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ABSTRACT. We consider stochastic control systems affected by a fast mean reverting volatility
Y (¢) driven by a pure jump Lévy process. Motivated by a large literature on financial models, we
assume that Y (t) evolves at a faster time scale t/e than the assets, and we study the asymptotics
as € — 0. This is a singular perturbation problem that we study mostly by PDE methods within
the theory of viscosity solutions.
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1. INTRODUCTION

We consider the controlled stochastic differential system in R™*!

{dX(S) = [(X(5), Ye(s7), u(s))ds + 0 (X(s), Yz(s7), u(s))dW (s)

(1) AV (s) = —1V(s7)ds + dZ (Ls)

with s > ¢ and initial data X(t) = x € R", Y.(t) = y € IR. The function u(-) is the control
taking values in a given compact set U, € > 0 is a small parameter, W is a standard r-dimensional
Brownian motion and Z is a 1-dimensional pure jump Lévi process, independent of W. We
associate to this system a payoff functional of the form

Bl Dg(X(T) | X()) =2, Yo(t) =9, 0<t<T,

where ¢ > 0 and g : IR® — IR is a continuous function with quadratic growth, that we wish
to maximise among admissible control functions u(-). The value function of this optimal control
problem is defined as

(2) Ve(t,,y) = sup B[ g (X (T))].

u(-)
We are interested in the analysis of the limit as € — 0 of the control problem given by the system
(1) and by the value function (2).

Our main motivation comes from financial models with stochastic volatility. In such models
X (s) represents, for instance, the log-prices of n assets, or the wealth of a portfolio. The volatilities
of the assets, collected in the matrix o, are affected by another process Y (s) that is usually a
diffusion driven by another Brownian motion negatively correlated with the one driving the stock
prices.

Fouque, Papanicolaou, and Sircar argued in the book [14] that the bursty behaviour of volatility
observed in financial markets can be described by introducing a faster time scale for a mean-
reverting diffusion process Y. Several result along these lines were found, mostly for problems
without controls, e.g., in [15, 16, 17], see also the references therein. The papers [4, 5] by the first
two authors introduced viscosity methods to prove the convergence of the singular perturbation for
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models involving a control variable and therefore associated to a fully nonlinear Hamilton-Jacobi-
Bellman equation. The main example in [4] was the classical Merton’s portfolio optimization
problem with volatility depending on an ergodic diffusion process Y.

On the other hand, the work by Barndorff-Nielsen and Shephard [8] showed that processes of
Ornstein-Uhlenbeck type driven by a pure-jump Lévy process are more appropriate models of the
volatility than diffusions. Several authors studied financial problems with such a non-Gaussian
mean-reverting stochastic volatility evolving at the same time scale as the prices: Merton’s problem
in [9] and various option pricing problems in [24, 21, 20].

The novelty of the present paper is combining multiple scales and stochastic volatility with
jumps. In particular, we extend to this context the convergence results for asset pricing and for
Merton’s problem obtained in [4]. We remark that what we study is a simplified model of fast
mean reverting stochastic volatility with jumps because we are not taking into consideration the
leverage effect between stock prices and volatility shocks. This simplification is justified in part by
the result in the Gaussian case, where the limit of V¢ does not depend on the correlation between
the Brownian motions affecting the prices and the volatility [14, 4] (in the formal expansion of V©
in powers of ¢ performed in Sect. 10.1 of [14] the correlation appears in the second term). A way
to introduce the leverage effect could be the addition of a Gaussian part also in the fast dynamics,
ie.,

dY.(s) = —%YE(S_)ds + %T(Yg(s))dW(s) +dz (f) .
as suggested in Sect. 10.3 of [14]. This presents some further mathematical problems and will be
the object of future study.

To conclude this brief bibliographical introduction we refer to the books [28] for the theory
of Lévy processes and [11] for their applications to finance. Let us mention also that the recent
paper [23] deals with a multiscale model whose assumptions are in a sense opposite to ours: the
volatility is a diffusion and the slow variable X is driven by a jump process.

We describe now in more details our result. By dynamic programming arguments [25, 31], the
value function V¢ in (2) is a viscosity solution of the integro-differential Hamilton-Jacobi-Bellman
equation

1
(3) —-VF + H(ac,y7DzV67D92mV8)—gy-DyVE

— %/ (VE(t,z, 2z +y) = VE(t,z,y) — D,VE(t,2,y) - 21, <1)dv(2) +cVE =0
R

in (0,T) x IR™ x IR, with terminal data V<(T,x,y) = g(z), where v is the Lévy measure associated
to the process Z and H is a standard Hamiltonian associated to stochastic control problems, see
the precise definition (28) in Section 4. Letting ¢ — 0 in (3) is a singular perturbation problem,
and we treat it by methods of the theory of viscosity solutions to integro-differential PDEs. Our
main result, see Theorem 6.1, is the proof of the uniform convergence of V¢ as € — 0 to the unique
viscosity solution V' (t,x) of the effective PDE

(4) Vit / H(z,y, DoV, D2,V)du(y) + ¢V =0
R

in (0,T) x IR™, with terminal data V (T, z) = g(x), where p is the unique invariant measure of the
process Y. (which is independent of €, see Proposition 3.7), and H is the Hamiltonian appearing
in (3). The invariant measure p can be described in terms of the process Y; (see Proposition 3.7).
In particular it is the distribution of a Lévy process with drift v = fIZI>1 v(dz) and Lévy measure

v defined as 7(B) = [ 0+°O 15(e~%y)ds v(dy).

The second step in the solution of the singular perturbation problem is to interpret the effective
equation (4) as the Hamilton-Jacobi-Bellman equation for a limit effective control problem. This
can be done (Remark 6.3) by a general relaxation procedure taken from [6]. However a simpler
and explicit representation of the effective systems can be given for our two main model problems,
that is, the asset pricing and the Merton’s optimisation problem, see Section 7. In particular we
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show that in the limit ¢ — 0 the asset pricing problem converges to a new asset pricing with
constant volatility

5% = /IR o (y)u(dy),

where p is the invariant measure of the process Y:, whereas the portfolio optimisation converges
to a Merton’s problem with constant volatility given by the harmonic mean of o(y), namely,

1 -1
7= / —5~h(dy ) :
( r o2(Y) (d9)
which is smaller than &.

The proofs of our results rely on several tools, among which we mention the exponential er-
godicity of the fast process Y, proved by Kulik [22], some properties of viscosity solutions for
integrodifferential equations [29, 25, 7, 10], and the perturbed test function method introduced
by Evans for periodic homogenization [13] and extended to singular perturbations in [1, 2]. To
adapt this method to the current setting of unbounded fast variables y, we suitably modify the
perturbed test function by means of a Lyapunov function associated to the process Y (this is an
improvement also with respect to [4, 5]).

Our approach is flexible enough to deal with more general problems, such as integral payoffs
and slow variables X depending also on a jump process (under more restrictive growth conditions
on the data). Moreover the fast variables Y could be assumed to be vectorial and depending on
a combination of jump and diffusion processes, provided that the resulting process be uniformly
ergodic and its generator satisfy the strong maximum principle. The last requirement is a lim-
itation to the applicability of our method: if tested on processes Z whose Lévy measure v has
supp(v) C [0, 400) it forces us to assume

/ |z|v(dz) = +o0,
21<1

whereas the opposite case is treated, e.g., in [9]. On the other hand, all processes Z generated by
a fractional Laplacian fit our assumptions.

The paper is organized as follows. Section 2 describes the basic assumptions on the optimal
control problem. Section 3 is devoted to the assumptions on the volatility process Y and its prop-
erties, in particular the exponential ergodicity and the strong maximum principle and Liouville
property of the generator. Section 4 describes the partial integrodifferential HJIB equation associ-
ated to Ve. In Section 5 we study the cell problem that allows to identify the effective Hamiltonian
for the limit PDE. Section 6 contains the statement and proof of the convergence theorem. In
Section 7 we apply the previous theory to financial models.

2. STANDING ASSUMPTIONS ON THE CONTROL SYSTEM

We consider the controlled stochastic differential equation

(5) dX(s) = f(X(s),Ye(s7),u(s))ds + o(X(s),Ye(s7),u(s))dW(s) X(t)=z€ R"
dYo(s) = —1Yo(s7)ds + dZ (1s) Y.(t) e R

where £ > 0 is a small parameter, W (t) = (W(t),...,W"(t)) is a r-dimensional Brownian motion
and Z(t) is a pure jumps Leévy process. Furthermore, we assume that W and Z are independent.

We assume the standard conditions on coefficients f: R" X R XU — R", 0 : R*" x R x U —
M™" where M™" denotes the set of n X r matrices. In particular we assume that f,o are
continuous functions, Lipschitz continuous in (z,y) uniformly w.r.t. w € U, where U is a compact
set and that f(z,-,u), o(x,-,u) are bounded for every (x,u). We say that a process u(-) on the
time interval [0,7] is an admissible control function if it takes values in U and is progressively
measurable with respect to the filtration generated by W(-) and Z(-), and we set

U := {u(-) admissible control function}.

We will not make any non-degeneracy assumption on o.
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To fit financial models, we assume that the i-th component of the velocity of X vanishes when
Xi(s) =0, ie.,

(6) ;=0 = fi(z,y,u) =0, o45(z,y,u) =0, Vji=1,...,r,ye R, uecl.

We set
RY :={rcR" : ; >0 foreveryi=1,...,n}.

Note that under the previous assumption, then the set FZ x IR is invariant under the stochastic
process (5). This means that if the initial data satisfies z; > 0 for some 4, then every solution to
(5) satisfies X;(s) > 0 almost surely for every s > t.

We consider for simplicity a payoff functional depending only on the position of the system at
a fixed terminal time T' > 0. The utility function g : IR} — IR is a continuous function satisfying

(7) JK >0, suchthat |g(z)] < K(1+|z|*) forevery z € IR}

and the discount factor is ¢ > 0.
Therefore the value function of the optimal control problem is

(8) VE(t @,y) = SEEE[BC“*T)Q(X(T)) | X(8) = @, Ye(t) = yl,

and (X (+), Yz(+)) satisfy (5) with control u. This choice of the payoff is sufficiently general for the
application to finance models presented in this paper, but we could easily include in the payoff an
integral term keeping track of some running costs or earnings.

3. THE FAST SUBSYSTEM

We consider the process Y in (5), putting e = % > 0. Y is an Ornstein-Uhlenbeck non-Gaussian
process driven by a Lévy process Z, i.e.

9) dYy(s) = —A\Ya (s~ )ds + dZ(\s),

where A\ > 0 is the rate of mean reversion. We assume that the process Z is a pure-jump Lévy
process with no drift, i.e., a Lévy process whose Lévy-Ito decomposition has null continuous part,
and we choose its cadlag (RCLL) version. We refer to the monograph [28] for a general introduction
to Lévy processes.

The process Y, (s), with initial datum Y, (0) = y € IR, can be explicitly written as

S
Ya(s) = ye ™ +/ A= dz ().
0
We associate to the process Z(s) its Lévy measure v. Intuitively speaking, the Lévy measure
describes the expected number of jumps of a certain height in a time interval of length 1, i.e.

v(B) =E(#{s€[0,1], Z(s) —Z(s™) #0, Z(s) — Z(s™) € B}).

The Lévy measure has no mass at the origin, while singularities (i.e. infinitely many jumps)
can occur around the origin (i.e. small jumps). Moreover, the mass away from the origin is
bounded (i.e. only a finite number of big jumps can occur). In particular v satisfies the following
integrability condition (see [28]):

(10) / |z2v(dz) +/ v(dz) < oo.
lzI<1 |z|>1
We will consider Levy processes with infinite activity, that is, such that ¥(IR) = 4oco. In this case
almost all paths of the process Z have an infinite number of jumps on every compact interval.
The infinitesimal generator of this process Y (see [28], Thm. 31.5) is given by AL, where L is
defined as follows
400

(11) Clo fl=—F'(4) -+ / (F(z+9) — F) — £ ()L <0)dv(2).

— 00
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3.1. Standing assumptions on the Lévy process. Besides the integrability condition (10) we
need to assume some other condition on the measure v. The first one is a quite standard non
degeneracy condition (see [7]). In particular we assume that the measure is singular at 0 and we
introduce a parameter p € (0,2) characterizing the singularity of the measure at 0.

Assumption 1. There exist C >0, p € (0,2) such that for every 0 < § <1

(12) / |2V (dz) > C6*7P.
|z|<6
Remark 3.1. An equivalent way to state (12) is the following: there exists r € (0,2) such that
(13) 6" |2]2v(dz) — 400 as d — 0.
|z<é

Indeed if (12) holds then (13) is satisfied for r € (0,2 — p). Viceversa, if (13) holds, then (12) is
satified with p € (0,2 — 7).
Remark 3.2. There is a general difference between the case in which the constant p in (12) is

above or below the critical value p = 1. In particular if p € (0,1), using (13), it can be proved
that

/ |z|v(dz) < +oo,
1<

and then that almost all paths of Z have finite variation. If p € (1,2), on the other side,

/ |z|v(dz) = +o0,
lz|<1

and almost all paths of Z have infinite variation (see [28, Thm. 21.9]).
We assume a stronger integrability condition at infinity than (10) of the measure v.

Assumption 2. There exists ¢ > 0 such that
(14) / |z|7v(dz) < 4o0.
|z|>1

It can be proved (see [28, Thm. 25.3]) that under Assumption 2, the process Z(t) has finite
g-th moment for every ¢, that is, E(|Z;|?) < co.

As we will prove in Section 3.2 Assumptions 1,2 are sufficient to prove unique ergodicity of the
process Y) defined in (9). Nevertheless, we need to add a technical assumption. Indeed the non
degeneracy assumption (12) is not sufficient to assure the validity of a Strong Maximum Principle
for the associated operator £ (see Remark 3.10). So we assume also the following.

Assumption 3. At least one of the following conditions holds:
i) the parameter p in (12) satisfies p € (1,2),
i) IR can be covered by translations of the support supp(v) of the measure v, i.e., for every
x € IR, we get that

(15) R =Up>0A7,
where Af = {x}, A} 1 = Uyea: (y + supp(v)).

Remark 3.3. (15) can be replaced by the requirement that 0 belongs to the topological interior
of the measure support supp(v).

(15) is an assumption related to the validity of the Strong Maximum Principle. Indeed let u be
a subsolution to —L[y,u] < 0, where L is defined in (11), and let xg be a global maximum point
of u. Then the set U, >0A7° is the propagation set of the maximum zy. In fact, observe that

“+oo
0 < Llzg,u] = / (u(z 4+ x9) — u(xo))dr(z) <0,

—o00
where the first inequality comes from the subsolution property and the second from the maximality
of zg. So u(x) = u(zg) for every x € xg + supp(v) (see [10]).
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The main examples of Lévy processes satisfying the previous assumptions are the a-stable Lévy
processes, defined on the whole space or restricted to the half space. We recall that Z(t) is an «
stable process if Z(t)t'/® = Z(1) for all ¢, in the sense that the two processes have the same law.

Example 1. Consider the a-stable Lévy process with measure

dz

(16) v(dz) = BECE

where o € (0,2). The generator of this process is the fractional Laplacian (—A)®/2 (see [7]).
Assumption 1 holds with p = a, and Assumption 2 holds with ¢ < «. Finally the case i) (15) in
Assumption 3 holds.

Example 2. Consider the a-stable Lévy process restricted to the half space, with measure

dz
In this case the condition #i) (15) in Assumption 3 is no more valid, so we assume that « € (1, 2)
to ensure the condition 7).

Remark 3.4. We remark that Assumption 3 cannot hold if Z is a subordinator. Subordinators
are 1-dimensional Lévy processes with non-decreasing sample paths. It’s easy to deduce that a
1-dimensional Lévy process is a subordinator if and only if its associated measure satisfies

1 “+o0
(18) v((—00,0]) =0 /0 |z|v(dz) +/1 v(dz) < +oo.

This implies in particular that v cannot satisfy Assumption 3 (see Remark 3.2). Among a-
stable processes with associated Lévy measure v defined by (17) the subordinators are those with

€ (0,1). A notable example is the inverse Gaussian, corresponding to a = % It can be defined
as Z(s) :=inf{t | W(t) > s}, where W is a r-dimensional Brownian motion. (Note moreover that
it Z is a a-stable subordinator and W is an independent Brownian motion, then W (Z(t)) is a
stable symmetric Lévy process of exponent 2«.) We will explain in Remark 3.10 why the proof of
convergence presented in this paper does not apply to the subordinators.

3.2. Ergodic properties. In this section, we prove that under the previous Assumptions on the
Lévy process Z, the process Y defined in (9) is ergodic. In order to prove ergodicity of a process,
two principal features should be checked: recurrence of the process outside some large ball and
regularity of the transition probability in some bounded domain. The first feature can be provided
in a quite standard way via an appropriate version of the Lyapunov criterium (for the relation
between existence of a Lyapunov function for the system and recurrence outside compact sets, we
refer to the monograph [19]). We show that Assumption 2 assures the existence of a Lyapunov
function.

Lemma 3.5. Let

Q = {v € C*(IR)| 3 © locally bounded : / v(y + 2)dv(z) < o(y) Yyl
|z|>1

Under Assumption 2 there exists ¢ € Q and constant a > 0 such that
(19) —Lly, ¢l Z ap(y) and ¢ —+oo as [y| = +oo

Proof. For the proof we refer to [22, Proposition 4.1]. The idea is to construct ¢ such that
o(y) < |y|? for all y € IR and ¢(y) = |y|? for |y| > R, for R sufficiently large. O

Secondly, Assumption 1 provides the regularity of the transition probability of the process Y.

Lemma 3.6. Under Assumption 1, the Ornstein-Uhlenbeck process Yy (t) has a C* density with
all bounded derivatives for all t and every initial data y.

Proof. We refer to [26] and [27]. O

We prove now exponential ergodicity of the process Y.
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Proposition 3.7. Let Assumptions 1, 2 hold. Then for any A > 0, the process Yy in (9) admits a
unique invariant distribution pu, which is independent of . Moreover, it is exponentially ergodic,
in the sense that there exists a positive constant C such that for every bounded measurable function
f there exists K > 0 for which

(20) '1/ E(f(Yx(s ds—/f

where Yy, is the solution to (9) with initial data Y\(0) =y and q is as in Assumption 2.

)| < K14 |y|9e ¢t ast — +oo,

Proof. In [28, Thm. 17.5, Cor. 17.9] it is proved that the process Yy for every A > 0 has an
invariant distribution py. Moreover, py is the distribution of a Lévy process with drift

=3 = v,

1 oo s
= f/ )\/ 1p y)dsv(dy) = / / y)dsv(dy),
AJr Jo

for every B € B(IR). So, the time scaling dZ(At) assures that the invariant distribution uy of Yy
is independent of A. The exponential ergodicity (20) of Y is proved in [22, Thm. 1.1 and Prop.
0.1]. O

and Lévy measure

Corollary 3.8. Under the same assumptions and notations of Proposition 3.7, for every bounded
measurable function f there exists a constant K > 0 such that

(21) ‘5/0+00Ef(m e Otdt — /f

Proof. The property (21) can be deduced from (20) using a result of Abelian-Tauberian type,
see [30, Thm. 10.2]. For completeness we give the proof in our case. First of all note that it is
equivalent to prove, instead of (21), that

(22) ‘5/1+00Efm e Otdt — /f

We denote [, f(z)u(dz) =
Fixy € R and define Fy( ) = flt Ef(Yx(s))ds, for t > 1. By integration by parts, we get

(23) 5/ e MB(f(Y(8)))dt = 6 /1+°° e“”Fy(t)dtzd/;oo e°F, (%) ds.

Note that, for 6 > 0 fixed, by (20)

)< KA+ y|9)s asd—0t.

<K+ y|%)s asd— 0.

o
;Fy (g) — M as § — +00.

Therefore Fjy = maxs>; | F, (%)‘ < oo and then

0e °F, (g) =e ’s-F, (%) € L5, +o0).

y (20) we obtain
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for s fixed. Therefore, using (23) and (24) we get

\5 / B v 0))dt - M\

+o0
S/ e °s
S

+oo s +oo
</ e *sK(1+ \y|q)e_c'3ds+/ e 50| flloods + (1 —e™% 4+ de %)M
s s

g S -6 -6
°F, (5) —M‘ds—&—(l—e +de )M

C+1
CZ

<K(1+y|")e 8 + e8| flloe + (1 =™’ +de~°)M

which gives the desired result. O

3.3. Liouville property. Finally we state and prove a Liouville property for our integro-differential
operator —L. This is based on the following Strong Maximum Principle.

Theorem 3.9 (Strong Maximum Principle). Assume the measure v satisfies Assumptions 1 and
3. Let u e USC(IR) be a viscosity subsolution of

(25) —Ly,u] <0 in IR.

If u attains a global mazimum at yo € IR, then u is constant on IR.

Proof. The proof can be found in [10, Thm. 2] if Assumption 3 (ii) holds and in [10, Thm. 4] if
Assumption 3 (i) holds. O

Remark 3.10. If Assumption 3 does not hold we cannot expect the Strong Maximum Principle
to be true. We show that this is always the case when the Lévy process Z is a subordinator (see
Remark 3.4). If Z is a subordinator, by the properties of the measure v (18), the operator £ in
(11) can be equivalently written as

Lly, fl=—f"(y) - (y + /01 ZV(dZ)) + /Om(f(y +2z) = f(y))v(dz) =0 in R.

We set ¢ := fol zv(dz) and we take f € C?(IR), bounded and such that
f'(y) >0 foreveryy<—c and f(y)= f(—c) foreveryy> —c.

We claim such function is a (classical) subsolution of —L[y, f] = 0. Indeed,

“+o0
/O (fly+2) = f(y)v(dz) = 0

for every y, since f is nondecreasing, whereas the term f’ - (y + ¢) is negative for y < —c and 0
for y > —c. On the other hand the maximum of f at —c extends to the right but not to the left.
Then the Strong Maximum Principle does not hold.

Theorem 3.11 (Liouville Property). Assume that the Lévy measure v satisfies Assumptions 1,
2, 8 and consider the problem

(26) _E[ya V] = 07 Yy e ZRa
with L defined as in (11). Then the following hold:

(1) every bounded viscosity subsolution to (26) is constant;
(2) every bounded viscosity supersolution to (26) is constant.

Proof. Let V' be a bounded subsolution to (26). We can assume w.l.o.g. that V' > 0. Let ¢ be
the Lyapunov function of Lemma 3.5 and fix R > 0 such that ¢(y) > 0 for |y| > R. Define, for
every n > 0,

Vo (y) =V(y) —ne(y) — mex V.

Observe that V,(y) — —oo as |y| — 400 and moreover V;, is USC. Then there exists y with [y| > R
such that
Va@) = Vyly) VYl = R.
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Assume that || > R. Since ¢ € C? and it is a strict supersolution to (26) in |y| > R, we get a
contradiction to the fact that V is a subsolution to (26). Then |y| = R. This implies that for all
n>0

V(y) <nely) + max V., Viy| > R
lyI<R
and then, letting n — 0, V attains a maximum in the ball |y| < R. By the Strong Maximum

Principle, theorem 3.9 V' is constant.
The proof of (2) for bounded supersolutions is analogous. O

4. THE HAMILTON-JACOBI-BELLMAN EQUATION

The HJB equation associated via dynamic programming to the value function (8) of the control
problem is

1
(27) ~VE + H(z,y, D, V¢, D2 V) — gL[y, Ve 4+¢VE=0, in (0,7)x R} x IR,
where

1
@) HlpX) = mip { - trace(o(e. 0o (0.0 0)X) — flap)-p

and £ is defined in (11). It is a partial integrodifferential equation, briefly, PIDE. The terminal
condition associated to it is

(29) VAT, z,y) = g().

Moreover, there is no natural boundary condition on the space boundary of the domain, i.e.
(0,T) x OIRY} x IR.

The terminal boundary value problem is well posed without prescribing any boundary condition
because the value function is a solution in the set (0,7) x IR x IR. The irrelevance of the space
boundary (0,7") x IR} x IR is essentially due to the fact that IR} x IR is an invariant set for the
system (5) for all admissible control functions (almost surely); that is, the state variable cannot
exit this closed domain.

Proposition 4.1. For every ¢ > 0 the value function V< defined in (8) is a continuous viscosity
solution to (27) in the set (0,T) x IR" x IR with terminal condition (29). Moreover there exists a
constant Cr independent of € such that

(30) |Ve(t,z,y)| < Cr(1+ |z|?) VzeR!,yeR,tel0,T).

Proof. Using the boundedness of f, o with respect to y and classical estimates on the moments of
solutions of (5) it is easy to show (see [25, Lemma 3.1]) that

E|X(T)]? < Cp(1 + |=),

where (X (s),Yz(s)) is the solution to (5) with initial data X (¢) = z, Yz(¢f) = y. Then condition
(7) implies (30).

Again, using moment estimates on the solutions to (5) and the standing assumptions on the
coefficients, it is possible to prove that V¢ is continuous for every e (see [25, Prop. 3.3]). Moreover,
V¢ satisfies a dynamic programming principle (see [25, Prop. 3.1 and Prop. 3.2]) and then by
standard arguments it is a viscosity solution to (27).

Finally, by condition (6), all the points of the boundary of IR} x IR are irrelevant, according
to a Fichera-type classification of boundary points for elliptic problems. In other words, a sub- or
supersolution in (0,7) x IR" x IR is automatically sub- or supersolution in (0,7") x m X IR. The
argument is detailed in [4, Prop. 3.1] in the case in which the operator £ is a local operator and
it adapts without modifications to our case. O
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5. CELL PROBLEM

In this Section we define the candidate limit Cauchy problem of the singular perturbed problem
(27) as e — 0. In particular we provide a formula for the limit Hamiltonian H as

(31) H(z,p, X / H(x,y,p, X)u(dy)

where H is defined in (28) and p is the invariant measure of the process defined in (9) (see
Proposition 3.7). The main tool is the ergodicity of the process Y)(t) proved in Section 3.2. In
the following we will perform such construction in Theorem 5.1 using mainly PIDE methods.

In principle, for each fixed (Z,p, X) one expects the effective Hamiltonian H(z,p, X) to be a
constant k € IR such that the cell problem

(32) —Lly, x|+ H(z,y,p,X) =k in IR,

has a viscosity solution x, called corrector. Actually, for our approach, it is sufficient to consider
an approximate cell problem

(33) oxs(y) — Lly, xs] + H(Z,y,p, X) =0 in IR,

whose solution x; is also called approximate corrector.

Theorem 5.1. For any fized (Z,p, X) and 6 > 0 the unique bounded continuous viscosity solution
Xs(y) = Xs.z,p,x () to (33) is
+oo _
(34) xs(y) =-E [ H(@Y(t),pX)e "dt,
0

where Y (t) solves the fast subsystem in (9) with A =1 an Y (0) = y. Moreover,
(35) lim 6x5(s) = = [ (@05, X)p(dy) = T (.. X).

locally uniformly in y, where H is defined in (28) and p is the unique invariant distribution of the
process Y defined in Proposition 3.7.

Proof. For any fixed (Z,p, X), we define a function h : IR — IR as
h(y) := H(z,y,p,X) for every y € IR,

which is bounded and Lipschitz by the standing assumptions. The existence and uniqueness
of a bounded viscosity solution y;s(y) follow from the Perron-Ishii method for PIDEs and the
comparison principle in [29]. Moreover by dynamic programming principle and standard arguments
in Markov processes (see [18], Chap. I1.3) we get that

+o0
(36) () =B [ e

where Y'(t) solves the fast subsystem in (9) with A = 1. The second claim follows from Corollary
3.8. U

Remark 5.2. If there is no control u in the system the Hamiltonian H is a linear function of
(p, X) and H is obtained simply by averaging the coefficients

(o0 X) = ytnoce ([ oto.pa@ntan x) - [ sle.pputan) -»

We will us this observation in the application to asset pricing, Section 7.1.
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6. THE CONVERGENCE THEOREM

We state now our main result, namely, the convergence theorem for the singular perturbation
problem. We will prove that the value function V¢(t,x,y), solution to (27), converges locally
uniformly, as € — 0, to a function V (¢, x) which can be characterized as the unique solution of the
limit problem

~Vi+H (z,D,V, D2, V) +cV =0 in (0,T) x RRT,
(37)
V(T,z) = g(x) in R.

where the Hamiltonian H has been defined respectively in (31).

Theorem 6.1 (Convergence Theorem). The value functions V¢ defined in (8) converge as e — 0
uniformly on compact subsets of [0,T] x IR" x IR to the unique continuous viscosity solution to
the limit problem (37) satisfying a quadratic growth condition in x, i.e.,

3 K > 0 such that for every (t,x) € [0,T] x R, |V(t,2)| < K(1 + |z|?).
Proof. The proof is divided into several steps.

Step 1 (Relaxed semilimits). Recall that the functions V¢ are locally equibounded in [0, 7] x IR} x
IR, uniformly in ¢ (see Proposition 4.1). We define the half-relaxed semilimits in [0, 7] x R x IR
(see [3], Chap. V):
Vt,z,y) = lim inf Ve, 2y,
e—=0,t' =t 2’ —x,y’' —y
Vt,z,y) = lim sup Vet x'y'),
e—0,t' =t x’' —»a,y' =y
for t <7T,x € IR} and y € IR. It is immediate to get by definitions that also V and V satisfy a
quadratic growth condition in [0, 7] x Fi x IR, i.e. there exists a positive constant K such that

V(¢ 2,y)| < Ki(1+[x*) and [V(t,2,y)] < Ki(1+ [zf*)
for every (t,z,y) € [0,T] x R} x IR.

Step 2 (V,V do not depend on y). We prove the claim only for V, since the other case is
completely analogous. -
First of all observe that the function V (¢, z,y) is a viscosity subsolution to

(38) —L[y,V]=0 inR.
]

The detailed argument is in [4, Thm. 5.1]. Then arguing as [3, Lemma I1.5.17], we get that for
every fixed (,7), also the function y — V (£, Z,y) is a subsolution to (38). So we can conclude by
the Liouville property Theorem 3.11, since V is bounded in y, that the function y — V (£, Z,y) is
constant for every (t,z) € (0,7) x IR}. Finally, using the definition it is immediate to see that
this implies that also V(7' x,y) do not depend on y.

Step 3 (V and V are super- and subsolutions of the limit PDE). First we show that V and V
are super- and subsolution to (37) in (0,T) x IR%.. We prove it only for V since the other case
is completely analogous. The proof adapts the perturbed test function method introduced by
Evans [13] for periodic homogenization and developed in [2, 4] for singular perturbations. We fix
((,z) € (0,T) x IR and we show that V is a viscosity subsolution at (£,Z) of the limit PIDE.
This means that if v is a smooth function such that 1 (¢,z) = V(,Z) and V — 1 has a maximum
at (t,%) then

(39) —(t,Z) + H(z, Dpap(t, D2,(L,Z)) + ¢V () < 0.

Without loss of generality we assume that the maximum is strict in B((¢,Z),r) and that 0 <
t—r<t+r<Tand Z; > r for all i. We consider now the Lyapunov function ¢ € C2(IR) as in
Lemma 3.5. By adding a constant to ¢ if necessary, we can assume that —L[y, ¢] > 0 in IR. We fix
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y € IR, such that ¢(y) = mink ¢. We can also assume that ¢(y) < minj,_y>r ¢ for R sufficiently
large. Let now n > 0 and take § > 0 sufficiently small such that if xs is the solution of (33) at
(z, Dy (t, %), D2, 2(t, 7)) (see Theorem 5.1), then

(40) 10xs(y) + H(Z, Dop(t,7), D3,4(F,7))] <7 for any y € B(7, R).
We define the perturbed test function as

(41) Vet y) = Y(t @) +exs(y) + o(y).

Observe that

(42) lim sup Vet o' y) — =t 2 y) = Vt,z) — ot z) — o(y).

e—=0,t' =t ' —>x,y' =y
Arguing as in [3, Lemma V.1.6] we get sequences €, — 0 and (¢, Zn, yn)
B(y, R) such that (t,,2n,yn) — (£, Z,9) for some § € B(y, R) such that
n — 400,

€ B := B((t,x),r) x
¢(9) =
ver (tna T, yn) - ¢€" (tna L, yn) - V(i j) - w(ﬂ 'f) - ¢( )
and (t,, Tpn,yn) is a maximum of Ve — ¢~ in B.

Then, using the fact that V¢ is a subsolution to (27), we get

1

n

<

where V¢, ¢, xs and ¢ (and their derivatives) are computed respectively in (¢, Tn, Yn), (tn, )
and in y,. Using the fact that ¢ satisfies —L[-, ¢] > 0, we get from the previous inequality that

(44) ~t + H(@n, yn, Doth, D2,0) + V" = Llyn, x5] < 0.
We now recall that xs solves the d-cell problem (33), thus
~t(tn, ¥n) + H(Zn, Y, Dath(tn, 2n), Dim¢(tn7 Tn))

—H(Z, yn, D29 (1, 7), Dixw(ﬂ z)) — x5 (Yn) + V (tn, Tns yn) < 0.
(45)
By taking the limit as n — +oo the second and the third term of the left-hand side of this
inequality cancel out. Next we use (40) to replace —dys with H — n and get that
(46) — (£, %) + H(z, D,y (t, %), D2, (t, 7)) + V(E,T) < 1.
Finally, since n > 0 is arbitrary, we conclude.

To prove that V is a supersolution to (37) we proceed exactly in the same way, just taking as a
perturbed test function

P(t,x,y) = (t, ) + exs(y) — oY)
Finally, we claim that V and V are respectively a sub and a supersolution to (37) also at the
boundary of IR". In this case it is sufficient to repeat exactly the same argument as in [4, Prop.
3.1] to get the conclusion, recalling that the Hamiltonian H is defined as

(o, X) = [ min {-Jracelo (e, 00" (0. 0X) = )9 la)

and f, o satisty (6).
Step 4 (Uniform convergence). We observe that by definition V' > V and that both Vand V
satisfy the same quadratic growth condition (38). Moreover, the Hamiltonian H defined in (31)
inherits all the regularity properties of H defined in the first section. Therefore, we can apply the
comparison result in [12] between sub- and supersolutions to parabolic PDE problems satisfying
a polynomial growth condition, to deduce that V' < V. Therefore,

V=V=1V"V
In particular, V' is continuous, and by Lemma V.1.9 in [3], this implies that V¢ converges locally
uniformly to V.

O
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Remark 6.2. The idea of adding or subtracting the Lyapunov function ¢ to the perturbed test
function ¢¢ seems to be new and is an appropriate tool for extending the methods of [13, 2] from
the periodic case to the present case of unbounded fast variables y. It applies also to the proof of
Thm. 5.1 of [4], therefore filling in a gap of that proof.

Remark 6.3. The solution V of the limit Cauchy problem (37) can be represented as the value
function of a new control problem obtained by a relaxation procedure proposed in [6] for deter-
ministic systems. Define the extended control set

U = L' ((R, 1); U)

and note that it contains a copy of U, given by the constant functions. Extend to U¢® the drift
and the diffusion of the system (5) as follows

567 (z, B) = /]R 00T (e, B@)u(dy), f(x,B) = /R (@, y. Bw)uldy), B e U,

Then the measurable selection argument in [6] allows to prove that

. 1 o 2
/ H(‘Tayvp7X)M(dy) = inf {—traCG(UUT({E7ﬂ)X) - f(xvﬁ) p} ’
R BeUex 2
i.e., H is a Bellman Hamiltonian. By uniqueness of viscosity solutions to (37) we can conclude
that
V(t,x) = sup E[e"g(X(T))| X(t) = 2],
Beuew

where X solves

dX(s) = f(X(s),B(s))ds + (X (s),5(s))dW (s)
and U* denotes the progressively measurable processes taking values in U®*. This is an effective
control problem associated to the general multiscale control problem of Section 2. In the application
to Merton’s portfolio optimisation, Section 7.2.2, however, we will find a simpler representation of
the limit control problem by exploiting the explicit form of the Hamiltonian in that case.

7. APPLICATIONS AND EXAMPLES

7.1. Asset pricing. We consider n underlying risky assets with price X? evolving according to
the standard lognormal model:

(47) { dXH(t) = o’ X (t)dt + V2 X (t)o;(Ye(t)dWi(t), i=1,...,n,
dY.(t) = —2Ye(t)dt + dZ (%)

where X'(ty) = ' > 0, 0; : IR — IR are bounded Lipschitz continuous function, o;(y) > 0 for
all y, i = 1,...,n, the processes W = (W' ..., W") and Z are independent and, respectively,
a standard n-dimensional Brownian motion and a pure jumps Lévy process with Lévy measure
satisfying the Assumptions 1, 2, 3.

The problem we consider here is the pricing of an European option given by a non-negative
payoff function g depending on the underlying X* and by a maturity time 7. According to risk-
neutral theory, to define a no-arbitrage derivative price we have to use an equivalent martingale
measure Q under which the discounted stock prices e~"*X*(t) are martingales, where 7 is the
instantaneous interest rate for lending or borrowing money. Nevertheless, we assume as in [14,
Section 10.3.1] (see also [24, Thm 3.2]) that the process Z remains unchanged under the equivalent
martingale measure Q. Thus the system, under a risk-neutral probability Q, (47) writes as

{ dXH(t) = r X (t)dt + V2 X (1) oy (Yo (£)dWHQ(t), i=1,...,n,
dY.(t) = =LY (t)dt + dZ(L).

In this setting, an European contract has no-arbitrage price given by the formula

(49) Ve(toa,y) =B Ng(X(T) | X/ (H) =a', Yo(t) =9), 0<t<T

(48)

where ¢ > 0 and the payoff function g satisfies (7).
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The (linear) HIB equation associated with the price function is
(50)
V=Y 2202 (YVi,, —ra-D,VE— L[y, Ve +cVE =0 in (0,7) x R} x IR,
Ve(T,z,y) = g(z) in R x IR,
where £ is as in (11).
Since all the assumptions are satisfied, the convergence theorem holds, and the prices Ve (¢, z,y)
converge locally uniformly, as ¢ — 0, to the unique viscosity solution V (¢, x) of the limit equation
Vi = Y 02 [ o2 uldy) Ve, —re- D,V £ ¢V =0 in (0,T) x R,

K2

(51)

V(T,z) = g(z), in ﬁ
Then V can be represented as
(52) V(t,z) == EUecCDg(X(T) | X(t) =x], 0<t<T,

where X (t) satisfies the averaged effective system
(53) dX'(t) = rX (t)dt + V25, X (£)dWC(t),

whose (constant) volatility @; is the so-called mean historical volatility for the i-th asset

(54) G = ( /IR o (y)u(dy)) .

Therefore the limit of the pricing problem as ¢ — 0 is a new pricing problem for the effective
system (53).

Remark 7.1. The choice of a diagonal matrix ¢ in (47) is made only for notational simplicity. As
in the previous sections and in [4] we can replace the term o;(Yz(t))dW(t) in (47) with the i-th
component of o(Y.(t))dW (t) for a n x r matrix o, therefore allowing that the components of the
Brownian motion acting on different asset prices be correlated. In this case instead of an effective
volatility @; for each asset we find an effective matrix & such that 7" = [ o(y)o” (y)u(dy).

7.2. Merton’s portfolio optimization problem.

7.2.1. The convergence result. We consider now another classical problem in finance, the Merton’s
optimal portfolio allocation, under the assumption of fast oscillating stochastic volatility. We
consider a financial market consisting of a nonrisky asset S evolving according to the deterministic
equation
dS(t) = rS(t)dt,

with 7 > 0, and n risky assets X*(t) evolving according to the stochastic system (47). We denote
by W the wealth of an investor. The investment policy - which will be the control input - is defined
by a progressively measurable process u taking values in a compact set U, and u! represents the
proportion of wealth invested in the asset X%(t) at time t. Then the wealth process evolves
according to the following system:

(55) { D) = W) (r + Iy ((0f = ) (1))t + VEW (@) (S (1) (Y1) dW (1),
aY. (1) = ~LY.(t)di 1 dz (%)

where W(tp) = w > 0.

The Merton’s problem consists in choosing a strategy u. which maximizes a given utility function
g at some final time T'. In particular the problem can be described in terms of the value function

VE(tw,y) = sup E[gOV(T)) [W(t) = w, Ye(t) = y].

Tipically the utility functions in financial applications are chosen in the class of HARA (hyperbolic
absolute risk aversion) functions g(w) = a(bw + ¢)7, where a,b, ¢ are constants, and v € (0,1) is
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a given coefficient called the relative risk premium coefficient. The HJB equation associated with
the Merton value function is
1
2
7‘/; + HM(wv Y, Dwvea wavs) - gﬁ[ya VE] = 07

in (0,T) x Ry x IR, complemented with the terminal condition V¢(T,w,y) = g(w). The integro-
differential operator (1/¢)L is the infinitesimal generator of the process Yz, with £ as in (11), and
Hy(w,y,p, X) is defined as

uelU

n 2
H]V[(w7y7p7 X) =min § — (Z u%n(y)) w2X -
i=1

r+ Z(ai — T)ul] wp
i=1

Our main theorem applies also in this case and states that the value function V¢ converges locally
uniformly to the unique solution of the limit problem

{ _‘/t+IJRHM(w7yaDwVv7D3)wV)M(dy):O fOI'tE (07T)7 ’UJ>O,

(56) V(T,w) = g(w) for w > 0,

where p is the invariant distribution associated with the fast subsystem. This convergence result
in the framework of Lévy processes is new in the literature and extends and complements the
results stated in [4] for fast volatility processes driven by Brownian motion.

Remark 7.2. As in the Remark 7.1 of the previous section we can allow the correlation among
the noises acting on different assets, as in [4], Sect. 6.2.

7.2.2. The effective Merton’s problem. Next we want to interpret the effective PDE in (56) as the
HJB equation of a suitable effective control problem, simpler than the general one described in
Remark 6.3. For simplicity we restrict ourselves to the case of a single risky asset, i.e., n = 1.
The equation for the wealth becomes

AW(t) = W) (r + (a — r)u(t))dt + V2W()ut)o (Yo (£)dW (), a >,
and the HJB equation for V¢ is

1
_ Y/ __ 2 2 2y7¢€ o el — — €
(57) Ve —max{ulo? (y)uVs, + [ + (@ — rulwl | = ZLly, V7).
Therefore the effective PDE in (56) is
(58) Vi —rwV,, — / max{uzaz(y)wszw + (v — r)quw}u(dy) =0.
R wEU

Now we assume that the utility function g is increasing and concave with ¢” < 0. Then one
expects that the solution V is also increasing in the initial wealth w with V,,, < 0. In this case
the expression in braces in (57) and (58) is a concave parabola in w and the maximum in the
Hamiltonian is easily computed if it is attained in the interior of U, e.g., if U is very large. Then
one gets, at least formally,

(o —1)%p?
H X)=2_ P
M(wuyvpa ) 402(y)X
and the effective PDE (58) becomes
1 (a—17)%V2
—Vi —rwV, d L =0.
t TWVaw + L Uz(y).u“( y) 4wa

This is the HJB equation of the Merton’s problem with constant volatility @ > 0, where the wealth
dynamics is

(59) AW(t) = W) (r + (o — r)u(t))dt + V2W (@ )u(t)edW (1),

if and only if

(60) 7= (/IR U%(y)u(dy))
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Therefore this is the correct parameter to use in a Merton model with constant volatility if we
consider it as an approximation of a model with fast and ergodic stochastic volatility. We can
call it the effective Merton problem. We point out that the effective volatility o for the Merton
problem is the harmonically averaged long-run volatility, that is smaller than the usual mean

historical volatility
1
o= ([ Pnldy)’
R

in uncontrolled systems, see Section 7.1. Therefore the use of the correct parameter & in the model
leads to an increase of the value function, i.e., of the optimal expected utility.

7.2.3. The solution for HARA wutility. In some cases the Cauchy problem for the effective equa-
tion(56) can be solved explicitly, giving also a more rigorous derivation of the formula (60) for the
effective volatility. Let us take as a constraint on the control u(t) the interval

U:=[Ry,R], with —R<R; <0<R,
and as terminal cost the HARA function
g(w):au%7 0<y<l1l, a>0.
Since the terminal condition is now V (T, w) = aw? /v, we look for solutions of the form
V(t,w) = wTWU(t) with v(t) > 0.

By plugging it into the Cauchy problem we get

0 =—vhv, v(T)=a, h:=r+ /ngleaéc{(a —r)u+ (v — 1)o? (y)u? } u(dy).

Therefore the uniqueness of solution gives
- ¥
(61) V(t,w) = aexp {yh(T - t)}“L, 0<t<T.
Y
We compute the rate of exponential increase h and get

(= )R+ (v — 1)R**(y)]| u(dy)

h=r +/
{y:2R(1-7v)o?(y)<a—r}
(a—1)?

+ / 5 H(dy).
{y:2R(1—7)o?(y)>a—r} 4(1 - 7)02(?/)

This formula simplifies considerably if the u-probability of the set {y : 2R(1 —v)o?(y) > a —r}
is 1, e.g., for large upper bound R on the control. In fact we get

7o (04—7“)2 1
R e I T

With this expression for h the function V' given by (61) coincides with the classical Merton formula
solving the problem with constant volatility & > 0 (for 2R(1 — v)d > a — r) if and only if 7 is
given by (60), i.e.,

2

A rnt

V(t,w) = aexp {7 {7‘ + 41— )7 vy

ACKNOWLEDGEMENTS

We are grateful to Carlo Sgarra for pointing out to us the literature on non-Gaussian models
of stochastic volatility and to Tiziano Vargiolu for several discussions on Lévy processes. The
main results of this research were presented also in the third author’s Master Thesis, defended in
February 2014.



(1]

CONVERGENCE IN MULTISCALE MODELS WITH NON-GAUSSIAN VOLATILITY 17

REFERENCES

O. Alvarez, M. Bardi: Viscosity solutions methods for singular perturbations in deterministic and stochastic
control, SIAM J. Control Optim. 40 (2001/02), 1159-1188.

O. Alvarez, M. Bardi, Singular perturbations of degenerate parabolic PDEs: a general convergence result,
Arch. Rational Mech. Anal 170, 17-61, 2003.

M. Bardi, I. Capuzzo-Dolcetta, Optimal Control and Viscosity Solutions of Hamilton-Jacobi-Bellman Equa-
tions, Birkhaeuser, Boston, 1997.

M. Bardi, A. Cesaroni, L. Manca, Convergence by Viscosity Methods in Multiscale Financial Models with
Stochastic Volatility, SIAM J. Financial Math. 1, 230-265 (2010).

M. Bardi, A. Cesaroni, Optimal control with random parameters: a multiscale approach, Eur. J. Control. 17
(2011), pp. 30-46.

M. Bardi, G. Terrone, Homogenization of some optimal control problems, to appear.

G. Barles, C. Imbert, Second-order elliptic integro-differential equations: viscosity solutions’ theory revisited,
Ann. Inst. H. Poincaré Anal. Non Linéaire 25 , no. 3, 567-585 (2008).

O. E. Barndorff-Nielsen, N. Shephard, Non-Gaussian Ornstein- Uhlenbeck-Based Models and Some of Their
Uses in Financial Economics, J. Royal Stat. Soc. B 63, 167-241, 2001.

F.E. Benth, K.H. Karlsen, K. Reikvam, Merton’s Portfolio Optimization Problem in a Black-Scholes Market
with Non-Gaussian Stochastic Volatility of Ornstein-Uhlenbeck Type, Math. Finance 13, 215-244 (2003).

A. Ciomaga, On the strong mazimum principle for second order nonlinear parabolic integro-differential equa-
tions, Adv. Differential Equations 17 (2012), 635-671.

R. Cont, P. Tankov, Financial modelling with jump processes, Chapman & Hall/CRC, Boca Raton, Florida,
2004.

F. Da Lio, O. Ley, Uniqueness results for second-order Bellman-Isaacs equations under quadratic growth
assumptions and applications, STAM J. Control Optim. 45 (2006), 74-106.

L. C. Evans, The perturbed test function method for viscosity solutions of nonlinear PDE, Proc. Roy. Soc.
Edinburgh Sect. A, 111 (1989), pp. 359-375.

J.-P. Fouque, G. Papanicolau, R. Sircar, Derivatives in financial markets with stochastic volatility, Cambridge
University Press, Cambridge, UK, 2000.

J.-P. Fouque, G. Papanicolaou, R. Sircar, K. Solna: Singular perturbations in option pricing, SIAM J. Appl.
Math. 63 (2003), no. 5, 1648-1665.

J.-P. Fouque, G. Papanicolaou, R. Sircar, K. Solna: Multiscale stochastic volatility asymptotics, Multiscale
Model. Simul. 2 (2003), 22-42.

J.-P. Fouque, G. Papanicolaou, R. Sircar, K. Solna: Multiscale stochastic volatility for equity, interest rate,
and credit derivatives. Cambridge University Press, Cambridge, 2011.

W. H. Fleming, H. M. Soner, Controlled Markov Processes and Viscosity Solutions, 2nd ed., Springer-Verlag,
New York, 2006.

R. Z. Khasminskii, Stochastic stability of differential equations, 2nd edition, Springer, Heidelberg, 2012.

F. Hubalek, C. Sgarra, On the explicit valuation of geometric asian options in stochastic volatility models
with jumps, J. Comput. Appl. Math. 235, no. 11 (2011), 3355-3365.

F. Hubalek, C. Sgarra, On the Esscher transforms and other equivalent martingale measures for Barndorff-
Nielsen and Shephard stochastic volatility models with jumps, Stochastic Process. Appl. 119 (2009), 2137-2157.
A. M. Kulik, Exponential ergodicity of the solutions to SDE’s with a jump moise, Stochastic Process. Appl.
119, 602-632, 2009.

M. Lorig, O. Lozano-Carbassé, Exponential Lévy-type models with stochastic volatility and jump intensity,
Quantitative Finance 15 (2015), 91-100.

E. Nicolato, E. Venardos, Option pricing in stochastic volatility models of the Ornstein- Uhlenbeck type, Math.
Finance 13 (2003), 445—466.

H. Pham, Optimal stopping of controlled jump diffusion processes: a wviscosity solution approach, J. Math.
Systems Estim. Control 8, 1998, pp. 1-27.

J. Picard, On the existence of smooth densities for jump processes, Probab. Theory Related Fields 105 , no.
4, 481-511, 1996.

E. Priola, J. Zabczyk, Densities for Ornstein-Uhlenbeck processes with jumps, Bull. Lond. Math. Soc. 41 ,
no. 1, 41-50, 2009.

K.-1. Sato, Lévy processes and infinitely divisible distributions, Cambridge University Press, Cambridge, 1999.
A. Sayah, Equations d’Hamilton-Jacobi du premier ordre avec termes intégro-différentiels. I. Unicité des
solutions de viscosité. II. Existence de solutions de viscosité, Comm. Partial Differential Equations 16 (6-7)
(1991) 1057-1093.

B. Simon, Functional integration and quantum physics, Academic Press, New York, 1979.

H. M. Soner, Optimal control of jump-Markov processes and viscosity solutions, in ”Stochastic differential
systems, stochastic control theory and applications”, 501-511, IMA Vol. Math. Appl., 10, Springer, New
York, 1988.

DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI PADOVA, VIA TRIESTE 63, 35121 PADOVA, ITALY
E-mail address: bardi@math.unipd.it, acesar@math.unipd.it, andrea.scotti@studenti.unipd.it



