backward system we consider consists of an affine process X on Sj and a BSDE
whose terminal condition is an affine function of this process. Moreover the generator is allowed
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to have a more involved structure including a dependence on X and a quadratic dependence in
the control process Z. In Theorem 3.5 we carry out which analytic form the generator and the
terminal value of the BSDE need for the solution to be determined by a matrix ODE. This ODE
is a generalized Riccati ODE which may explode in finite time because of its quadratic term.
Therefore it is necessary to find conditions such that the ODE possesses a unique finite solution
on the whole time interval [0, T'].

We apply our results to the problem of maximizing expected utility of terminal wealth in
multivariate affine stochastic volatility models. This problem is typically approached either by
stochastic control methods leading to Hamilton—Jacobi—Bellman equations or martingale meth-
ods which we will use here. The martingale method has also been used in [38], where the authors
were able to solve the power utility optimization problem in several univariate affine models.
They obtain the solution using semimartingale characteristics and represent the optimal strate-
gies in terms of an opportunity process. Using a combination of martingale methods and our
results on explicit solutions of BSDEs we extend these ideas to higher dimensions. In particu-
lar we derive explicit results for power and exponential utility in multivariate extensions of the
model of Heston [32] and the model of Barndorff-Nielsen and Shephard [2]. The multivariate
results presented here are mostly new and provide a thorough extension of Fonseca et al. [19],
where the power utility case in the multivariate Heston model is treated. We also want to mention
the work of Leippold and Trojani [40] where in a multivariate setting the optimal strategy and
the value function for power utility maximization is given. Their considerations are justified in
our general affine setting. Note that Baeuerle and Li [1] solve the portfolio problem in a Wishart
process setting for power and logarithmic utility via HIB equations and their verification.

A particularly interesting application of our findings is the following: in the case of expo-
nential utility we are able to provide analytic expressions for the indifference prices of variance
swaps, which is well-known and can also be found in the literature. In the case of power utility —
due to the additive structure of indifference prices — one cannot find tractable expressions of those
prices. However, the equally interesting concept of indifference value of change of numeraire is
again analytically tractable. The indifference value of change of numeraire is the price one is
willing to pay to swap one numeraire with another one. This can have two applications: one is
the case where an institution actually bases their portfolio optimization, e.g., on fixed interest
rates, even though interest rates are floating. The indifference value of change of numeraire is
consequently the value of a swap contract particularly designed for compensating this model
misspecification. The second one is a foreign exchange situation where replacing one numeraire
by another one influences the optimal portfolio problem and therefore leads to an indifference
value. We can provide fully tractable formulas in all these cases, see Section 4.2.

In Section 2 we introduce necessary notation and collect several results by Cuchiero et al. [18]
who give a complete characterization of affine processes on S:{. Section 3 studies explicit
solutions to BSDEs and the connection with generalized matrix-valued Riccati ODEs. The results
are then applied to expected utility maximization in Section 4.

2. Notation and characterization of affine processes

We start with the notation we use subsequently. The space M, stands for d x d matrices with
real entries and I; is the d x d-identity matrix. We denote by AT the transpose of the matrix
A, by S, the space of symmetric d x d-matrices equipped with the scalar product Tr(xy). This
inner product naturally induces a norm ||x|| = 4/Tr(xx). We write S; (or ;) for the closed
cone of symmetric d x d positive (or negative) semidefinite matrices and SJ"" (or §; ) for the
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open cone of d x d positive (or negative) definite matrices. By BS['I|r = S; \ S;J’ we denote the
boundary of Sj. The cones S; and SL}H' induce a strict partial order relation on S;. We write
x <yify—x € S; andx < yify —x € Sfr.Fori,j =1,...,d, we also introduce the
matrices ¢’/ € M, with eﬁj = 1 and the remaining entries being 0.

The Borel o-algebra on a space U C S, is denoted by B(U) and bS(;F refers to the set of
bounded real-valued measurable functions f on S,;. The vector space R¢ is equipped with the
Euclidean norm | - |. We work on the finite time interval [0, T'], where T > 0 is fixed.

Let (12, 7, F, P) denote a complete stochastic basis, where I = (F;)¢[0,7], and let P be the
o-field of predictable sets on [0, T] x (2. We consider time-homogeneous Markov processes X
with state space S; and semigroup (P;);c[0,7], Where

Pf(xr) = / FE)pr(x, dE),
st

and x € Sj, f € bS;iIr and p; a probability transition function. We refer to [51] for further
details. Let us now define an affine process on Sj.

Definition 2.1. A time-homogeneous Markov process X is called affine if it satisfies the follow-

ing conditions.

(i) X is stochastically continuous.

(ii) The Laplace transform of X depends in an exponential affine way on the initial state. More
precisely, there exist functions ¢ : [0, T] x S} — Ry and ¥ : [0, T]1x S; — S such that

Prexp(=Tr(xu)) = /+ exp(=Tr(§u)) p: (x, d§) = exp(=¢ (1, u) — Tr(y (t, u)x)),

Sd
forallr € [0, T]and u,x € S .

As we will see later, the functions ¢ and ¢ can be expressed in terms of ODEs involving
an admissible parameter set. Note that this set is always given w.r.t. a truncation function
X : Sq¢ = S4 which is a continuous bounded function such that y (§) = £ for £ in a neighborhood
of 0.

Definition 2.2. We call («, b, ,3’7 ,m, 1, t,y) an admissible parameter set associated to a trun-
cation function y if it satisfies the following conditions.
(i) The linear diffusion coefficient o belongs to the cone S;[.
(i1) The constant drift term b is such that b > (d — 1)«.
(iii) The constant jump term m is a Borel measure on B'(S;r \ {0}) satisfying

/ (&N A Dm(dE) < oo. 2.1
S\{0)

(iv) The linear jump term consists of a d x d-matrix u = (u;;) of finite signed measures on
B(S; \ {0}) such that u(E) € S} forall E € B(S] \ {0}). The kernel

Tr(xp(d§))
M(x,d§) = ———>22 22
(x,dé§) EZ A (2.2)
satisfies
/+ Tr(x (€)u)M (x,d&) < oo, forallx,u € SJ with Tr(xu) = 0. (2.3)
ST\{0}
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(v) The linear drift coefficient is composed of a family (,3’7 )i,j=1,....,a of symmetric matrices

with B/ = B/t € Sy foralli, j = 1,...,d, and such that the linear map B : S; — S, with
d .o
B(x)= Y Blxi, (2.4)
ij=1
fulfills
Tr(B(x)u) — / Tr(xE)u)M(x,d&) > 0, (2.5)
S0}

forall x,u € S;' with Tr(xu) = 0.
(vi) The constant killing rate coefficient ¢ has values in R..
(vii) The linear killing rate coefficient y has values in SI.
A discussion on the conditions of the parameters can be found in Section 2.1 in [18]. The
authors of [18] also give a full characterization of affine processes on S:,r.

Theorem 2.3 ([18, Theorem 2.4]). Let X be an affine process on Sj. Then there exists an
admissible parameter set (a, b, ,Bij, m, [, L, Y) W.Et. a truncation function x such that the
functions ¢ and  from Definition 2.1(ii) solve the generalized Riccati ODE

ad’gt’ YDz, $0.u) =0, 2.6)
W = %(1//([, u)), Y(0,u)=ue SI, 2.7

with

y(u):Tr(bu)Jrc—/ (e T8 _ \ym(de),
S\{0}

—Tr(u€) _ 1 T
R (u) = —2uou+ B*(u) +y — / ¢ 2+ r(x (§)u)
ST\{0} &= A1

where B (u) = Te(Bu) fori,j=1,....,d.
Conversely, let (o, b, ﬂi«i,m,u,t,y) be an admissible parameter set associated to a

truncation function x. Then there exists a unique dffine process on S; and the condition
of Definition 2.1(ii) holds for all (t, u) € [0, T]x S;, where ¢ and r are given by (2.6) and (2.7).

Every conservative affine process on Sj with killing rate coefficients t = y = 0 is a semi-
martingale.

n(d§),

Theorem 2.4 ([18, Theorem 2.6]). Let X be a conservative affine process on S;' and (a, b, ﬂij s
m, i, 0, 0) the related admissible parameter set associated to a truncation function x. Then X
is a semimartingale whose characteristics (D, A, v) with respect to x are given by

t
D, = / (b+ f X(E)m(dé)JrB(Xs)) ds,
0 ST\{0}

d

t
Ay ijkl :/ Ajjr(Xg)ds,
0

t
v([0,1], G) :/ (m(G) + M(X;, G))ds,
0
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fori,j,k,l e{l,...,d}, t €[0,T]and G € B(S;' \ {0}). The matrix B is given by (2.4), M
by (2.2) and A;jy by

Ajjki(X) = Xigoj + Xj@ g + X0 + Xjicig, (2.8)

foralli,j, k,1 € {1,...,d}, and x € S;. Moreover there exists a d x d matrix of standard
Brownian motions W such that X has the following canonical representation

t t
X, = x+/ \/XSdWS2+/ DTaw] /X,
0 0

t
+/ (b+B(X )+/ X(E)m(dé)) ds
57\{0}
// x(®) (1 (s, d§) = v(ds. df))
S \O)

t
- f / (& — x @) n*ds, d&), (2.9)
0 JSh\{o}

where X € My satisfies XX = a and nX denotes the random measure associated with the
Jjumps of X.

Remark 2.5. The canonical representation (2.9) follows via the canonical semimartingale rep-
resentation (see [36, Theorem I1.2.34]) and the construction of a matrix-valued Brownian mo-
tion. For the latter one has to find a matrix which coincides with the covariation of the affine
process.

Note that the constant drift term of an affine semimartingale is independent of the truncation
function x while x influences the linear drift coefficient B.

From now on we fix a truncation function y, and then write “admissible parameter set” for
“admissible parameter set associated to truncation function x”. The affine process X with ad-
missible parameter set (o, b, ,Bij, m, |, t, y) is continuous if and only if m and p vanish, i.e.
(a, b, B7,0,0, 1, y). Since we only consider affine semimartingales we write («, b, B/, m, 1)
for («t, b, B, m, ., 0, 0).

To fix ideas let us give an example of a matrix-valued affine processes, the Wishart processes.
These processes were first rigorously studied in Bru [13] extending squares of matrix Ornstein—
Uhlenbeck processes. The dynamics of a Wishart process satisfies

dX, = (b+HX, + X, H"dt + /X, dW, 2 + 5Tdw,"/X,, (2.10)

where b, H, Y € My and W is a d x d matrix Brownian motion. These processes have been
widely used to model stochastic covariation, see e.g. [14,20,21]. In order to obtain a well defined
matrix volatility process Bru [13] required the constant drift part b = kX' T X for some k > d — 1.
Then X has a Wishart distribution. In the above notation the admissible parameter set for the
Wishart process is (X7 X, b, i/, 0,0) with B(x) = Hx + xH .

In contrast to affine processes on the state space R’} x R”, which were fully characterized
in [25], and where the diffusion term consists of a constant and linear part, the diffusion term of
an affine process on Sj with admissible parameter set («, b, 87/, m, 1) only allows for a linear
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part of the specific form

Z uijAija (Oug = 4 Tr(xuau),  x,u € Sy (2.11)
i jokl=1

Note that the necessity and sufficiency of conditions (ii) and (v) in Definition 2.2 was first shown
in [18]. In particular formula (2.4) allows for a more general form than B(x) = Hx+xH ', x €
S;, compare also [18, Chapter 2.1.2].

3. Explicit solutions of quadratic FBSDEs

In this section we examine how the solutions for a class of quadratic BSDEs can be reduced
to solving ODE:s. In contrast to many existence results in the literature, e.g. [6,39,44,47], where
the generator f is usually required to satisfy certain Lipschitz and growth conditions, we suggest
an analytic expression for f which gives the problem extra structure. Consider the following
motivating example where such a form appears naturally.

Take the one-dimensional Heston model (compare [32]) for the dynamics of an asset H. The
stochastic logarithm N of H satisfies

dNt = andt + vV RfdQl"
dR; = (b+ ARy)dt + o0+ R dW;, t€]0,T]. 3.1

Here R is the stochastic volatility process, b, > 0,7n,1 € R are constants and Q, W are
two Brownian motions with constant correlation p € [—1, 1]. The volatility process R satisfies
our definition of an affine process on Ry with admissible parameter set (}‘0‘2, b, 1,0,0). We
study an investor who is interested in maximizing their expected utility from terminal wealth.
The investor’s initial capital is denoted by x € R and their trading strategies are deterministic
functions 7 of time, where 7 (¢) describes the amount of money invested in stock H at time
t € [0, T]. The wealth process X7 for initial endowment x and strategy 7 is given by

t t
xi7 =xt [ Tam = x+ [ xean,
o H 0

N

fort € [0, T]. We can solve the exponential utility maximization problem

V(x) =supE[—exp(-yX7")], x€R, y>0,
s

by finding the generator f of the BSDE

T T
Yi=0— / Z,dW, + / F(Rs, Z,)ds, (32)
t t

such that the process LT = —exp(—y(X;" + Y;)), t € [0, T], is a supermartingale for all
strategies 7w and a martingale for a particular strategy 7 °P'. The required generator can be shown
(see Lemma 4.12) to be

1 1
fr2) = gmz — D2 —r — mGINGRE R?, (3.3)

37

similarly to [34, Theorem 7]. Notice that the generator is quadratic in the z-component. In order
to solve this BSDE we apply the Itd formula to an affine function of R. More precisely we make
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an affine ansatz for Y; = I'(t)R; + w(t), t € [0, T], where I', w : [0, T] — R are differentiable
functions. This leads to

T
I'()R; + w(t) = ['(T)Ry + w(T) —f I'(s)o/Ryd W

t

T
_ / <F(s)(b F AR + ‘”;(S) Ry + dw(s)) ds. (3.4)
: s ds

It can be immediately read off the equation that I" and w must satisfy
I'T)=w(T)=0 and Z;=1I(s)o/Rs, s€[0,T] (3.5)
The finite variation parts of (3.2) and (3.4) coincide if for all s € [0, T]

dT'(s) dw(s)
0= f(Rs, Zs) + I'(s)(b + ARy) + Ry +

ds ds
_Y .2 2 2 L 2p l
= S(p" = DI"(s)o" Ry + —=n"Ry npl'(s)o Ry + I'(s)(b + ARy)
2 2y y
drI'(s) dw(s)
R ,
+ ds s T ds

where we have used the equation for the generator f and formula (3.5) for Z. Equating
coefficients this leads to an ODE of Riccati type

dI'(t) 2
R =ql'“(t) +1I'() +c, raT)=0, tel0,T],
with constants
_Y 2, 2 _ 1 _ Ly
q9=709 (o =1, l—)\—;GPU’ 6_2_)/3”’
and an ODE of the simpler form
dw(t
- ‘sf) —I'(th, w(T)=0, 1el0,T]

Hence the solution of (3.2) is
T
Y =T ()R, +/ bIl'(s)ds
t

Z, =T'()o/R;, tel0,T).

Generally, Riccati ODEs have the property that their solution can blow up in finite time, however
our model parameter choices admit a non-explosive solution. In the one-dimensional case con-
sidered here we can even give an fully explicit solution, compare [12, Section 21.5.1.2]. More
specifically we distinguish two different cases depending on the value of

1 2
d=1>— 4qc = <A - —Ur),o) + —202772(1 - ,02) > 0.
v 14
If d > 0, then
eVAT—1) _

@) =-2c ,
eNAT=0( 4 /d) — 1+ d

te[0,T]
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Ifd=0,thenp =1,A = %an and hence
1

e = 3;7 (T—t) te[0, T].
2y

In both cases the martingale property of — exp(—y (X" 4 Y)) then gives the value function
and the optimal strategy

T
V(x) = —exp <—y (x + I'(0)Ro +/ bF(s)ds)) ,
0

1
(1) = —n — T'(H)op,
Y

forx e R,t € [0, T].

In the previous example the ansatz ¥; = I'(f)R; + w(¢) and the method of equating
coefficients enabled us to reduce the solution of a BSDE to solving ODEs. Now that we have
seen how we exploit the affine structure in an one-dimensional example, we generalize this to
BSDEs depending on affine processes on S;{ and even an additional process which has affine
semimartingale characteristics with respect to the affine process. The question is how general we
are allowed to choose the generator and the terminal condition in order to still be able to apply
the above method.

We associate the affine process X with admissible parameter set («, b, ﬂij ,m, ) to a BSDE.
To allow for a more flexible financial modeling, especially in view of pricing of variance swaps,
the BSDE will moreover depend on the matrix-valued process

d0, = o ()y/X,d Qs + (01(1) + 02D X)) d1, 1 €0, T, (3.6)

where 01,02 : [0, T] - My and o : [0, T] — M, are continuous functions. Here the process Q
denotes a d x d matrix-valued Brownian motion which is independent of the Brownian motion
W. This process will enable us to calculate indifference prices and delta hedges for variance
swaps, see e.g. Section 4.2.2.

Our (nonstandard) real-valued BSDE will have the following form

T T
Y, = F(Xr, OT)—/ Tr(ZSTdWS)—/ Tr(Z) d Qy)
t t

t
[ K@ (@)~ vids. )
0 Jsi\o}

T
+/ f(S7XSaYSaZSﬂzS7KS)dSa (37)
t

fort € [0, T], where the terminal condition F is allowed to depend on the affine process X and on
the process O. Recall that W is the Brownian motion of the underlying affine process X and the
generator is a deterministic Borel measurable function f : [0, T'] x Sd+ XRxMyxMygxR — R.

Definition 3.1. A solution to BSDE (3.7) is a family of adapted processes (Y, Z, 7. K ) with
values in R x M; x M; x R such that:

(i) The equation (3.7) is a.s. sat1sﬁed
(i) The processes Z and 7 are predictable processes such that fo |ZT|2ds < o0 and

respectively fo 1Z] 2ds < oo.



A. Richter / Stochastic Processes and their Applications 124 (2014) 3578-3611 3587
(iii) The integrability condition fOT | f(s, X5, Ys, Zs, ZS, K;)|ds < oo holds true.
(iv) The mapping ¢ — Y; is cadlag.
(v) The process K is predictable and satisfies fOT fsj\{O} |K: (&) (m(dg)+M(X;, dE))dt < oo.
For a certain class of generators and terminal conditions we can give the solution to the above

BSDE in terms of matrix ODEs. Suppose the terminal condition F : Sj x My — R is affine,
more precisely

F(x,0) = Tr(ux) + Tr(ao) + v, x €S}, 0o € My, (3.8)

where u € Sz, a € My and v € R. Let us define the set L° as the space which contains all
functions k : Sj — RR. The class of generators f is more involved, more precisely the generator
f:10,T] x S‘}" x R x My x My x L® — R is allowed to have the following form

f(t» X, ¥, 2, 29 k) = Tr(ZCZZ(t)ZT) + Tr(ZCZﬁ(t)\/;) + TI'(CX(Z)X) + Cy(t)y + ct(t)
+Tr(Gezz(027) + TrGez, (D21 + Tr(Ges 7 (V)

[ gt KEIM (. dE) + /S (Tr(zg. . KE)VE)

S\{0} {0}

+ Tr(xgx (1, k(§))) + g: (1, k(§)) + ygy (2, k(S)))m(df)

+ / (Tr(i%ggg(t, k(ENZT) + Tr(2gs. (1, k(€)z")
S0}

+Tr(Zg: /5 (1, k(S))ﬁ))M(dE), (3.9

forall (z,x,y,z,2,k) € [0, T] x S;' x R x My x My x L°. In the above,

Czzs C7 /x> Cx» €325 Cz, C2 Jx - [0, T] — My,
¢ ey [0, T] = R,

are continuous functions and gy : [0, T] x L% > Risan M (x, d&)-integrable function, x € S;',
which is continuous in time. Finally

8% 8x» 832 8220 82 % 1 [0, TT x L — My,
88y 10, T] x L' > R,

are m(d&)-integrable functions which are also assumed continuous in time.

Remark 3.2. As we have seen in the introductory example an affine ansatz for the solution pro-
cess Y leads to an explicit form of Z in terms of ODEs and the forward process X. The affine
form for Y and the application of Itd’s formula then implies the affine form of the terminal con-
dition F and already determines the processes Z, Z and K in terms of X and up to the solvability
of a matrix ODE. The form of the generators f looks more complicated but is governed by the
affine ansatz for Y and It6’s formula as well. The finite variation part of 1t6’s formula applied to
an affine function necessarily needs to coincide with the generator of the BSDE. Additionally,
the generator written exclusively in terms of X (instead of Z, Z and K) needs to be affine so that
we can use the method of equating coefficients. This leads to the described class of generators.
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Remark 3.3. We restrict ourselves to the case where f does not depend explicitly on O since
the structure of f is already quite involved. If this were not the case we would derive further
coupled ODEs. However the terminal value F depends affine on O. We could allow for jumps in
O provided those jumps have affine characteristics in X, but do not for reasons of brevity. It is
possible to only consider functional forms of time o (-) rather than o(~)ﬁ in (3.6).

Remark 3.4. With applications in utility maximization in mind, we have chosen to examine a
class of quadratic BSDEs with an affine terminal condition. However the approach can be trans-
ferred to (exponentially) affine or polynomial terminal conditions. For illustration consider a
quadratic BSDE without jumps and with a terminal condition depending quadratically on the
affine process R from (3.1) with parameters 2b > o2. Then a quadratic ansatz for the solu-
tion process Y, i.e. ¥; = ”(t)R,z + I'(t)R; + w(r) with differentiable functions of time =, I"
and w, leads to Z, = 2Z ()R, + I'(t))o+/R;. The BSDE (¥, Z) is solvable if its generator
f(r,z) = f(r, 2=r + I')o+/r) is quadratic in r and the system of 3 ODEs is solvable. This is
the case for example for the BSDE with quadratic generator f(r, z) = z%/r + z./7, because the
corresponding ODE for = turns out to be a Riccati ODE, I is a linear ODE depending on the
solution of = and w can be found as an integral involving the solution of I'.

We can now give the main theorem which describes the explicit form of the solution processes
(Y, Z, Z, K) in terms of the solution to a system of generalized Riccati equations.

Theorem 3.5. Let X be an affine semimartingale on S; associated to the admissible parameter
set (o, b, B, m, ) such that

/+\{0}(§ — X(E)(m(dE) + M(x,d§)) <oo, xeS. (3.10)

Sd
Furthermore suppose that there exists a unique solution I' (-, u) : [0, T] — Sg to the generalized
Riccati ODE

AT (t, u)
— =0T,  I(Tuw=u (3.11)

with

0@t ,u) = 4uX c.(DZu+ LOu+ul (1) + B*(u) + €@)
n / Tr (& — x(6))) + gm(t, Tr(ué))ﬂ(dg)
S0}

1Nz A1

+ /S o <uzngﬁ(t, Tr(u$)) + g (¢, Tr(us)) Su + ugy (1, Te(ug))
+ g (t, Tr(ué)) + o ' (Hagz: (t, Trwé))a o (1) + o (tags, (¢, Tr(ué)) Zu
+uX gl (1, Tr(ué))a o (1) + o' (Nags (1, Tr(ug)))m(dg), (3.12)
for (t,u) € [0, T] x Sy. The functions £ (t) and € (t) are given by
L) = %cy(t) + czﬁ(t)E + O’(t)Taczz(t)E

C(t) = cx(t) + 0 (1) 'aczz(Na’ o (1) + 0 ' (H)acy (1) + aoa (1),
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forallt € [0, T]. Let w(-, u, v) : [0, T] — R be the solution of

Jw(t, u, v) _

” =w(t, I'(t,u), w(t,u,v)), w(T,u,v) =v, 3.13)
with

@ (t,u,v) = cy(t)v + ¢ (t) + Tr(ao1 (1)) + Tr(ub)

+ /s+\{0} (Tr(ug) + gy (t, Tr&))v + g (1, Tr(ué))) m(d§),

d
for (t,u,v) € [0, T] x Sg x R. Then the above BSDE has the unique solution

Y, =Te(I'(t, u)X;) + Tr(aO;) + w(t, u, v),
_ T
Z =2/X, It 2", G
Zt = /YIUT(t)a’
K (&) = Te(I'(z, u)é),

forall& € ST,t€[0,T].

Proof. Let ' and w be the unique solutions of (3.11) and (3.13). We apply Itd’s formula for

semimartingales to the function [0, T] x Sj X Mg > (t,x,0) — Tr(I'(t,u)x) + Tr(ao) +
w(t, u, v). Using representation (2.9) and (3.6) this gives

Te(L'(t, u)X,) + Tr(aO;) + w(t, u, v)

T
= Te(I'(T, w)X7) + w(T, u, v) + Tr(a O7) —/ 2Tr<EF(s, u)\/xfdws)
t

T
— / (Tr(F(s, u)b) + Tr(I'(s, u) B(Xy)) + Tr (F(s, u)/ X(é)m(dé))) ds
' S\{0}

T
- / / Te(F (s, )X (8)) (¥ (ds, d&) — v(ds. d&))
t S0}

T
- f / Te(I(s, u)(E — x(€)u* (ds. d€)
t JSh\o

- /T <Tr<8F(S, M)Xs> N ow(s, u, v)) s
4 as

as
T A T
- / Tr (a0 (5)/X,d 0, ) - / Tr (@(01(5) + 02()Xy)) ds.
t t

where we have used basic properties of the trace to derive

Tr (F(z, (/X dW, 5 + ETdW,T\/XT)) —2Tr (zr(z, u)\/xfdw,) .
The integral

T
/ / Te(I(s, w)E) (WX (ds, d) — v(ds, d&)), 1 €0, T],
t JSh\(o)
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is well defined. Indeed, recall the form of the compensator v from Theorem 2.4 and the admissi-
bility conditions(2.1) and (2.3). This yields

T
f / Tr(I (s, u) x (£))(n* (ds, d&) — v(ds, d€)) < 0o, t€[0,T],
t JSH\0)

and with the integrability condition (3.10) on the measures m and M, we ensure
T
/ /+ o Te(I'(s, u)(§ — x(E)) (¥ (ds, d§) — v(ds, d§)) < oo, 1€]0,T].
r JSh\

Hence we may write the above equation in the following form
Tr(L(t,u)X;) + Tr(aO;) + w(t, u, v)
T
= Te(I(T, w)X7) + w(T, u, v) + Tr(aOr) — / 2Tr (ZF(S, u),/XSdWS)

t
T
— / <Tr(F(s, u)b) + Tr(I' (s, u)B(Xy)) + Tr (F(s, u)/ X(é)m(d&))) ds
' S\{0}
T
_ / / TR(D (s, w)E) (u* (ds. dE) — v(ds. dE))
t S0}
T
- / / Tr(L'(s, u)(& — x(¢))v(ds, d§))
t IS0
B /T (Tr <8F(s, u) Xy) N dw(s, u, v)> s
; as as

T T
—/ Tr(ao(s)/fsd@)—/ Tr (a(01(5) + 02(s)X,)) ds. (3.15)
t

t

Hence the BSDE (3.7) is solved by (3.14) provided the finite variation parts of (3.15) and the
BSDE coincide, i.e. if

f. X, Y, Ze, Z, Ky)

= —Tr(I"(t, u)b) — Tr(I"(¢t, u) B(X;)) — Tr <F(t, u)/ X(g)m(d§)>
S\{0)

- f Tr (I'(t, u)(§ — x(§))) (m(d§) + M(X,, d&))
S0}

T <8F(l, u) Xz) B ow(t, u, v)

o7 o7 —Tr(ao1(r)) — Tr(ao2()Xy)

for t € [0, T]. Using the special form (3.9) of the generator f and formulas (3.14) we calculate
@ X0 Y, 2y, 2, K))
=4Tr(V/X: I'(t, u)ETcZZ(t)EF(t, v X)) +2Te(v/ X (2, u)ZTcZﬁ(t),/Xt)
+Tr(ex (1) X1) + ¢y (OTe(L (2, w) X)) + cy(Dw(E, u, v) + ¢ (1)
+Tr(v/ X0 (Dacz: (a0 () X,) + Tr(v/ X0 T (Dacs ()22 (t, u)y/X,)
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+Tr(y/Xo0 T (Dacs (v X) + / gn (6, Te(D (1, ) M(X;, d§)
\{0}

+ A+\{O}(Tf(2XzF(t, w) X" g, i, Tr(I (1, w)E))) + Tr(gy (1, Te(I (2, 1)) X))
d

+ Tr(gy (1, Te(I (2, W) T (2, u) X,) + gy (8, Te(I(t, w)E))wit, u, v)
+8(0) + Tr(y/X,0 T (Dagz: (1, Tr(D(t, w)E))a o (1)y/X,)
+Tr(v/X;0 T (t)ags, (t, Te(I' (1, u)€)2XT(t, u)y/X;)

+Te(y/ X0 T (0ags (6. Te(I(t, w)E)v/X,))m(dE)

= —Tr(I'(t, u)b) — Tr(I'(t, u) B(X1)) — /S+\{0} Tr (I'(z, u) x (§)) m(d§)
d

- f Tr(I'(t, u)(& — x(§))) (m(d§) + M(X,, d&))
S0}

<8F(t u) ) ow(t, u, v)
—Tr )=
at at

where the last equality is obtained from (3.11) and (3.13), the definition of the adjoint operator
B* and basic properties of the trace. [

— Tr(ao(t)) — Tr(aoz(1)X,),

Obviously our results also apply to ‘standard’ FBSDEs, where the BSDE is only allowed to
depend the affine process X itself. For more details and a study on the existence and uniqueness
of solutions to the generalized matrix Riccati ODE (3.11) we refer the reader to [50, Chapter 8].

4. Application in multivariate affine stochastic volatility models

In this chapter we apply the results of the previous chapter to the classical problem of utility
maximization in a multivariate stochastic volatility setting. Stochastic volatility models are an
extension of the Black—Scholes model, where the previously constant assumed volatility is now
modeled as a stochastic process. The key feature of affine stochastic volatility models is that
their joint Fourier—Laplace transform has an exponentially affine form. For a multivariate model
consider the d-dimensional logarithmic price process N whose stochastic volatility is given by
an affine process R on S;{, then the following formula holds

E [eTr<uR,)+uTN,] — (¥ (t.u,v)R)+v " No+&(t,u,v)

for suitable arguments ¢ € [0, T],u € S; +iS; and v € C?. The functions ¢ and ¥ solve a
system of generalized Riccati ODEs which are specified by the model parameters. This formula
is the main reason for the analytic tractability of affine stochastic volatility models. In the
multivariate stochastic volatility models mainly used in the literature, the dynamics of R follow

dR, = (b+ BR, + R,BT)dt + VR AW, X + XTdaW /R, +dJ,,
Ry=re Sd ,

where W is a matrix-valued Brownian motion p0551bly correlated with the Brownian motion
driving N. Moreover b is a suitably chosen matrix in S JINDIN B are some invertible matrices and
J is a pure jump process with a compensator that is affine in R. Without jumps this process
is a Wishart-process (see also (2.10) and thereafter). They were introduced by [13] and have
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been applied to many different fields such as term structure modeling and derivative pricing in
[20,21,30,31]. The authors of [3,4] consider multivariate stochastic volatility models for a class of
matrix-valued Ornstein—Uhlenbeck processes driven by a Lévy process of finite variation. Closer
to our subject is the work of [19]. There the authors investigate the power utility maximization
problem in a multivariate Heston model where the covariation process follows a Wishart process.
They obtain the optimal portfolio and utility via a duality approach.

We start with the martingale property of the stochastic exponential of some process which
will allow us to prove optimality in the utility maximization problem. More precisely we want
to maximize expected utility of terminal wealth. The wealth process X" is composed of the
initial capital x € R and gains from trading with strategy = in the market. We want to solve the
problem in presence of random revenues F which are paid at terminal time 7', i.e.

Vx)=sup E[UXF" +F)], x€R,
neA

where U is an exponential utility function. Once a notion of admissibility is fixed we call any
7 € A an admissible (trading) strategy. Our aim is to explicitly describe the value function V
and the corresponding optimal strategy 7 °P'. Similarly we examine the problem
V(x) = sup E[UX}" exp(F))], x €R,
reA

where U is now a power utility function. It is known that the logarithmic utility maximization
problem with F' = 0 can be solved explicitly for almost all semimartingale models, see e.g. [29]
and the references therein. This is why we do not consider logarithmic utility in this work.

4.1. The martingale property

In the following sections it will play an important role under which conditions the stochastic
exponential of a process involving an affine process becomes a true martingale. This problem
has applications in fields including absolute continuity of distributions of stochastic processes
(see [15]) and the verification of optimality in utility maximization as we use it here. On the
state space R, x R™ and in a time-homogeneous setting the problem has been addressed already
in [37,42], which has then been extended to the state space S;}' x R? in [17].

Suppose R is an affine process with admissible parameter set («t, b, 7/, m, 0) associated with
truncation function XR. Letforall s € [0, T']

/ e (dE) < oo, 4.1
{ITr(ou (5)8)]> 1)

and consider the process
t t t .
P, :/O o3 ()V/RdQ; +/0 Tr (Uw(s),/deWS) +/0 Tr (aQ(s),/deQS)
t
+/ / (eT“"u(S)S) — 1) d(uR(ds, d&) — m(d€)ds), €0, T), 4.2)
0 Jsi\(o)

where g : [0, T] — R and oy, 0 5, 0, :[0,T] — M are continuous functions of time. The
d-dimensional Brownian motion Q is correlated to the matrix Brownian motion W by

th = thp + V 1 — ,OTpth
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Here D is a d-dimensional Brownian motion independent of W and p a d-dimensional vector
with entries p; € [—1,1],i = 1,...,d, satisfying p'p < 1. The process Q is another
independent d x d-matrix Brownian motion. Finally u® denotes the random measure associated
to the jumps of R. It will be crucial that the conditional Fourier—Laplace transform of (R, P)
with

P =1n(E(P)),

is exponentially affine which is made precise in Lemma 4.1. From this one can determine when
the stochastic exponential of P is a true martingale. The proofs of the following lemma and the
proposition rely on the careful application of It6’s formula and o -martingales and can be found
in [50, Chapter 9].

Lemma 4.1. The conditional Fourier—Laplace transform of (R, P) has an exponentially affine
form. More precisely, there exist functions (s,t,u,v) +— Y(s,t,u,v) and (s,t,u,v)
b(s,t,u,v) such that

E [exp(Tr (uR;) + vP)|(Ry, FA’S)] = exp (Tr(W(s, f,u, vV)Ry) + vPs + d(s, t,u, v)) ,
forall (s,t,u,v) €I, where
7= {5, t,u,0) €10, TI [0, T] x S
4iS; xC:s<1,E [eTr(”R’)+“13’|(RS, 135)] < oo}.

The functions @ and ¥ have the following form

0P(s,t,u,
_¥ = F(s, (s, t,u,v),v), &, t,u,v)=0,
s
3 v s t, , U
_% =%(s, U(s,t,u,v),v), WU, t,u,v)=u,
s
where
g(s, u, U) = Tr(bu) + / (eTr(uE)fvTr(aﬂ(s)g) N UeTr(UIL(S)é)
S1\{0)

+v—1—Trué)) m(d§),

Z(s,u,v) = 2uau + B*(u) + %v(v - 1)(20Q(s),0T0W(s)
+ O"I/ (s)ow(s) + og (S)O’Q (s)
+00(5)04 () + vu(og(s)p + oy ()X +vE (ow(s) + pog (s)u,
forall (s,t,u,v) € L.

Proposition 4.2. Assume (4.1), then the process E(P) is a martingale.
4.2. Solution in a continuous multivariate affine stochastic volatility model

In this section we introduce a continuous affine stochastic volatility model which is a natural
multivariate extension of the Heston model. We then formulate the utility maximization problem
in this model and solve it for power and exponential utility. This allows to describe the optimal
strategy and maximal expected utility in terms of the model parameters and a Riccati ODE.
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Assume that there exists a financial market with one riskless bond with zero interest rate
and d risky assets H = (Hi,..., Hj). The process H is modeled as stochastic exponential
H = HyE(N), where N = (Ny, ..., Ng) is given by

dN[ - Rﬂ']dt + vV R[dQ[, t e [O, T],

with Q being a vector Brownian motion with values in R? and 5 € R being a constant vector.
The stochastic volatility process is continuous and affine with admissible parameter set («, b,
BY,0,0), i.e. it satisfies the SDE

dR; = (b + B(R))dt + /R dW, X + X TdW, /R,

4.3)
Ry=reS;, tel0,T],

where W is a d x d matrix-valued Brownian motion. The Brownian motion Q driving the
assets returns and the Brownian motion W of the stochastic covariation matrix are allowed to
be correlated in a certain way. Let p = (p1, ..., ,od)T be a vector with entries p; € [—1, 1], i =
1,...,d,and such that p " p < 1. With a d-dimensional Brownian motion D independent of W
we can write

th = th,O + 1-— ,OT,Oth

Hence the correlation between the scalar Brownian motions Q' and W™" is given by p, if i = m
and else it is 0. The structure of the correlation between Q and W has been chosen in this way in
order to ensure the model to be affine:

Proposition 4.3. The pair of processes (R, N) is a multivariate stochastic volatility model with
functions @ and ¥ solving

oP(t
M — bw(t, u, 'U),

ot
@0, u,v) =0,
ov(t,u,

(atu v _ 2U(t, u, V)& U(t, u, v) + B, u,v) + (v —n)p' SO, u, v)

1
V) ETp =T+ SwT @4.4)

w(()’ u, v) =u,

forall (t,u,v) € Q.
The proof has been omitted here and can be found in [50, Chapter 9].

Remark 4.4. We have chosen to model the asset price process H as stochastic exponential of
N. It is also possible to model H as ordinary exponential, i.e. H = Hpe" . In this case we have
H = HyE(N) withdN; = /R, dQ,+ R,(n+ %)dt, t € [0, T]. Hence we are back in the setting
considered above.

4.2.1. Power utility

We set F = 0 and assume that the investor’s preferences are described by the power utility
function

1
Ux)=—x¥Y, x>0, ye(1).
14
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Let A be the set of all d-dimensional predictable processes 7 that satisfy fOT nST Tsds < 00 a.s.
Note that 7; denotes the fraction of the wealth invested in stock i, where i = 1,...,d. Any
process 7 € A is called an admissible (trading) strategy. Under these assumptions the wealth
process evolves as follows

t t t
X5 =x+/ X5 Td N =x+/ XSl Ren ds~|—f X5 T /Ryd Qy,
0 0 0

for t € [0, T]. It can also be written as stochastic exponential

t t
X;wr:ng nSTRsnds—i-/ nf,/deQS>, t€l0,T].
0 0

As described earlier the investor wants to maximize their expected utility of terminal wealth. In
order to model interest and exchange rates later, we want to take the function
F(O1) =Tr(aOr7),

into account, where a is a d x d-matrix and Or the final value of the process

t t
0,:/ a,/deQSJr/ (01 + 02Ry)ds, te[0,T]. (4.5)
0 0

Here 01, 0,0 € M4 and Q is a d x d-dimensional Brownian motion independent of the Brown-
ian motions W and Q. From now on we will write F¢?°1-°2 for F(Or) with Ot given by (4.5)
to depict the structure of F in more detail. We want to solve the maximization problem

1 ¥
Vo012 (x) = sup E |:—(X§’n eXP(Fa’J’01’02)) i| . x=0.
reA 4

Our main result describes the value function and the optimal strategy explicitly in terms of the
model parameters.

Theorem 4.5. Let the linear diffusion term o belong to S;+ and suppose the linear drift term
B in (4.3) is of the form B(r) = rB+BTr re S['}', with B € Mj. Define the matrix-valued
Sfunctions A 1 [0, T] — Mg and A;j : [0, T] — My, i,j=1,...,d, by

_(An@® Ap®
A(t)_<A21(t) Azz(t)>

(4.6)

Then the value function and the corresponding optimal strategy are given by
1 T
V@010 (x) = —xV exp <Tr(A2—21 (0)A21(0)r) + f Tr (A;; (s)A21(s)b + aol) ds) ,
14 0

1
m =1 (14245 A2 ®ZTp), xz0,1€[0,T].
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In contrast to the classical Merton problem in the Black—Scholes setting, the strategy is
now not a constant proportion of wealth anymore but is a deterministic function of time.
Note that the strategy consists of the Merton ratio n/(1 — y) and a hedging component
/(1 — )/)2A2_21 (t)A21(t)ETp, the impact of which is discussed in a numerical example in
[1, Chapter 7].

Before we prove the above theorem we motivate the present approach which can also be found
in [34]. Note that in contrast to [34] the coefficients in the evolution of N are not bounded. We
solve this problem by using the martingale optimality principle, in particular we aim to construct
processes L™ as well as a strategy 7 °P! such that

o LT = U(X} " exp(F*701-2)) forall m € A,
e L7 is a supermartingale for all 7 € A and there is a particular strategy 7°P' € A such that
L™ isa martingale.

Note that our assumptions on the filtration then imply that LT = C for all 7 € A and a constant
C > 0. Applying the utility function to X)}’” exp(F%7°1:92) we get

1 v 1 T T
;(X)}n exp(Fa,G,01,02)) = ;xl’ exp (/ ynSTRSnds + / ynxT‘/deQS
0 0

1 T
-3 /(; ym, Rymgds + )/F“"”’l"’Z).
This suggests the following choice of L™

t t l t
LT = x" exp (/ ynSTRsnds +/ )/JTST\/RSdQS - 5/ ynSTRsnsds + Y,) ,
0 0 0

where Y is the first component of the solution of a BSDE with terminal condition y F%%°1-92,
More precisely we want to find a generator f for the BSDE

T T
Y, = y F40:01.02 —/ Tr(Z;rdWs)—/ Tr(Z, d Qy)

t t

T
+/ f(Ry, Zs, Zs)ds, t€][0,T], 4.7
t

such that its solution (Y, Z, 7 ) implies that L™ meets the above requirements.

Lemma 4.6. Let o € SI+, B(r) = rB+ BTr with B € M, and recall (4.6). If the generator
f: Sd+ X Mg — Ris of the form

1 1 y
o ,A = —T T —T AAT - 2,
frz,2) 2 (22 )+2 r(zZ )+2(1_y)|«/777+zp|
(r,z,2) € S x Mg x My, (4.8)

then (4.7) is solved by

T
Y, = Tr(A3) (1) A1 (OR,) + Tr(@O;) + f Tr <A2_21 (5)A21 ()b + a01> ds, (4.9)
t

Zi = 2R AL (DAL (DT,
7, =Roo'a, tel0,T].
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Moreover L™ is a supermartingale for every strategy w € A and for
1
" = = (14245 04203 Tp), e (0.7, (4.10)

opt , .
the process L™ ™ is a martingale.

Proof. Let us define the constants

1 y T 1
=it s —pp. e =la.
Czz ) d+2(1_y)PP C3z ) d

_ 4 T _ 4 T
Codx = 2(1_y)P77 , Cx 2(1_)/)7777 .

Note that ¢, is positive definite. By [50, Proposition 8.4] we know that the ODE
dr'(r)
dt

=T X ;XTI + B* ') +2I 1) 8 e, sz + 2cjﬁ2m)
1
+ EUTG(ITO’ +cx +aor, I'(T)=0,

has the solution I'(¢) = A2_21 (t)Az1(2), t € [0, T]. We then obtain from Theorem 3.5 that the
BSDE (4.7) with generator (4.8) is solved by (4.9).

We show the local (super)martingale property for L. With Itd’s formula applied to L™ we
have forall 7 € A

dLT = LT (yn,T\/R,dQ, +Te(Z] dW,) +Tr(2tTdQ,)>
7 T 1 T 7
+L; | ym, Ry — 5)’771 Rimy — f(Ry, Z, Zy) | dt
2
+ \ymﬂ\/&

1
+ EL;T <‘V\/ RﬂTt,OT + Z;

where we have used dQ; = dW;p + +/1 — pT pdD,. If the finite variation part satisfies dt ®
P-ae.

2 5 5T
+Tr(Z, 2, )) dt,

2

1 A 1
L;T (V”tTRtTI - EV”,TRtJTt — f(Ri, Zs, Zy) + 5 ‘J/\/ Rt7Tt,0T + Z;

I
+3 yVT= 0T o VR,

then we know that L” is a local supermartingale. Indeed, since L} > O forall ¢ € [0, T'] we only
need to check whether

2+1|2|2 <0
2 t =Y

2

N 1 1
—f(Ri, Zt, Zy) < —Vﬂ;TRﬂ? + EWT;TRﬂTt - 5 ‘V\/ RtT[tPT + Z;

1
—g)wl —pTor VR

2 1.
— 17,2
2| rl

This is equivalent to

N 1 1
—f(Rt, Zt, Zy) < —Vﬂ}TRt’I + EVTF;TRtTft ~5 1Z,* — y Tr(y/ RtﬂtpTZ[T)
1 2_T l 2
——y“m, Ry — = |Z
2)/ t it 2| t|
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2

1 1
= 57/(1 -7) ‘\/ Ry — m(\/ Rin+ Z;p)
14 ’ ‘2 1 s 1sn
—— \VRin+ Zip| —=1Z:)* - =122
20— ) N+ Zip 2| tl 2| r

If we use (4.8), we see that this inequality is true for every 7 € A. For 7°* from (4.10) and
applying the particular form of Z, the above inequality turns out to be an equality and hence the
process L™ is a local martingale. Note that 7% € A.

We proceed showing that L™ is a true supermartingale for all 7 € A. By definition there exists

a sequence of stopping times (7,)neN converging to 7" such that L7, ; is a supermartingale. Since

L™ is bounded below by zero we may use Fatou’s lemma to pass to the limit:

E[L7IR] =E[ lim 17,17 ] < lim E[L7,, 7] < lim LT, = LT,

s<tel0,T].
Note that from (4.9) and (4.10) we have

t t
L™ =y <y/ (nOPt)ST\/RTdQs+/ Tr (22(A;21(S)A21(s))T/EdWY>
0 0
t
+ / Tr(aTa\/RTdQAX)).
0

By choosing o (s) = ynfpt, ow(s) = 22(A2721 ($)A21 ()T, O’Q(S) =a'

ocando, =0, 5 €
[0, T, we derive from Proposition 4.2 that L™ ™ is a true martingale. 0O

Proof of Theorem 4.5. Note that we derive from Lemma 4.6 for all 7 € A
1 1 1
E[U(XTT exp(F©%12))] = E [—L’}:| <E [—Lg} = —x" exp(Yp).
I4 14 I4
The strategy 7 °P' is indeed optimal since we have that L™ isa martingale and hence
0] 1 0
]E I:U(X;w’ﬂ pt exp(Fa,a,m,oz))] — ]E I:;Lg pli| .
This immediately gives the value function. [J

Remark 4.7. In dimension d = 1, for the case F(Or) = 0 and with a slightly different choice
of parameters, this result was derived by the authors of [38]. They represent the optimal strategy
in terms of an opportunity process and use semimartingale characteristics. In our setting the
opportunity process is ¥, see also [45] and in particular [33] for a survey on the relationship
between BSDEs and duality methods in utility maximization. On a heuristic level the result for
d = 1 and F(O7) = 0 appears in [41]. Also using duality methods [19] derive a result similar
to Theorem 4.5.

Finally we are able to give the indifference value of change of numeraire in two examples. Let
us first look at the special situation where

T
F~1a:0.030 — _Tr(o)T or F~la0.0102 — —/ Tr(o1 + 02 Ry)ds,
0

01,...,03 € My,



A. Richter / Stochastic Processes and their Applications 124 (2014) 3578-3611 3599

and understand this as the possibly stochastic discounting of the investors terminal wealth. The
indifference value p of changing between those two numeraires is then defined by

V—Id,o,ol,oz ()C _ p(x)) — V_Id’0’03’0(x).

Proposition 4.8. The indifference value of changing from a fixed interest rate F~'4-9:03.0 1 the
floating one F~1a:0:01,02 jg

T
p(x) = x — xexp G (Tr(Bz_zl (0)Ba; (0)r) + fo Tr (32—21 (s) B (s)b — 03> ds

T
— Tr(A3) (0) A1 (0)r) — /0 Tr (A2—21 (s) A2y ()b — 01> ds>> ,

with

<A11(t) Alz(l)>
A (1) Axn()

) 2
Y ST+ BT 20— I—VETppTE
—y

1 —
=exp | (T —1) 7)// . y A
SN — 02 ———np Y —B
2(1 —y) l—y
Bn() Bia(t)
Bo1(t)  Bxn(t)
. 2
%ET/N;T + BT —2a-— ITVETppTE
=exp | (T —1) y . y VT A
1 ———np Y —B
2(1 —y) l—y

Proof. By Theorem 4.5 we have that

1
yla0orop  p(x)) = ;(x — p(x))” exp(Tr(A;; (0)A21 (0)r)
T
+ f Tr (A2_21 (s)A21 ()b — 01) ds)
0

T
vla:0.03.0(5) = %xy exp (Tr(B;ZI (0)B21 (0)r) + f Tr <B2_21 (8)Bai1(s)b — 03) ds) ,
0

which gives the result. [J

In a similar way we can describe the indifference value of change of numeraire from a fixed
exchange rate

Fla003.0 — Tr(o3)T,

with 03 € My to a random valued exchange rate
F4%00% = Tr(aOr),

with a € My and O from (4.5).
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Proposition 4.9. The indifference value of changing from a fixed exchange rate F~14:0:03.0 1o
the floating one F*%°1-°2 is

T
P(x) = x — x exp (% <Tr(32—21 (0)Ba1 (0)r) + / Tr (32—21 (s)Bay (s)b + 03) ds
0

T
— Tr(A%, (0)A21 (0)r) — /0 Tr (A;; (s)A21 ()b + aol) ds)) :

with

(All(t) Alz(f))
A (1) Axn()

N 2
ILETpnT + BT 2 — l—yETp,oTE
=exp| (T —1) Y y y Y
T T T T A
- S — —— 'Y -8B
20 aa a+2(]_y)rm +aop 1_yr;p
By1(¢)  Bi2(0)
By (1)  Boa(1)
N 2
%ETMT +B8T —2a-— 1—VET,0,0TE
=exp| (T —1) Y y . v VT N
1 ———np X —-B
2(1—=vy) I—vy

Since the proof is very similar to the proof of Proposition 4.8 we omit it here.

4.2.2. Exponential utility
In this section we want to solve the utility maximization problem for the exponential utility
function

U(x) = —exp(—=yx), x€R,

where y > 0 denotes the risk aversion. Note that we have already discussed this problem in the
one-dimensional case in the beginning of Section 3 and now study it in a multivariate setting in
detail. We are also interested in pricing variance swaps which depend on the realized variance
via utility indifference pricing. We consider the case where the variance swaps are not available
in the market and the initial capital x is invested in the (incomplete) financial market H. For
i =1,...,d, avariance swap on the ith asset of maturity 7 is a contract which pays

1 T
T /0 (Rij)sds

at terminal time 7 in exchange for a previously fixed amount K;. That is to say the payoff of a
. . . T .
variance swap on H; is a function of Or = fo Rgds, more precisely

Fi(Or) = Tr(d" O7) — K;,

where ¢/ = %eii . If we are only interested in the utility maximization problem without a random
endowment, i.e. F! = 0, we define ¢! = 0, K; = 0 fori = 0.

In this section we also need a notion of admissibility. For R’} x R"-valued affine stochastic
volatility models Vierthauer [52] shows in Theorem 3.17 that the optimal strategy in the
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exponential utility maximization problem is a deterministic function of time. Motivated by this
we introduce the set A of admissible trading strategies as the set of d-dimensional deterministic
functions of time 7 = (7 (¢))¢c[0,7]- This time, the trading strategy m describes the amount of
money invested in the stocks H so that the number of shares is 7;/H; for j = 1,...,d. The
wealth process X*™ corresponding to strategy  and initial capital x is then given by

d t t t
T (§
XA = x4 :/O " b, = x +/O 7T () Rynds +/0 7T (5)y/Red Q.
i=l is

Remark 4.10. Note that we measure the trading strategies 7 in different units than in the power
utility case. This then leads to a similar exponential structure in the process L. This was also
deployed in [34] for example.

In the following theorem we characterize the maximal expected utility from trading in the
financial market in presence of a variance swap on the ith asset

VF (x) = sup E [— exp (—y (Xf;” n Ff(oT)))] . xeR, .11
reA
and the optimal strategy 7F fori = 0,1,....d.

Theorem 4.11. Fori € {0, 1,...,d} let Tt be the solution of the ODE

ori(t . . _
_ 8: ) _ rig (=2rva+2v 5T pp" ) 10y + B* (I (1))
1. 1 . 1 )
- ;F’ OZ Ton" - ;inEF' () + z—ymT +a', (4.12)
I'(T) =0,

forallt € [0, T). Then the value function has the form
VF (x) = —exp (—y (x — K; + Te(I" (O)r) + for Te(I" (s)b)ds)) , xeR,
and the optimal strategy "is given by
F @) = %n—zri(t)sz, (4.13)

forallt € [0,T].

Note that the optimal strategy is only then a constant cash amount (equivalent to the classical
Merton problem) if the Brownian motions driving the risky assets and the covariation process are
uncorrelated. As before we want to use the martingale optimality principle in order to establish
this theorem. Therefore we dynamize the problem. Foralli =0, 1, ..., d, we define

LT = —exp(—y(X; " +Y))), 1€[0,T]w €A,

where (Y!, Z') is the solution to

T T
Yl = F"(OT)—f Tr((Zé)TdWS)+/ f(Rs, Zhyds, t€l0,T]. (4.14)
t

t
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The generator f needs to be selected in a way such that L™ possesses the desired properties.
This is done in the following lemma.

Lemma 4.12. Fori € {0, 1, ..., d}, let the generator f : Sj X My — R have the form
in_ Y i inT 11 i |?
frd)y==ZTr@' @) ")+ —|=Vrn—yz'p| . (4.15)
2 2y ly
Then the solution to (4.14) is given by
Y, =Te(I" (t)R;) + Tr(a" O) — K; + / Tr(I" (1)b)ds, (4.16)
t

Zi=2/R I (1)ET,

where T € S;' is the solution to (4.12) and O, = fot Rgds. Furthermore L™ is a
supermartingale for every strategy m € A and for

i 1 .
@) = ﬁn—zrl(t)ﬁp, 4.17)

Fig .
the process L™ ' is a martingale.

Proof. Fixi € {0, 1, ..., d} and define

14 T 1 T 1 T i
Czz = E('O'O — 1), Coyy = 79, P Cx = 2—)/31717 +a'".
Note that c;, is negative definite. Indeed, if o = 0, we have ¢, = —%Id €S, . Itp#0,

1
1-pTp
is itself positive definite. The conclusion is that c;; € S; ™. Then by [50, Proposition 8.6] there
exists a unique solution I € S;. This allows us to find solution (4.16) via Theorem 3.5.

we know that I; — pp | is the inverse of the positive definite matrix I; + pp " and hence

Fix 7 € A. By Itd’s formula we see that L™ can be described by the product of the local
martingale

ME = —LTE <—y ( | T 6WRAQ, - / tTr((Zide»)) ,
and the bounded variation process
AT = —exp (/Ol <—ynT(s)Rm +yf(Rs, Z1) + %V2|/E”(S)PT +Z)'P
+ 3PN pTon RS |2) ds) -
Proposition 4.2 implies that M7 is a true martingale. The process A™ is non-increasing, if

. 1 .
—y "($)Rsn + v f(Ry, Z1) + Eyszsn(s)pT +(ZHTP?

1
+ Eyzwl —pTpr " (5)V/Rs|* =0
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for all s € [0, T']. This is equivalent to
—f(Ri, Z}) = STHZ{(ZD D) +y Tr(V R ()p T (ZD) )

1 4
- ;n(r)TRm - EW\/R,F

A

2 2
y 1 . 1 /1 ;
= 5'\/17:710)— (;szn—Z§p> 2 <;RU—VZ;P>
+ gTr(Zf zh", (4.18)
which holds true by formula (4.15). Hence A™' is non-increasing and L™ = M™IA™ s

. . . Fl .
a supermartingale. From (4.18) we see in particular that A” ' = —1 is constant and thus

L™ = M7 s a true martingale. [
Proof of Theorem 4.11. Follows the same reasoning as Theorem 4.5. [
Foralli € {1, ..., d}, the indifference price of the variance swap
Fi(Or) =Tr (aiiOT> —K;

on the ith asset is defined as the value p’ for which the investor is indifferent between buying F’
for the amount p' and receiving a random income F"* at terminal time 7" or not having it, i.e.

VE (x = ph) = Vo),

forall x € R. The optimal strategy 77 ¥ which attains the maximal expected utility in the presence
of F! can be decomposed into a sum of a pure investment part 7° and a hedging component A,
ie.

2P (@) = 2%0) + Alr), 1 elo,T). (4.19)
We therefore call A’ the optimal hedge.

Pljoposition 4.13. For i € {1,...,d)} the indifference price p' and the optimal hedge A’ of
F'(Or) are explicitly given by

T
p'=—Ki +Tr(I" (0) = I°(O)r) + / Tr((I" (s) — I(s))b)ds,
0

Ay =2 (1) = ) ETp, 10,71,
where I'" and I'Y are the solutions of (4.12).

Proof. Fixi € {1, ..., d} and recall the value functions

. T
VE(x—p')y = —exp (—y (x —p = K + Te(I (0)r) + / Tr(r"<s>b>ds>) :
0

T
VOx) = —exp <—y (x +Tr(I°)r) + / Tr(FO(s)b)ds>> ,
0

from Theorem 4.11. Equating them immediately gives the first part of the result. The second part
then follows from (4.13) and (4.19). O
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4.3. Solution in a multivariate affine stochastic volatility model with jumps

We now consider a model with jumps which is a natural multivariate extension of the model
of [2] and has been applied e.g. in optimal portfolio selection, see [8] and the references
therein. As before the asset price process H is modeled as stochastic exponential H = HpE(N)
with

dN; = Ryndt + /R, dQ;, t€[0,T], (4.20)

where Q is a d-dimensional vector Brownian motion and 1 a constant parameter. By R we denote
the Ornstein—Uhlenbeck-type stochastic process with dynamics

dR; = (A + A(R;))dt +d Jy, (4.21)

and a starting value Ry = r. Here A € S;' and A : Sy — Sy is the linear map A(r) = Zi’j 5’7;’,']-
with B/ = BJ/i e S, and such that Tr(A(r)x) > 0 for all ,x € S with Tr(rx) = 0. We
denote its adjoint operator by A*. The process J is an independent affine process with admissible
parameter set (0, b, 0,m’, 0), starting at 0. Our goal is again to maximize the expected terminal
wealth from trading in the market.

Proposition 4.14. The process (R, N) is a multivariate stochastic volatility model with functions
@ and V¥ solving

o0Pd(t, u,
IPU 1) _ 5 by Wt u, v) — / (TEV @) _ ) (),
ot S\{0) (4.22)
@0, u,v) =0,
AU(t,u, 1
% = A*(U(t, u,v)) + Eva’ U, u,v) =u,

forall (t,u,v) € Q.

For brevity reasons the proof is omitted.

4.3.1. Power utility
The investor wants to maximize their expected utility of terminal wealth, i.e. we search for
the value function

1 X, 7T
Vx)=sup E|=(X7") |, x>0, ye(0,1).
reA Y

Here the strategies 7 and the wealth process X*>™ are defined as in Section 4.3.1. We describe
the value function and the optimal strategy of the maximization problem in terms of an ODE.

Theorem 4.15. Suppose the jump measure m’ satisfies
/ e 0D (dg) < 00, 1€(0,T],
[Tr(I'(1)€)]>1
where I' is the solution of the ODE

ara ., B
- Ad®) 2(1—y)

Y T, @) =o. (4.23)
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Then the value function is given by

T
V(x) = ix” exp (—Tr(F(O)r) — / Tr(I(s) (b7 + A))ds
0

T
B / / (e TG _ 1y’ @E)ds ),
o Jshvo

for x > 0, and the optimal strategy 7" is

P = Ln, 1 €[0,T).
-y
As we have chosen a stochastic covariation process without a diffusion part, the obtained
optimal strategy becomes a constant just as in the classical Merton problem. Note that the jumps
in R influence the maximal utility but not the strategy leading to this utility.
We choose the process L7 as we did in Section 4.3.1, only that this time the involved BSDE
is the following

T T
Y, =0 / / Ky (&)’ (ds. dg) — m? (d)ds) + / FRe. Kyds,  (4.24)
t IS0} t

tel0,T]

Lemma 4.16. Let the jump measure m” satisfy

/ e 0D T (4g) < 00, 1t €[0,T], (4.25)
[Tr(I'(1)€)]>1
where I' is the solution of (4.23). Suppose the generator in (4.7) is of the following form
14 _
frk)y=——"—n"ryp— f <e KO 1+ k(é)) m? (dg), (4.26)
2(1—y) ST\(0)

forallr € S} and k : ST — R. Then BSDE (4.24) is solved by

T T
Y, = Te(I'(t)R,) + / Te(L(s)(b7 + 1))ds + / (1 — e OO, (dg)ds
' t IS0

K =Te('(%), 1€[0,T] §€S;.
Moreover L™ is a supermartingale for every strategy m € A and if w°P' satisfies
1
= ——n, e[0T, (4.27)
L=y
then L™ is a martingale.

Proof. For all y € R we define
7
201 —-y)

Then we can see that by [50, Corollary 8.7] there exists a unique solution I" with values in §; to
(4.23). As aresult we find the above solution of (4.24) with Theorem 3.5.

Cx = m', g () =—eV+1-y.
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We apply It6’s formula which gives that for all € A
dLy = L7 (v VRid0:)
+L7 <yntR,n — %yn,TR,m + f(R;, K;) + %yzn,TR,m> dt
+L7 /+ (e f® -1 (Mj(dt,dé) —m](dgf)dt>
Sy \0}
+L7 /s+\{0} (e‘Kf@ — 1+ Kt(S)) m? (d§)dt,

where we have used integrability condition (4.25). This means that L” is a local supermartingale
for all w € A, if the finite variation part dt ® P-a.e. satisfies
1

2V27T;TRt7Tz

1
LT (wr? Ry — Eyn? Remte + f (R, Kp) +

+ f (e*’(f@ -1+ Kz(é)) m’(dé)> <0.
ST\{(0}

Since L™ > 0, the generator f needs to fulfill

1
f(R:, K;) < —V”;TRﬂ? + Ey(l - V)”;TRﬂTt —/

(¢78® — 1+ K, ®) m’ @8),
S0}

which is equivalent to

1 1
R KD = 5y =)|yVRem = =/ Ran|” - — Y| /RinP
—y 20— p)

[ (O K@) m @)
87 \0)
With (4.26) this inequality is true for all w € .4 and hence L™ a local supermartingale. Obviously
the inequality is an equality for 7 °P, for which L™ ™ is then a local martingale.

Since L™ is bounded below by 0, the fact that L™ is a supermartingale for all w# € A follows
as in the proof of Lemma 4.6 by Fatou’s lemma. Note that the process L™ s given by

t
LF™ =x7¢€ ( / y @™ TR 0y
0

t
+ / / (e—"s@)—l)wf(ds,ds)—m’(ds)ds)),
0 Jsh\{o}

and hence, setting o (s) = %’7, ow(s) = 0and 0,(s) = —I'(s), s € [0, T], we obtain the

martingale property of L™ o by Proposition 4.2. [

Proof of Theorem 4.15. It is omitted since it follows the same idea as the proof of Theo-
rem4.5. O
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4.3.2. Exponential utility
Using the same notation as in Section 4.2.2, we will compute the utility indifference prices
for variance swaps. This means that we need to solve the problem

VFi(x): supE[U (Xf’”—i—Fi)], x>0,

TeA

fori € {0, 1, ..., d}, which is done in the following theorem.
Theorem 4.17. Leti € {0,1,...,d},

/ eyTr(Fi(S)S)mJ(dg) <00, sel0,T],
ly Tr(I" ()€)|>1

where I'' is the solution of the ODE
dI'(t)
dt

Then the value function satisfies

. 1 " .
= A" (I"(1) + EWT +ad', T(T)=0. (4.28)

. T
v (x) = —exp (—y (x — K; + Te(I" (0)r) +/ Te(I () (b7 + 1))ds
0

T .
_ l / / (e)’ Tr(I" (s)§) _ 1) mJ(dS)ds ,
v Jo Jsiho

and the optimal strategy m* "is given by

Fi 1
Tt (1) = ;n, tel0, T].

We will use the martingale optimality principle again and construct foreveryi € {0, 1, ..., d},
a process
LY = —exp(—y(X;" + Y1), t€l0,T], 7w eA,

where (Y, K?) is the solution of

T T
V== [ K@ dsde) - m’@eds) + [ R KDds. @29
t Jsho t
The generator of BSDE (4.29) needs to be chosen in the following way.

Lemma 4.18. Leti € {0, 1, ...,d},
/ eVTr(Fi(l)S)mJ(d%—) < 00,
ly Te(I (1)) |> 1

forallt € [0, T] and with I'' being the solution of (4.28). Let the generator f in (4.29) have the
form

F k) = 2onrn— L / (@ =147k @) m’ @), (4.30)
2y Y Jsho
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forallr € S;' and k' : S; — R. Then the solution of BSDE (4.29) is given by

t T
Y! = Te(I'(1)R,) + Tr <a“ / des> — K+ / Te(I () (b + 1))ds
0

'
1 [T i
—— f / (e ™09 — 1) m @g)ds, 4.31)
v Jr Jsh\o
K{§) =Tr(I" (%), t€l0,T], §eS;.
Moreover for all m € A the process L™ is a supermartingale and R is a martingale.

Proof. Fixi € {0, 1,...,d} and define forall y € R

1 y 1
go=—m +ad', g =—— (7 —1+yy).
2y 4

Using [50, Proposition 8.6] we see that there exists a unique solution I € Sj of (4.28). This
implies (4.31) by Theorem 3.5. o
Fix 7 € A. Note that L™ can be written as a product M™! V™! of the two processes

. . t
Mm = _Lgv’g(—yfo 7T ()v/Rsd O

t .
+ / / (em"@—1)<uR<ds,ds>—m’(ds>ds>),
0 Jsh\{o}
t

) . 1
Vi = —exp ( f (—VﬂT(S)Ranr VI Ry, K + 577 T ()R,
0
+ / (e”Kf:(g) — 14+ yKﬁ(é)) m’ (dg) | ds ) .
S0}
Setting og(s) = —yns,ow(s) = 0 and 0,,,(s) = yI'(s), we have from Proposition 4.2 that

M™ is a true martingale. In order for V™l to be decreasing, it needs to be ensured that
. 1
—yx TR+ 7 Ry, K + Sy?m T (5)Rers
+ / (eVKW —1+yKi (s)) m’ (d&) > 0, (4.32)
S0}

ds ® P-a.e. Taking formulas (4.30) and (4.31) into account this is indeed true, since (4.32) is
equivalent to

2
—f(Ri, K]y < 1y - inTRm
) 2y

1
7 () VR — ;nT\/E

1 i ;
+/ = (MO — 14 yKi©) ) m? @),
SI\oy Y

Since M”™' is a martingale and V’' is non-increasing, L™' = M™'V’™' is a supermartingale.

Fi . i, i,
It is straightforward that V' ** = —1 for s € [0, T] and thus L7 = —M7 s a true
martingale. 0O
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Proof of Theorem 4.17. The proof now follows the same reasoning as the proof of Theo-
rem4.5. O

Recall that for i € {1, ..., d} the indifference price of the variance swap F I on the ith asset
is the value p’ such that for all x € R the value V¥ " — p') equals VO(x).

Proposition 4.19. Fori € {1, ...,d)} the indifference price p' is explicitly given by

T
pl = —K; +Te((I"(0) — I'°0)r) + f Te((I (s) — IO()) (b + 1))ds
0

T .
_! / / (e ™I 08 _ oy TUUO0) (g,
Y Jo Jshoy

where I'' and T'° are the respective solutions of

ari(t . 1 . .
@ _ A (N0) + —nn +4d', T'(T)=0,
ot 2y
aro(s 1
O _ x0T, 1OT) =0,
ot 2y
Proof. Fori € {0, 1, ..., d} it follows from Theorem 4.17 that the value functions have the form

. T
VP =ph) = —exp|—y [x = p' — Ki + Te(I" (0)r) +/ Te(I () (b + ))ds
0

T .
_ l / / (eJ/Tr(F'(S)S) _ 1) mj(dg)
v Jo Jsho

Equating VF' (x — p') and VO(x) fori = 1, ..., d, immediately gives the result. [J
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