CONVERGENCE BY VISCOSITY METHODS IN MULTISCALE
FINANCIAL MODELS WITH STOCHASTIC VOLATILITY
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Abstract. We study singular perturbations of a class of stochastic control problems under
assumptions motivated by models of financial markets with stochastic volatilities evolving on a fast
time scale. We prove the convergence of the value function to the solution of a limit (effective)
Cauchy problem for a parabolic equation of Hamilton-Jacobi-Bellman type. We use methods of the
theory of viscosity solutions and of the homogenization of fully nonlinear PDEs. We test the result
on some financial examples, such as Merton portfolio optimization problem.
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1. Introduction. In this paper we consider stochastic control systems with a
small parameter € > 0

dX; = (X, Yy, up)dt + V25 (Xy, Ve, ug)dWy,
(1.1)
4y, = L(Y)dt + |/ 2r(Y)aw,

where X; € IR", Y; € IR™, u; is the control taking values in a given compact set U, W;
is a multi-dimensional Brownian motion, and the components of drift and diffusion
of the slow variables X; have the form

(gi = xi(bi(xayau)a 5—ij = xiag(xayvu)7

with ¢%,07 bounded and Lipschitz continuous uniformly in u, so that X; > 0 for
t > t, if XZO > 0. On the fast process Y; we will assume that the matrix 777 is
positive definite and a condition implying the ergodicity (see (1.3)). We also take

payoff functionals of the form
Eg(Xr,Yr) | Xy =2,Y;=y], 0<t<T, A>0,

with ¢ continuous and growing at most quadratically at infinity, and call VE(¢, z,y)
the value function of this optimal control problem, i.e.

Vet z,y) = sup E[e*Dg(Xp, V) | Xy = 2,Y; =y, (X.,Y)) satisfy (1.1) with w.].

We are interested in the limit V as € — 0 of V¢, in particular in understanding the
PDE satisfied by V' and interpreting it as the Hamilton-Jacobi-Bellman equation for
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an effective limit control problem. This is a singular perturbation problem for the
system (1.1) and for the HJB equation associated to it. We treat it by methods of
the theory of viscosity solutions to such equations.

Our motivations are the models of pricing and trading derivative securities in
financial markets with stochastic volatility. The book by Fleming and Soner [21]
is a general presentation of viscosity solution methods in stochastic control, and in
Chapter 10 it gives an excellent introduction to the applications of this theory to the
mathematical models of financial markets. In such markets with stochastic volatility
the asset prices are affected by correlated economic factors, modelled as diffusion
processes. This is motivated by empirical studies of stock price returns in which the
estimated volatility exhibits random behaviour. So, typically, volatility is assumed to
be a function of an Ito process Y; driven by another Brownian motion, which is often
negatively correlated with the one driving the stock prices (this is the empirically
observed leverage effect, i.e., asset prices tend to go down as volatility goes up).
This approach seems to have success in taking into account the so called smile effect,
due to the discrepancy between the predicted and market traded option prices, and in
reproducing much more realistic returns distributions (i.e. with fatter and asymmetric
tails).

An important extension of the stochastic volatility approach was introduced re-
cently by Fouque, Papanicolaou, and Sircar in the book [24] (see in particular Chapter
3). The idea is trying to describe the bursty behaviour of volatility: in empirical ob-
servations volatility often tends to fluctuate to high level for a while, then to a low
level for another small time period, then again at high level and so on, for several
times during the life of a derivative contract. These phenomena are also related to
another feature of stochastic volatility, which is mean reversion. A mathematical
framework which takes into account both bursting and mean reverting behaviour of
the volatility is that of multiple time scales systems and singular perturbations. In
this setting volatility is modelled as a process which evolves on a faster time scale
than the asset prices and which is ergodic, in the sense that it has a unique invariant
distribution (the long-run distribution) and asymptotically decorellates (in the sense
that it becomes independent of the initial distribution). We refer to the book [24]
and to the references therein for a detailed presentation of these models and for their
empirical justification.

Several extensions and applications to a variety of financial problems appeared
afterward, see [32, 25, 26, 23, 42, 31, 40, 30, 38] and the references therein.

According to the previous discussion, stochastic control systems of the form (1.1)
are appropriate to study financial problems in this setting. Indeed, here the slow
variables represent prices of assets or the wealth of the investor, whereas Y; is an
ergodic process representing the volatility and evolving on a faster time scale for e
small. The main example for Y; is the Ornstein-Uhlenbeck process. The asymptotic
analysis of such systems as ¢ — 0 yields then a simple pricing and hedging theory
which provides a correction to classical Black-Scholes formulas, taking into account
the effect of uncertain and changing volatility.

Most of the papers we cited on fast mean reverting stochastic volatility use formal
asymptotic expansions of the value function in powers of € and compute the first
terms of the expansions by solving suitable auxiliary elliptic and parabolic PDEs.
These methods are closely related to homogenization theory and can be found in
earlier papers of Papanicolaou and coauthors and, e.g., in the book [9]. They are
particularly fit to problems without control, such as the pricing of many options,
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so that the price function is smooth and satisfies a linear PDE. In these cases the
accuracy of the expansion can often be proved.

There is a wide literature on singular perturbations of diffusion processes, with
and without controls. For results based on probabilistic methods we refer to the
books [34, 33|, the recent papers [39, 12], and the references therein. An approach
based on PDE-viscosity methods for the HJB equations was developed by Alvarez
and one of the authors in [1, 2, 3], see also [4] for problems with an arbitrary number
of scales. It allows to identify the appropriate limit PDE governed by the effective
Hamiltonian and gives general convergence theorems of the value function of the
singularly perturbed system to the solution of the effective PDE, under assumptions
that include deterministic control (i.e., o = 0 and/or 7 = 0) as well as differential
games, deterministic and stochastic. However, this theory originating in periodic
homogenization problems [36, 19] was developed so far for fast variables restricted to
a compact set, mostly the m-dimensional torus. As we already observed, though, an
a priori assumption of boundedness does not appear natural to model volatility in
financial markets, according to the empirical data and on the discussion presented in
[24] and references therein.

The goal of this paper is extending the methods based on viscosity solutions of
[1, 2, 3] to singular perturbation problems of the form (1.1), including several models
of mathematical finance. The main new difficulty is that the fast variables Y; are
unbounded.

We first check that the value function V¢ is the unique (viscosity) solution to a
Cauchy problem for the HJB equation under very general assumptions on the data.
In particular, the diffusion matrix of the slow variables oo’ may degenerate and V¢
may be merely continuous. The possible degeneration of the diffusion matrix oo
can also have interesting financial applications, e.g., to path-dependent options and
to interest rate models in the Heath-Jarrow—Morton framework (see Section 6.5 for
more comments on this).

Next we assume that the fast subsystem

dY; = b(Yy)dt + V27 (Y;)dW; (1.2)
has a Lyapunov-like function w satisfying

—Lw(y) > k > 0 for |y| > Ro, ‘ |lim w(y) = +oo, (1.3)
Yy|—-+o0

where £ is the infinitesimal generator of the process (1.2). We prove a Liouville
property for sub- and supersolution of Lv = 0, the existence of a unique invariant
measure p for (1.2) (by exploiting the theory of Hasminskii [29]), and some crucial
properties of the effective Hamiltonian and terminal cost

H(z,D,V,D2,V) := . H(z,y,D,V,D2,V,0)du(y)  g(z):= / g9(z,y)du(y),

where H is the Bellman Hamiltonian associated to the slow variables of (1.1) and its
last entry is for the mixed derivatives D,,. The condition (1.3) is easier to check and
looks weaker than other known sufficient conditions for ergodicity [29, 37]. It appears
also in a remark of [35], where the proof of the existence of p is different from ours.
Lions and Musiela [35] also state that (1.3) is indeed equivalent to the ergodicity of
(1.2) and to the classical Lyapunov-type condition of Hasminskii [29].
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Our main result is the convergence of V(¢ z,y) to V (¢, z) as € — 0 uniformly on
compact subsets of [0,T") x IR’} x IR™, where V is the unique (viscosity) solution to

~Vi+H (x,D,V,D2,V) + AV (z) =0 in (0,T) x RRY, (1.4)

with final data V(T,z) = g(z) in IR”. Note that there is a boundary layer at the
terminal time 7T if the utility g depends on y.

We test this convergence theorem on two examples of financial models chosen
from [24]. The first is the problem of pricing n assets with a m-dimensional vector
of volatilities. The second is Merton portfolio optimization problem with one riskless
bond and n risky assets. The control system driving wealth and volatility is

th = Wt (T + Z?:l(()éi — ’I”)U%) dt + ﬁWt Z?:l u%fz(}/t) . th
(1.5)
4y, = LVt + \/2u(¥)dZ,

with W;, = w > 0, where W, Z; are possibly correlated Brownian motions, and the
value function is

VE(t,w,y) = sup Elg(Wr, Y1) [ Wi = w,Y; = .

Our convergence result for this problem appears to be new, to the best of our knowl-
edge, although the formula for the limit is derived in [24] (by a different method and
for n = 1, g independent of y; another term of an asymptotic expansion in powers of &
is also computed in [24]). We also show that we can handle a periodic day effect, i.e.,
fi= fz(é7 Y;) periodic in the first entry, as in Section 10.2 of [24], and the presence of
a component of the volatility evolving on a very slow time scale (dependent or not on
€), as in [26, 38]. A similar result for the infinite horizon Merton problem of optimal
consumption [20, 21] is under investigation.

Finally we observe that our methods work if an additional unknown disturbance
1y affects the dynamics of X; and we maximize the payoff under the worst possible
behaviour of ;. This situation is modeled as a 0—sum differential game: its value
function is characterized by a Hamilton-Jacobi-Isaacs PDE that can be analyzed in
the framework of viscosity solutions [22, 3]. In [1, 2, 3] the disturbance @; and/or the
controls u; may also affect the fast variables Y; (constrained to a compact set). Then
there is no invariant measure and the definition of effective Hamiltonian and terminal
cost is less explicit, but the convergence theorem still holds.

Our conclusion is that the theory of viscosity solutions is the appropriate mathe-
matical framework for fully nonlinear Bellman-Isaacs equations that provides general
methods for treating singular perturbation problems (relaxed semilimits, perturbed
test function method, comparison principles, etc.). These can be useful additional
tools for the rigorous analysis of multiscale financial problems with stochastic volatil-
ity, in particular when some variables are controlled, the value function is not smooth,
or the complexity of the model prevents more explicit calculations.

The paper is organized as follows. Section 2 presents the standing assumptions
and the HJB equation. Section 3 studies the initial value problem satisfied by V©.
Section 4 is devoted to the ergodicity of a diffusion process in the whole spaces and the
properties of the effective Hamiltonian and terminal cost. In Section 5 we prove our
main result, Theorem 5.1, on the convergence of V¢ to the solution of the effective
Cauchy problem. In Section 6 we apply our results to a multidimensional option
pricing model and to Merton portfolio optimization problem, and then illustrate some
extensions. Section 7 is the Conclusion.
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2. The two-scale stochastic control problem.

2.1. The control system. We consider stochastic control problems that can be
written in the form

dX{ = X{¢" (X, Yo, u)dt + V2X[0y (X, Yeyup) -dWy i =1,...n,

(2.1)
Ay}l = Lok (v)dt + \/grk(yt) - dW; kE=1,...m.

with X] =a' >0, Y} = ¢* wheree > 0, U is a given compact set, ¢ = (¢*,...,¢") :
R"x R™ xU — IR", 0" : R" x IR™ x U — IR" are bounded continuous functions,
Lipschitz continuous in (z,y) uniformly w.r.t. w € U, b= (b%,...,b™) : R™ — IR™,
T » IR™ — IR" are locally Lipschitz continuous functions with linear growth, i.e.,

for some K. >0 (b)), |76 ()] < Ke(1+ |yl), forally e R™ k=1,...m,
(2.2)
and W; is a r-dimensional standard Brownian motion. These assumptions will hold
throughout the paper.
We will use the symbols M7 and S* to denote, respectively, the set of k x j
matrices and the set of k x k symmetric matrices, and we set

R} :={zeR": 2'>0Vi=1,...,n}.

To shorten the notation we call ¢ : IR™ x IR™ x U — IR™ the drift of the slow variables
X;, 0 € M™" the matrix whose i-th row is z'c;, and 7 € M™" the matrix whose k-th
row is 7, i.e.,

Tio_ i SR | o -
Q' = x' ", G5 = x'0}, Thj = T, j=1,...,7

Then the system (2.1) can be rewritten with vector notations

dXt = (;(Xt,)/t,ut)dt + \/55—(Xt, Y;Saut)th Xt,, =z c Ej—v
(2.3)
dy; = 1b(Yy)dt + \/gv(Yt)th Y, =v.

The set of admissible control functions is
U := {u. progressively measurable processes taking values in U}.

In the following we will assume the uniform non-degeneracy of the diffusion driving
the fast variables Y3, i.e.,

Je(y) > 0 such that 7(y)77 (y) - € = [€7(y)|* > e(y)|€)? for every y,& € R™. (2.4)

We will not make any non-degeneracy assumption on the matrix ¢ and remark that,
in any case, ¢ degerates near the boundary of IR} .

2.2. The optimal control problem. We consider a payoff functional depend-
ing only on the position of the system at a fixed terminal time 7" > 0 (Mayer problem).
The utility function g : Ri x IR™ — IR is continuous and satisfies

3K, >0 such that sup |g(z,y)| < Ky(1+|2*) Vre R, (2.5)
y€IR?
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and the discount factor is
A>0.
Therefore the value function of the optimal control problem is

VE(t,z,y) := sup E[e)‘(th)g(XT,YT) | Xe=2,Yr=y], 0<t<T, (2.6)
w. €U

where E denotes the expectation. 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.

2.3. The HJB equation. For a fixed control u € U the generator of the diffu-
sion process is

. 2 - ~ 1 1
trace (UUTDJQWJ) + %trace (O’TT(DJQW)T) +¢- D, + gtrace (TTTDzy )+ gb - D,
where the last two terms give the generator of the fast process Y;.

The HJB equation associated via Dynamic Programming to the value function of
this control problem is

2 o, Do)V 1 2
-Vi+H | z,y,D,V,D;,V, e ) gﬁ(y, D,V,Dy,, V) + AV =0, (2.7)

n (0,7) x R x IR™, where
H(xz,y,p, X, Z) := nréllr} {—trace (6&TX) — ¢ - p — 2trace (6TTZT )} (2.8)

with & and ¢ computed at (z,y,u), 7 = 7(y), and
L(y,q,Y) = b(y) - q + trace(r(y)7" (y)Y). (2.9)

This is a fully nonlinear degenerate parabolic equation (strictly parabolic in the
y variables by the assumption (2.4)).
The HJB equation is complemented with the obvious terminal condition

V(T,z,y) = g(x,y).

However, there is no natural boundary condition on the space-boundary of the domain,
ie.,

(0,7) x R x R™ = {(t,z,y) : 0<t<T, 2" =0 for some 7}.

We will prove in the next section that the initial-boundary value problem is well posed
without prescribing any boundary condition because the PDE ”holds up to boundary”,
namely, the value function is a viscosity solution in the set (0,7T) x Ei x IR™, and there
is at most one such solution. The irrelevance of the space boundary (0,7) x 9IR} x IR™
is essentially due to the fact that ﬁj_ x IR™ is an invariant set for the system (2.1)
for all admissible control functions (almost surely), that is, the state variables cannot
exit this closed domain.
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2.4. The main assumption. Consider the diffusion process in IR™ obtained
putting e = 1 in (1.1)

dY; = b(Y)dt + V21 (Y;)dWy, (2.10)

called the fast subsystem, and observe that its infinitesimal generator is Lw :=
L(y, Dyw, D} w), with £ defined by (2.9) . We assume the following condition:

there exist w € C(IRY), and constants k, Ry > 0 such that

—Lw >k for |y| > Ry in viscosity sense, and w(y) — 400 as |y| — +oo. (2.11)

It is reminiscent of other similar conditions about ergodicity of diffusion processes
in the whole space, see for example [29], [9], [35], [12], [37].

REMARK 2.1. Condition (2.11) can be interpreted as a weak Lyapunov condition
for the process (2.10) relative to the set {|y| < Rp}. Indeed, a Lyapunov function
for the system (2.10) relative to a compact invariant set K is a continuous, positive
definite function L such that L(xz) = 0 if and only if 2 € K, the sublevel sets {y |L(y) <
k} are compact and —LL(z) = I(z) in IR™, where [ is a continuous function with I = 0
on K and [ > 0 outside. For more details see [29].

EXAMPLE 2.1. The motivating model problem studied in [24] is the Ornstein-
Uhlenbeck process with equation

dY, = (m — Y;)dt + V2rdW;,

where the vector m and matrix 7 are constant. In this case it is immediate to check
condition (2.11) by choosing w(y) = |y|*> and Ry sufficiently big.
EXAMPLE 2.2. More generally, condition (2.11) is satisfied if

lim sup [b(y) Y+ trace(TTT(y))} < 0.
ly|—+o0

Indeed also in this case it is sufficient to choose w(y) = |y|>. Pardoux and Vereten-
nikov [39] assume 777 bounded and lim,|_, 4o b(y) - y = —o0, and call it recurrence
condition.

3. The Cauchy problem for the HJB equation. We characterize the value
function V¢ as the unique continuous viscosity solution with quadratic growth to the
parabolic problem with terminal data

2 2
V4 F (:Uy V,D,V, 2 p2 v, Pu? D—fv) =0 in(0,7)x R? x R™,
V(T,z,y) = g(z,y) in ETJ_ x IR™
(3.1)
where the Hamiltonian F' : IR™ x IR™ x IR x IR™ x IR™ x S™ x S™ x M™™ — IR is

defined as
F('rayasap7Q7XaKZ) = H(xay7an7 Z) - ‘C(y’qay) + AS. (32)
This is a variant of a standard result (see [21] and the references therein) where we

must take care of the lack of boundary condition on 0IR"} and the unboundedness of
the solution.
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PROPOSITION 3.1. For any € > 0, the function V¢ defined in (2.6) is the unique
continuous viscosity solution to the Cauchy problem (3.1) with at most quadratic
growth in x and y. Moreover the functions V¢ are locally equibounded.

Proof. The proof is divided in several steps.

STEP 1 (bounds on V*© ).

Observe that, using definition of V¢ and (2.5),

|V8(t7$,y)| < KgE(l + |XT(t,$,y)|2)

So, using standard estimates on the second moment of the solution to (6.1) (see, for

instance, [28, Thm 1,4, Ch 2] or [21, Appendix D]) and the boundedness of ¢ and &
with respect to y, we get that there exist C,c > 0

Vet 2, y)| < CeT(1+|2?) = Kv(1+|z]?) te€[0,T], z€ R}, ye R™. (3.3)

This estimate in particular implies that the sequence V¢ is locally equibounded.
STEP 2 (The semicontinuous envelopes are sub and supersolutions).
We define the lower and upper semicontinuous envelope of V¢ as

Vi(t,z,y) =  liminf V(' 2",y
Fzy) = Hmint S VTETY)

(VEY*(t,z,y) = limsup V(¥ 2',y)
"2 ,y")—(tz,y)

where (¢',2/,y') € ([0,T] x R} x IR™). By definition V7(t,z,y) < Ve(t,z,y) <
(VE)*(t,z,y) and moreover both V¢ and (V¢)* satisfy the growth condition (3.3). A
standard argument in viscosity solution theory, based on the dynamic programming
principle (see, e.g., [21, ch. V| sec. 2]), gives that V¢ and (V°)* are, respectively, a
viscosity supersolution and a viscosity subsolution to (3.1), at every point (¢, x,y) €
(0,T) x IR x IR™.
STEP 3 (Behaviour of V7 and (V¢)* at time T').

We show that the value function V; attains continuously the final data (locally uni-
formly with respect to (z,y)). This means that lim, .7 V(t,z,y) = g(x,y) locally
uniformly in (z,y) € E?_ x IR™. This result is well known and follows from (2.5),
(3.3), and from the continuity in mean square of Xy, Y;. Indeed for every K > 0 and
0 > 0 there exists a constant C'(K,d) depending also on the Lipschitz constants of the
coefficients of the equation (see [28, Th 1,4 ch 2] or [21, Appendix DJ), such that

P(|Xr—z|>6| Xe=2,Ys=y),P(|[Yr—y| >0 | Xt =2,V =y) < C(K,)(T-1t)

for all z € RY,y € IR™ such that |z|,|y| < K Define A := {|Xp —z|>0} U
{|Yr —y| > 4} so that

P(A | X, = 2,Y; =) < 20(K,8)(T — 1),
Then for every n > 0 there exists an admissible control u such that

|VE(t, 2, y) = V(T z,y)| <E(|g(X7,Yr) — g2, y)| | Xe =2,Ye = y) +1

<E (xo\a l9(X3,Yr) —g(@,9)| | Xy =2,V =y) +1n (3.4)
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+2V20(K, 6) (T — )2 (B (|g(X%, Yr) — g(a, )2 | Xo =2, Y =1))"*. (3.5)

Term (3.5) can be computed using (2.5) and the estimates on the mean square of X
and Y7 in terms of the initial data:

(8:5) < 2C(K, 0)(T — (2K )Y [(1+ [2f2) + (B (1+ [ X1l | Xi = .Y, = y))""?]

<20(K,0)A(T - t)'?K}?C(1 + |2*) < H(K,5,9)(T — )"/ - 0
uniformly as ' — ¢. Term (3.4) can be estimated as follows
(3-4) SE(wg k(X —z|,Yr—yl) [ Xe =2, Yi=y)+n—1n

uniformly as T' — ¢, where § < K and wy i is the continuity modulus of g restricted
o {(z,y) ||z| < 2K, |y| < 2K}. We conclude by the arbitrariness of 7.

Finally, using the definitions, it is easy to show that V(T z,y) = (V)*(T,x,y) =
g(z,y) for every (z,y) € R} x IR™.

STEP 4 (Behaviour of V7 and (V°)* at the boundary of IR").
We check that all the points of the boundary of IR} are irrelevant, according to Fichera
type classification of boundary points for elliptic problems. This means the following.
Suppose that ¢ is smooth and (V¢)* — ¢ has a local maximum (resp., VF — ¢ has a
local minimum) relative to (0,7) x R x IR™ at (,Z,%) with the i—th coordinate
' =0forsomei € {1,...,n} and 0 < ¢ < T. Then

Dy, ¢ D, S
,\ﬁ) <0 (resp., >0) at (¢,7,7).
(3.6)

We give the proof of this claim only for the subsolution inequality and for the
case that only two components, say Z' and Z2, are null. All the other cases can be
proved in the same way with obvious changes.

Therefore we fix (,7,7) with 0 < £ < T, T € IR" with ! = 2% = 0 and 7° > 0,
for i # 1,2, 7 € IR™ and a smooth function ¢ such that the maximum of (V¢)* — ¢
in B = B((£,7,7),r) N ([0,T] x R} x IR™) is attained at (7,7,7). Without loss of
generality we can assume that the maximum is strict, 8 > r for every i = 3,...,n,
and 0 <t—r <t+r<T. For § >0 we define

ysb

7¢t+F (1' y7VDx¢» D2 (ba

§ 6
Uolt2,y) = w(t o y) + 1+ —

and (ts,z5,ys) a maximum point of (V¢)* — s in B. Note that z5 € R7 and
0 < ts < T. By taking a subsequence we can assume that

(t57x57y5) - (t7i‘7g) € E and ((VE)* - ¢5)(t57x5ay5) — S as 0 — 0.

Observe that, since (V)* — 15 < (V€)* — ¢ by definition, we get

s < (V) =)t 2,9) < (V)" —¥)(E.7,7).
Moreover, for § < r2, we get

(V)" = ws)(ts, @5,y8) = (V)" —5)(L, V3, V8,7°, ... 7", 7).
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By letting 6 — 0 we obtain s > ((V¢)* — ¢)(¢,T,y). Therefore,

- _ _ )
(t,2,9) = (t,7,9), s=(V) —¢)(t7T,y) and ,— —0asd—0.
Ts Ts
Now we use the fact that (V°)* is a subsolution to (3.1), that (V¢)* — 1s has a
maximum at (s, zs,ys) and that x5 € IR} and 0 < t5 < T, so the PDE holds at such
point. We get

2

D? 1 ,
_wt_‘_H <$5,957Dx¢_5}75,D32m¢+25X6, \/Z/g >—6£(y67Dy¢’D§y¢)+>‘(VE) S 0
(3.7)

where all the derivatives of ¢ and (V¢)* are computed at (ts, s, ys),
1 1
= —=,—5=,0,...,0
" meﬁw”>’

and X is the diagonal matrix with
1
(z5)°

By the definition of H, ¢ and &, the second term on the left hand side of (3.7) is

(X(;)“‘ = for i = 1, 2, (X(;)“ =0 fori= 3, ey n.

. ~ o 0 s
min {—qspxw + x—}sgzal + p ¢* —tr (667 D2 1)) (3.8)
26 26 2 -
Bl - Bloap - T (r6702,0)

where ¢, ¢, 5, 0; are computed at (zs,ys,u), the derivatives of 1 at (ts5,xs,ys), and
T at ys. Since 6/x§ — 0 as 6 — 0 for ¢ = 1,2, the quantity in (3.8) tends to

. >, Day
H xavavaszw7 \E 9
where all the derivatives are computed at (¢,Z,7). Therefore the limit of (3.7) as
d — 0 gives (3.6) at (¢,T,7), as desired.
STEP 5 (Comparison principle and conclusion).
We use now a recent comparison result between sub and supersolutions to parabolic
problems satisfying the quadratic growth condition

V(t,z,y)| < CA+ |z + |y[*)

proved in [16, Thm 2.1]. We already observed that the estimate (3.3) holds also for
VE and (V¢)*, so they both satisfy the appropriate growth condition. Moreover we
proved in Step (3) that (V)*(T,z,y) = VE(T,z,y) = g(x,y). The comparison result
is stated in [16] for parabolic problems in the whole spaces [0, T] x IR*. Nevertheless,
because of the fact that our sub and supersolution (V¢)* and V¢ satisfies the equation
also on the boundary of IR"} as proved in Step (4), their argument applies without
relevant changes to our case. Therefore (V)*(¢,z,y) < VE(t,x,y), for every (t,z,y) €
([0,7] x m x IR™). Using the definition of upper and lower envelopes and the
comparison result in Step (5), we get (VE)*(t,x,y) = VE(t,z,y) = VE(t,z,y), for
every (t,z,y) € ([0,7] x R? x IR™). Then V¢ is the unique continuous viscosity
solution to (3.1) satisfying a quadratic growth condition. 0O
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4. Ergodicity of the fast variables and the effective Hamiltonian and
initial data. In this section we consider an ergodic problem in IR™ whose solution will
be useful to define the limit problem as € — 0 of the singularly perturbed Hamilton-
Jacobi-Bellman equation with terminal condition (3.1). We consider the diffusion
process in IR™

dY, = b(Yy)dt + V27(Y;)dW, (4.1)

and the infinitesimal generator £ of the process Y;. Our standing assumptions are
those of Section 2. It is well known that such conditions imply the existence of a
unique global solution for (4.1) (see [28], Chapter 2, §6, Theorems 3, 4).

The first result of this section is a Liouville property that replaces the standard
strong maximum principle of the periodic case and is the key ingredient for extending
some results of [3] to the non-periodic setting.

LeEmMA 4.1. Consider the problem

—L(y,DV(y),D*V(y)) =0 yeR™ (4.2)

under the assumption (2.11). Then
i) every bounded viscosity subsolution to (4.2) is constant;
it) every bounded viscosity supersolution to (4.2) is constant.
REMARK 4.1. This result holds also under a weaker condition than (2.11), namely,

Jw e C(IR™) and Ry >0

such that — Lw >0 for |y| > Ry and |w(y)| — +oo0  as |y| — +o0. (4.3)

Proof. This proof uses an argument borrowed from [35]. We start proving ¢). Let
V be a bounded subsolution to (4.2). We can assume, without loss of generality, that
V > 0. Define, for every n > 0, V,(y) = V(y) — nw(y), where w is as in (2.11).

We fix R > Ry and we claim that V}, is a viscosity subsolution to (4.2) in |y| > R
for every n > 0. Indeed consider ¥ € IR™, |y| > R, and a smooth function % such
that V,,(¥) = ¥(7) and V;, — ¢ has a strict maximum at 7.

Assume by contradiction that —L(7, D (%), D?¥ (%)) > 0. By the regularity of
and of £, there exists 0 < k < R — Ry such that —L(y, Dy (y), D*(y) > 0 for every
y with |y — g| < k. Now we prove that nw + 1) is a supersolution to (4.2) in B(7, k).
Take § € B(y, k) and £ smooth such that nw + 1) — £ has a minimum at §. Using the
fact that w is a supersolution to (4.2) in |y| > Ry and the linearity of the differential
operator L, we obtain

0<-c (y LD(e - w)(3), 1 DMe - w><g>) -

- —%c (7. DE@), D*(5)) + %ﬁ (7. D (5), D*6(§)) < —L (5. DE@). D*()) .

where in the last inequality we used that 1) is a supersolution in B(%, k). Recall that
by our assumption V — (nw + %) has a strict maximum at 7 and V() = (nw + ) (7).
Then there exists o > 0 such that V(y) — (nw+v)(y) < —a on 0B(7, k). A standard
Comparison Principle gives that V (y) < nw(y) +¥(y) —a on B(y, k), a contradiction
with our assumptions. This proves the claim: V;, is a viscosity subsolution to (4.2) in

ly| > R for every n > 0.
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Now, observing that V,(y) — —oo as |y| — +oo, for every n we fix M, > R
such that V; (y) < sup|,|—g V;(2) for every y such that |y[ > M,. By the Maximum
Principle applied in {y, R < |y| < M,},

Va(y) < sup Vy(2)  VY]y[>R Vn>0. (4.4)
|z|=R

Next we let 7 — 0 in (4.4) and obtain V(y) < sup,—g V(2) for every y such that
|yl > R. Therefore V attains its global maximum at some interior point, so it is
a constant by the Strong Maximum Principle (see [7] for its extension to viscosity
subsolutions).

The proof of ii) for bounded supersolutions U is analogous, with minor changes. It
is sufficient to define U, (y) as U(y)+nw(y) and to prove that U, — +oo as |y| — +oo
and that it is a viscosity supersolution to (4.2) in |y| > R. So, the same argument
holds exchanging the role of super and subsolutions and using the Strong Minimum
Principle [7]. O

The second result is about the existence of an invariant measure.

PROPOSITION 4.2. Under the standing assumptions, there exists a unique tnvari-
ant probability measure p on IR™ for the process Yz.

Proof. Hasminskii in [29, ch IV] proves that there exists an invariant probability
measure for Y; (see Thm IV.4.1 in [29]) if, besides the standing assumptions of Section
2, the following condition is satisfied: there exists a bounded set K with smooth
boundary such that

E7k (y) is locally bounded for y € R™ \ K, (4.5)

where 7k (y) is the first time at which the path of the process (4.1) issuing from y
reaches the set K. We claim that condition (2.11) implies (4.5), with K = B(0, R),
with R > Ry. We fix w as in (2.11) and R > Ry such that w(y) > 0 for |y| > R. A
standard Superoptimality Principle for viscosity supersolutions to equation —Lw > k
(see e.g. [21, Section V.2]) implies that

w(y) > kETk (y) + Bw (Y, () > kETK (y), for every y € R™ \ K.

This gives immediately our claim, because w is locally bounded.

The uniqueness of the invariant measure is a standard result under the current
assumptions, because the diffusion is nondegenerate, see, e.g., [29, Corollary IV.5.2
or [17]. O

The previous two results - the Liouville property in Lemma 4.1 and the existence
and uniqueness of the invariant measure in Proposition 4.2 - are the main tools used
to define the candidate limit Cauchy problem of the singularly perturbed problem
(3.1) as € — 0. The underlying idea is that Proposition 4.2 provides the ergodicity
of the process Y;. This property allows us to construct the effective Hamiltonian and
the effective terminal data. In the following we will perform such constructions in
Theorem 4.3 and Proposition 4.4 using mainly PDE methods; nevertheless it must be
noted that the same results could also be obtained using direct probabilistic arguments
(see Remark 4.2).

We start showing the existence of an effective Hamiltonian giving the limit PDE.
In principle, for each (Z,p, X) one expects the effective Hamiltonian H(Z,p, X) to be
the unique constant ¢ € IR such that the cell problem

—L(y, Dx, D2x) + H(Z,y,p,X,0)=c in R™ (4.6)
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has a viscosity solution y, called corrector (see [36], [19], [1]). Actually, for our
approach, it is sufficient to consider, as in [2], a d-cell problem

dws _E(vaw57D2w5) +H(§7y7ﬁ7y70) =0 in ]Rma (47)

whose solution ws is called approzimate corrector. The next result states that dws
converges to —H and it is smooth. o

THEOREM 4.3. For any fized (Z,p,X) and 6 > 0 there exists a solution ws =
W55 (Y) in C2(IR™) of (4.7) such that

— }im ows = H(Z,p, X) := H(Z,y,p,X,0)du(y) locally uniformly in IR™,

—0 R™
(4.8)
where p is the invariant probability measure on IR™ for the process Y;.
Proof. We borrow some ideas from ergodic control theory in periodic environ-
ments, see [5].
The PDE (4.7) is linear with locally Lipschitz coefficients and forcing term

f(y) = H(E5 y?ﬁ’ Y’ O)

bounded and Lipschitz by the assumptions of Section 2. The existence and uniqueness
of a viscosity solution satisfying

ws(y)| < C(L+ |yl*) (4.9)

for some C follows from the Perron-Ishii method and the comparison principle in
[16] (here we are using the growth assumption (2.2) on the coefficients). Moreover
ws € C2(IR™) by standard elliptic regularity theory.

By comparison with constant sub- and supersolutions we get the uniform bound

6ws(y)| < sup|f] = C.
Then the functions vs := dws are uniformly bounded and satisfy
|L(y, Dvs, D*v5)| < 26C.

By the Krylov-Safonov estimates for elliptic equations, in any compact set the
family {vs} with § < 1 is equi Hélder continuous for some exponent and constants
depending only on C'; and the coefficients of £. Therefore by Ascoli-Arzela there is a
sequence 0, — 0 such that vs, — v locally uniformly and

L(y, Dv,D*v) =0 in R™

in viscosity sense. By Lemma 4.1 v is constant.
To complete the proof we show that on any subsequence the limit of vs := Jws is
the same and it is given by the formula (4.8). We claim that

+oo
ws(y) = B / F(¥o)e dt, (4.10)

where Y; is the process defined by the fast subsystem (4.1) with initial condition
Yo = y. In fact, the right hand side is a viscosity solution of (4.7) by Ito’s rule
and other standard arguments [21]. Moreover, it is bounded by Cy/é and so the
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growth assumption (4.9) is satisfied. Therefore it is the viscosity solution of (4.7)
by the comparison principle in [16], which proves the claim. Next we recall that by
definition of invariant measure

E f(Y2) du(y) = fy)du(y) vt>0.
R‘HL R‘m.

As a consequence, by integrating both sides of (4.10) with respect to u and exchanging
the order of integration we get

+oo
/ _ws(y) dp(y) :/0 . fy) du(y)e=t dt = M.

Therefore the constant limit v of dws must be [, f(y) du(y). O

We end this section by defining the effective terminal value for the limit as e — 0
of the singular perturbation problem (3.1). We fix T and consider the following Cauchy
initial problem:

(4.11)

{ wy — L(y, Dw, D?>w) =0 in (0,+00) x IR™
w(0,y) = 9(T,y),

where g satisfies assumption (2.5).
PRrROPOSITION 4.4. Under our standing assumptions, for every T there exists a
unique bounded classical solution w(-,-;T) to (4.11) and

tligrnoow(t,y;f) = / 9(T,y)du(y) =:g(x) locally uniformly in y. (4.12)

Proof. The PDE in (4.11) is parabolic with coefficients which are locally Lipschitz
and grow at most linearly, wheras the initial data are bounded and continuous, by the
assumptions of Section 2. Classical results on these equations give the existence of a
bounded classical solution to the Cauchy problem (4.11) (see, e.g., Theorem 1.2.1 in
[37] and references therein), whereas uniqueness among viscosity solutions is given by
Theorem 2.1 in [16]. This solution can be represented as w(t, y; T) = Eg(Z, Y;), where
Y; is the process starting at y and satisfying (4.1). Moreover the function w(t,y;T)
is uniformly continuous in every domain [tg, +00) X K, where K C IR™ is a compact
set: see [27, Thm 3.5] or [29, Lemma 4.6.2].

To complete the proof it is enough to show that w(y) = limsup,_,, . w(s,y;T)
and w(y) = liminf,_ 4 o w(s,y; T) are constants, i.e. W(y) = w and w(y) = w for
every y, and that they both coincide with g(Z), i.e. w =w = g(T).

The proof that w(y) and w(y) are constants is the same as in the periodic case,
Theorem 4.2 in [3], once we replace the Strong Maximum (and Minimum) Principle
with the Liouville property Lemma 4.1.

To conclude we show that W = §(Z) = w. We detail the argument only for w, since
it is completely analogous for w. We fix a subsequence such that w = lim,, w(t,,0;T)
and define w,(t,y) = w(t + t,,y;T). Since w, is equibounded and equicontinuous,
by taking a subsequence we can assume that wy,(t,y) — w(t,y) locally uniformly.
Note that by construction w(t,y) > w for every (¢,y) and w(0,0) = w. By stability
results of viscosity solutions, @ is a viscosity solution to w; — L(y, Dw, D*w) = 0 in
(=00, +00) x IR™. Then, by Strong Minimum Principle, we get that w(0,y) = w for
every y. This means that w(t,,y; T) converges to w locally uniformly in y, in particular
w(ty,y;T) — w p-almost surely, where p is the invariant probability measure for
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Y; (see Proposition 4.2). Moreover |w(t,,y)| < ||w|e € L*(JR™, ) and then, by
Lebesgue theorem and the definition of invariant measure,

w= / Ldu(y) =lim | Bg(@, Y2, )duly) = / 9@, y)du(y).
0

REMARK 4.2. The results in Theorem 4.3 and Proposition 4.4 could also be
proved using direct probabilistic methods and semigroup theory.

We consider the infinitesimal generator L of the Markov semigroup in Cp(IR™)
associated to the diffusion process Y;. In this abstract setting, the cell problem (4.6)
can be seen as the Poisson equation Ly = ¢ — ¢(y), where c(y) := H(Z,y,p, X), and
the d-cell problem (4.7) is the resolvent equation (0 — L)ws = —c(y). Finally the initial
layer problem (4.11) is the abstract Cauchy problem w; — Lw = 0, w(0,y) = ¢(ZT,y)
(for more details see the monograph [37]). In particular, thanks to the existence of
a unique invariant probability measure p (see Proposition 4.2), the solution of the
Poisson equation Ly = ¢ — ¢(y) is given by the representation formula

w)= [ [ 16 Pt - wa)a

where P(t,y,-) are the transition probabilities associated to Y;, provided the con-
vergence of P(t,y,-) to u is fast enough. Using the same approach and appropriate
representation formulas, the convergence results (4.8) and (4.12) can be obtained as
consequences of a sufficiently strong convergence result of the transition probabilities
to the invariant measure.

Related results on the (exponential) convergence of the transition probabilities
to the unique invariant measure were obtained in [18, Thm 5.2] under a stronger
condition than (2.11), namely, the existence of a positive function w and positive
constants b, ¢ such that lim,|_ ;o w(y) = 400 and —Lw > cw — b in IR™.

5. The convergence theorem. We state now the main result of the paper,
namely, the convergence theorem for the singular perturbation problem. We will prove
that the value function Ve(¢,x,y), solution to (3.1), converges locally uniformly, as
¢ — 0, to a function V' (¢, ) which can be characterized as the unique solution of the
limit problem

~Vi+H (z,D,V,D2,V) + A\V(z) =0 in (0,T) x IR}
(5.1)
V(T,z) =g(z) in R".

The Hamiltonian H and the terminal data g have been defined respectively in (4.8)
and in (4.12) as the averages of H (see (2.8)) and g with respect to the unique invariant
measure p for the process Yz, defined in (2.10).

THEOREM 5.1. The solution V€ to (3.1) converges uniformly on compact subsets
of [0,T) x Ri’_f_ x IR™ to the unique continuous viscosity solution to the limit problem
(5.1) satisfying a quadratic growth condition in x, i. e.,

K >0 st Y(t,z) €0, T]| x R} |V(t,z)| < K(1+|z[*). (5.2)

Moreover, if g is independent of y then the convergence is uniform on compact subsets
of [0,T] x R x IR™ and g = g.
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Proof. The proof is divided in several steps.
STEP 1 (Relaxed semilimits ).
Recall that by (3.3) the functions V¢ are locally equibounded in [0,7] x IR x IR™,
uniformly in . We define the half-relaxed semilimits in [0, T] x IR x IR™ (see [6, Ch
V]):
V(t,z,y) = liminf V(@ 2',y), V(t,z,y)= limsup V(' 2',y)

e—0 e—0
’ ’ ’
t'—t,x’' —x,y —y t'—t,x'—x,y —y

fort<T,m€Fiandy6Bd,

V(T,x,y) = lim inf V', oy, V(T z,y)= lim sup V({2 y).

t' =T x'—x,y —y v —T— 2 —z,y —y
It is immediate to get by definitions that the estimates (3.3) hold also for V and V.
This means that

\V(t,z,9)|, [V(t,z,y)| < Ky(1+]|z]?) forallt € [0,T], z € R, y € R™. (5.3)

SteP 2 (V, V do not depend on y).
We check that V (¢, z,y), V (¢, z,y) donot depend on y, for every ¢ € [0,T) and z € IR".
We claim that V(t,z,y) (resp., V(t,z,y)) is, for every t € (0,T) and z € R, a
viscosity subsolution (resp., supersolution) to

~L(y,D,V,D2,V)=0  in R (5.4)

where L is the differential operator defined in (2.9). If the claim is true, we can use
Lemma 4.1, since V, V_ are bounded in % according to estimates (5.3), to conclude that
the functions y — V (t,z,y), y — V(t,z,y) are constants for every (t,z) € (0,T)x IR".
Finally, using the definition it is immediate to see that this implies that also V (T, x,y)
and V(T,x,y) do not depend on y. We prove the claim only for V, since the other
case is completely analogous.

First of all we show that the function V (¢, x,y) is a viscosity subsolution to (5.4).
To do this, we fix a point (£,7,%) and a smooth function v such that V — 1 has a
maximum at (¢,Z,%). Using the definition of weak relaxed semilimits it is possible to
prove (see [6, Lemma V.1.6]) that there exists &, — 0 and B > (t,, ¥pn,yn) — (£, 7, 7)
maxima for Ve» — 1) in B such that Ve~ (t,,, 2, yn) — V (£, T, 7). Therefore, recalling
that V¢ is a subsolution to (3.1), we get

1
711[% +H <xn7yn, Dl?w’ D31w7 Dazqu/}) - :E(yna quz/}a D;;ﬂﬁ) +AVEr < 0,

1
VEn
where Ven and all the derivatives of ¢ are computed in (¢, Z,, ¥, ). This implies

L
VEn

We observe that the term in square brackets is uniformly bounded with respect to n
in B, and using the regularity properties of ) and of the coefficients in the equation
we get the desired conclusion as ¢, — 0.

—L(yn, Dy, D 1) < €n [wt -H (xn,yn,Dw,Dim, Diyw) - AVﬂ . (5.5)
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We show now that if V (¢, z,y) is a subsolution to (5.4), then for every fixed (f, )
the function y — V'(£,7,y) is a subsolution to (5.4), which was our claim. To do this,
we fix 7 and a smooth function ¢ such that V(¢,Z, ) — ¢ has a strict local maximum
at 7 in B(7,d) and such that ¢(y) > 1 for all y € B(y,d). We define, for n > 0,
on(t,z,y) = o(y) (1 + W) and we consider (¢,, z,, yn) a maximum point of

V — ¢, in B((1,7,7),5). Repeating the same argument as in [6, Lemma IL1.5.17], it is
possible to prove, eventually passing to subsequences, that, as n — 0, (t,,zy,y,) —
(¢,7,7) and K,; := (1 + M) — K > 0. Moreover, using the fact that V is
a subsolution to (5.4), we get —L(yy, K, Dé(y,), K, D*¢(y,) > 0, which gives, using
the linearity of £ and passing to the limit as n — 0, —L£(7, Do(7), D?¢(7)) > 0.
STEP 3 (V and V are sub and supersolutions of the limit PDE).

First we claim that V and V. are sub and supersolution to the PDE in (5.1) in (0,7) x
IR":. We prove the claim only for V since the other case is completely analogous. The
proof adapts the perturbed test function method introduced in [19] for the periodic
setting. We fix (£,7) € ((0,7") x IR) and we show that V is a viscosity subsolution
at (¢,Z) of the limit problem. This means that if ¢ is a smooth function such that

¥(t,T) = V(£,7) and V — ¢ has a maximum at (¢,Z) then

Without loss of generality we assume that the maximum is strict in B((¢,Z),r) N
([0,7] x R?) and that @ > r for every i and 0 < I —r < t+r < T. We fix
y € R™, n > 0 and consider a solution y = ws € C? of the d-cell problem (4.7) at
(%, Db (L, ), D2,9(t, 7)) (see Proposition 4.3) such that

6x(y) + H(@, Do (1,7), D7, (L7) < Yy € B(.r). (5.7)

We define the perturbed test function as
¢E(tﬂ Z, y) = ’L/)(t, x) + EX(y)'
Observe that

imsup  VE(F.a'y) — v (¢, y) = V(ta) — (t, ).

e—0,t/ —t,x' =T,y —Y

By a standard argument in viscosity solution theory (see [6, Lemma V.1.6]) we get that
there exist sequences ¢, — 0 and (¢, 2, yn) € B := B(({,Z,7),7)N([0, T|x R} x R™)
such that:

(tnaxnayn) - (f7§7 y)? for some y € B(?? ’I“),

VEr(tn, Tn, yn) — " (tns Ty Yn) — V(f, T) — (¢, T),

(tn, Tn,Yn) is a strict maximum of Ve» — " in B.
Then, using the fact that V¢ is a subsolution to (3.1), we get

—7/1t + H (.Tn, Yn, wa7 D371¢7 0) + AVE” (tna L, yn) - ‘C(yna Dva Diyx) S 0 (58)

where the derivatives of ¢ and x are computed respectively in (¢,,z,) and in y,.
Using the fact that y solves the d-cell problem (4.7), we obtain

_¢t(tna xn) + H(J)n, Yn, Da:w(tm xn)v Dixw(tn; xn)a O) - 5X(yn)

_H(f> Yn, Dﬂ/}(ﬂ 7), Dixiﬂ(f, f), 0) + AVE" (tn, Tn, yﬂ) <0.
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By taking the limit as n — +o0o the second and third term of the 1.h.s. of this
inequality cancel out. Next we use (5.7) to replace —dy with H — 7 and get that the
left hand side of (5.6) is <. Finally, by letting 7 — 0 we obtain (5.6).

Now we claim that V and V are respectively a super and a subsolution to (5.1)
also at the boundary of IR". In this case it is sufficient to repeat exactly the same
argument of Step 4 in the proof of Proposition 3.1 to get the conclusion, recalling that
the Hamiltonian H is defined as

H(z,p,X) = /IR min {—trace (&5T(x, Y, u)X) - d;(z, Y, u) ~p} du(y).

m ueU

STEP 4 (Behaviour of V and V at time T ).
The arguments in this step are based on analogous results given in [2, Thm 3] in the
periodic setting, with minor corrections due to the unboundedness of our domain. We
repeat briefly the proof for convenience of the reader. We prove only the statement
for subsolution, since the proof for the supersolution is completely analogous.

We fix T € m and consider the unique bounded solution w” to the Cauchy
problem

_ 2 — : m
{ wy — L(y, Dw, D*w) =0 in (0,400) x IR (5.9)

w(0,y) = SUP{|,_z<r, o301 9(T,Y).

Using stability properties of viscosity solutions it is not hard to see that w" converges,
as r — 0, to wg, solution to (4.11), uniformly on compact sets.

We fix k > 0. Using the definition of g given in (4.12) and the uniform convergence
of w” to wg, it is easy to see that for every i > 0 there exists ¢ty > 0 and rg such that
|wy-(to,y) — G(T)| < n for every r < r¢ and |y| < k. Moreover, since L(y,0,0) = 0,
using comparison principle, we get that

w,(ty) —G@)| <n for every r < ro,t > to, |y] < k. (5.10)

We fix now r < rg and a constant M such that Ve(¢,x,y) < M for every € > 0 and
z € B:= B(Z,r)NIR. Observe that this is possible by estimates (3.3). Moreover we
fix a smooth nonnegative function ¢ such that /() = 0 and ¢(z) + inf, g(z,y) > M
for every x € 9B (using condition (2.5)). Let C be a positive constant such that

|H (y, z, Di(x), D*)(z))| < C forr € B and ye€ R™
where H is defined in (2.8). We define the function

V() = (Th) ) + O -

and we claim that it is a supersolution to the parabolic problem

2 2
Vi + F (,9,V, DV, 2 D2, v, 2ot Pol) — 0 in (T -7, T) x B x R™
V(t,z,y) =M in (T—r,T)x 0B x R™
V(T,z,y) = g(z,y) in B x IR™

(5.11)
where F' is defined in (3.2). Indeed if w, is smooth

D2 Ve Dgyw) _

Dy,l/)E D2 ,(/}E Y1

—; F D:r Ea )
’(/}t—"_ (xay? ’(/} c c \/g
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1 1
= g(wr)t +C + H(y, xz, D¢($)7 DQWJ?)) - gﬁ(ya Duwy,, Dzwr) >
L 2
2 g ((wr)t - »C(vawraD wr)) Z 0
This computation is made in the case w, is smooth, but can be easily generalized to
w, continuous using test functions (see [2, Thm 3]). Moreover

V(T,x,y) = sup g(z,y) +¥(z) = gz, y).
le—z|<r
Finally, recalling that by comparison principle, w,(t,y) > inf, SUP|y_7|<r g(z,y), we
get

V(t,2,y) = inf sup g(z,y)+ M —infg(z,y) + C(T —t) = M
Y |z—=|<r y

for every x € B. For our choice of M, we get that V¢ is a subsolution to (5.11).
Moreover, note that both V¢ and ¢¢ are bounded in [0, 7] x B x IR™, because of the
estimate (3.3), of the boundedness of w, and of the regularity of ¥. So, a standard
comparison principle for viscosity solutions gives

VE(t 2,y) < 0% (62, y) = wn <T5t y) +(z) + C(T — 1) (5.12)

for every ¢ > 0, (t,z,y) € ([0,T] x B x IR™). We compute the upper limit both sides
of (5.12) as (e,t',2',y’) — (0,t,z,y) for t € (to,T), x € B, |y| < k and get, recalling
(5.10),

V(t,x) <g(@) +n+ho(x) + C(T = 1).

This permits to conclude, taking the upper limit for (¢,z) — (T, Z) and recalling that
7 is arbitrary.

STEP 5 (Uniform convergence).
Observe that by definition V. < V and that both V and V satisfy the same quadratic
growth condition (5.3). Moreover the Hamiltonian H defined in (4.8) and the terminal
data g in (4.12) inherit all the regularity properties of H, in (2.8), and ¢ in (2.5), as
it is easily seen by their definitions. Therefore we can use again the comparison
result between sub and supersolutions to parabolic problems satisfying a quadratic
growth condition, given in [16, Thm 2.1], to deduce V. > V. Therefore V. =V =: V.
In particular V' is continuous and by the definition of half-relaxed semilimits, this
implies that V¢ converges locally uniformly to V' (see [6, Lemma V.1.9]). O

REMARK 5.1. The result in Theorem 5.1 still holds if the fast variables Y; have an
extra term such as A(y)/+/€ in the drift, with A : R"™ — IR™ bounded and Lipschitz
continuous. This means that fast variables in the singularly perturbed system (2.1)
satisfy

1 1 2
AV} = JON(Vdt AV \/:Tk(Yt) AWy Y=yt k=1,m.

and the singularly perturbed HJB equation is

A-D,Ve

AVE = 0.
N

€ € 2 € D;%UVE 1 3 2 €
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The new term ﬁA(y) - D, V¢ appearing in the equation is a lower order term with

respect to %E(y,DyVS,DzyVE) and does not affect the convergence argument. In
particular it is sufficient to check the validity of Steps 2, 3, 4 in the proof of Theorem
5.1.

In Step 2, we substitute formula (5.5) with

S En |:’(/}t -H ($n7 ynvDa:w7 Df:a:wa D?z'[ﬂb) - )\VEn:| + \/aA(y’ﬂ) . DU’(/}

1
VEn
and observe that the right hand side is vanishing as e, — 0 since Dy is locally
bounded and A is bounded.

In Step 3, we replace formula (5.8) with

-+ H (xm Yn, Dy, D?gzwa O) +AVE — L(ym DyXa Din) < v €nA(yn) : DyX

and repeat the same argument since the last term right hand side is vanishing as
en — 0, due again to the boundedness of A and the smoothness of the approximate
corrector .

Finally in Step 4, we substitute the Cauchy problem (5.9) with

{ wy — L(y, Dw, D*w) — \/eA(y) - Dw =0 in (0,+0cc) x IR™
w(0,y) = SUP{jz_z|<r, >0} 9(T,Y)-
and denote with w™® its unique bounded solution. Stability properties of viscosity

solutions imply that w™® converges, as r — 0,e — 0, to wz, solution to (4.11),
uniformly on compact sets.

6. Examples and extensions.

6.1. The model problem: risky assets with stochastic volatility . We
consider N underlying risky assets with price X* evolving according to the standard
lognormal model:

{dXti—aiX,fdt—kﬂXffi(Yt).th Xi =21>0 i=1,...,n o)

dY}J:%bﬂ(Yt)dt#»\/ng(}/t)dZi }fg):yjelR j=1....m >0,

where f; : IR™ — IR is a bounded Lipschitz continuous function, with each com-
ponent bouded away from 0, b* : IR™ — IR and v; : IR™ — IR are locally Lipschitz
continuous functions with linear growth (see (2.2)). We assume that

vi(y) >0 Vye R™ j=1,...,m. (6.2)

The processes W, and Z; are, respectively, standard k& and m-dimensional Brow-
nian motions, and they are correlated. In particular we assume that there exists a
m-dimensional standard Brownian motion Z; such that W, = (Wt, Zy) isa k+m
dimensional standard Brownian motion and

1
2

) k ) k 4
Zizzpijwi+<1—zp§j> Zl, Yj=1,...,m, vVt >0. (6.3)
=1 =1
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This model problem is essentially the one described in [24, Sect 10.6 |, where k =n =
m.
We denote with p the correlation k x m-matrix (p;;) and with ¢/ the quantity

k 3
&= (1 —Zp3j> : (6.4)

In the following Proposition we describe the main properties of p.
PROPOSITION 6.1.
(1) =1 <p;; <1, for everyi e {1,...,k} and j € {1,...,m};

(1) Zle py; <1 for every j € {1,...,m};

(i) Zle pijpit =0 for every l # j € {1,...,m}.
Proof. Ttems (i), (i) can be easily proved by exploiting the definition of p;;. To

show (44i), we multiply Zle piipi by t, for fixed | # j € {1,...,m}, and use the
properties of W to get

k k . ) k . k )
t Z pijpi =E Z piiWipaW, = E (Z pii W, Z PilVVi) (6.5)
=1 i=1 i=1 i=1

since the components of W; are independents. Substituing (6.3) in (6.5) we get
k L
ty pijpu=E [(Zi - CJZtJ) (Zt - Clzm =
i=1

—E(Z)Z) ~ JE(ZIZ)) - dE(Z.Z}) + dE(ZI 21 = 0

for j # 1, since the components of the Brownian motions Z; and Z; are independent
and moreover

E(Z]Z) =0

as can be easily obtained using (6.3) and the fact that Z; and W, are independent
Brownian motions. O Substituing (6.3) in (6.1) we get

{ dX; = ¢(Xp)dt + V25(Xy, Yz)dW;

6.6
4Y, = L(Vo)dt + |/ 2r(Y)dw:. (6:6)
where ¢ : IR — IR" and & : IR" x IR™ — M™**+™ are defined as ¢'(z) = o'z’ and
Gij(z,y) =2 f!(y) for j =1,...,k and G;;(x,y) =0 for j = k+1,...,k + m, while
7 R™ — R™*+m) is the m x (k + m) matrix

puvi(y) - prani(y)  cea(y) 0 ok 0
prava(y) o prave(y) 0 Craly) - 0

T(y) = : : : : : . (6.7)
leVm(y) T Pkam(y) 0 0 0 le/m(y)

We consider now the matrix 7(y)77 (y). An easy computation shows that the diagonal
terms of this matrix are

k
() ()i = vi () (Z Pl + (cj)2> = v} (y)
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by definition of ¢/ in (6.4). The extra diagonal terms are given by

k
(r()™" W) = vi(y)n(y) <Z pijPil) =0,

i=1

by item (74i) in Proposition 6.1. Then the matrix 777 is the diagonal matrix

and in particular satisfies (2.4) by (6.2).

Observe that the system (6.6) fits in our basic assumptions of Section 2. It includes
as a special case the multidimensional option pricing model of [24, Sect 10.6] where
each Y} is a standard one dimensional Ornstein-Uhlenbeck processes. Here we are only
assuming, besides standard regularity conditions on b and 7 and non-degeneracy (6.2),
that the infinitesimal generator of the process satisfies the Lyapunov-like condition
(2.11).

The problem we consider here is the pricing of an European option given by a
nonnegative payoff function g depending on the underlying X¢ and by a maturity
time T'. According to risk-neutral theory, to define a no arbitrage derivative price we
have to use an equivalent martingale measure P* under which the discounted stock
prices e "t X} are martingales, where r is the istantaneous interest rate for lending
or borrowing money. For a brief review of no arbitrage price theory in the context
of stochastic volatility we refer to [24, Section 2.5]. The system (6.6) can be written,
under a risk-neutral probability P* | as

{ dX; = rX.dt +26(X,, Y:)dW; ©8)

aY, = Lb(Ys) — VEA(Y)]di + \/2r(Y,)dW;.
for some volatility risk premium A(Y") chosen by the market and describing the rela-
tionship between the physical measure P under which the stock prices are observed
and the risk-neutral measure P* (see [24], Section 10.6, and [25]). In (6.8) W* is a
k +m dimensional standard Brownian motion obtained by an appropriate shift of W,
and A can be assumed bounded and smooth. In this setting, an European contract
has no-arbitrage price given by the formula

Ve(toy) = BN Dg(Xr) | X =a.Yi=yl, 0<t<T  (69)

where A > 0 and the payoff function ¢ satisfies (2.5). When there is only one asset
X; (say n = 1 in the system (6.8)), typically the payoff function g is defined as
g(x) = max{(x — K),0} for call options and g(z) = max{(K — z),0} for put options,
where K is the contracted strike price.

The (linear) HIB equation associated to the price function is

-Vi+H D,V¢,D2,V® D, V* <=
t P|T,Y, Vg y HMax ) +)‘V -
G
1
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in (0,7) x IR x IR™ complemented with the obvious terminal condition
VAT, z,y) = g(x),
where
Hp(z,y,p, X, Z) := —trace (667 X ) — ¢, - p — 2trace (677 Z7)

and L is defined in (2.9). The prices V¢(t, z,y, ) converge locally uniformly, as ¢ — 0,
to the unique viscosity solution V' of the limit equation (5.1), due to our convergence
result Theorem 5.1 (see also Remark 5.1 describing the slight modifications to the
argument in the proof needed to treat this case). V can be represented as

V(t.z) =B [N Dg(Xp) | Xy =a], 0<t<T,

where p is the unique invariant measure associated to the fast subsystem (see Section
4) and X, satisfies the averaged effective system

dX; = rXdt + V26 (X,)dW; (6.10)

whose volatility is the so-called mean historical volatility

o(z) = \// . a(z,y)oT (x,y)du(y).

Therefore the limit of the pricing problem as ¢ — 0 is a new pricing problem for
the effective system (6.10). This convergence result complements and extends a bit
Section 10.6 of [24] on multidimensional problems.

Let us recall also that u(y) is explicitly known in some interesting cases, in partic-
ular when the fast variables are a Ornstein-Uhlenbeck process, as in [24]. For instance,
if Y; and Z; are scalar processes, the measure p has the Gaussian density

1

2 2
dp(y) = Tﬂe’(y’m) 27 dy,

with the notations of Example 2.1.

6.2. Merton portfolio optimization problem. We consider now another
classical problem in finance, the Merton optimal portfolio allocation, under the as-
sumption of fast oscillating stochastic volatility.

We consider a financial market consisting of a non risky asset X evolving ac-
cording to the deterministic equation dX? = rXdt, with r > 0, and n risky assets
X} evolving according to the stochastic system (6.6). 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} repre-
sents the proportion of wealth invested in the asset X} at time t. Then the wealth
process evolves according to the following system

AWy = Wy (r + 30 (af — r)ui) dt + V2W, S ulf;(Y) - dWe Wi, =w >0

4y, = LVt + \/20(¥)dZ,,
(6.11)
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with the same notations and assumptions as in the preceding Section 6.1. Also this
system is a special case of (2.1), now with a one-dimensional slow state variable W,
and it satisfies the assumptions of Section 2 .

The Merton problem consists in choosing a strategy u. which maximize a given
utility function g at some final time 7. In particular the problem can be described in
terms of the value function

VE(t,w,y) = su% ElgOWr, Yr) | W = w,Y; = y]. (6.12)
u. €

Typically the utility functions in financial applications are chosen in the class of HARA
(Hyperbolic Absolute Risk Aversion) functions g(w,y) = a(bw + ¢)7, where a, b, ¢ are
bounded and continuous given functions of y, and v € (0, 1) is a given coefficient called
the relative risk premium coefficient. Observe that the function g satisfies assumption
(2.5).

We remark also that in the classical HARA functions typically a, b, ¢ are constants.
We choose to consider y dependent coefficients since our method permits to manage
also this general case and moreover utilities of such form are employed in the pricing
of derivatives with non-traded assets (see [43]).

The HJB equation associated to the Merton value function is

DyVy
NG

in (0,7) x IRy x IR™ complemented with the terminal condition Ve (T, z,y) = g(x,y).
In (6.13) L is as in (2.9) and Hpy(w,y,p, X, Z) is defined as

1
~VF + Hy (wy VEVE,, ) ~ ~L(y. DyV", D2, V) =0 (6.13)

n 2

inf =+ > (o' = rpuup - Y

i=1 j=1

n

> i (y)

w?X +

m k n
—2) 3> W Wmwzn ¢
h=1j=1 i=1

with the matrix 7 given by (6.7). Our main Theorem 5.1 applies also in this case and
says that the value function V¢ converges locally uniformly to the unique solution of
the limit problem

Vi + me HJVI('LU, Y, ‘/wa ‘/ww; 0) d#(y) =0 fort e (OvT)vw >0
(6.14)
V(T,w) = [ 9(w,y) du(y) for w >0

where p(y) is the invariant measure associated to the fast subsystem (2.10).

This convergence result is new, also in the case of a single risky asset and g
independent of y that is studied in [24]. Next we interpret it in terms of stochastic
control.

For simplicity we restrict ourselves to the case of a single risky asset and a scalar
fast process Y;, i.e., n = m = 1. The equation for the wealth becomes

AWy =W, (T + (Oé — T)Ut) dt + ﬁWtUtf()/;:) . th, o>,
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and the HJB equation for V¢ is

ove OVE | oo 202V 2uw s 0V
o 31618 [r+ (« r)u]wa |f|Fw Z pifv 8w8y

1 8V€ 0%ve
= 1
(y7 R > (6.15)

where p; is the correlation factor between 7z and W, see (6.3). The effective PDE is

3

ov 0?V

9
R Rmrl?eag{[r—&-(a—r)u]wag+u2|f( P 2}du(y):(). (6.16)

Effective utility. Note that since the utility depends also on y, we have an initial
boundary layer. The effective utility g can be interpreted as an averaged utility which
is robust with respect to fast mean reverting fluctuations and uncertainty in the
market (depending also, e.g., on non-traded assets). If g is independent of y than the
convergence is uniform up to time 7.

Solution of the effective Cauchy problem. In some cases the effective Cauchy
problem (6.14) can be solved explicitly. As constraint on the control u; we take the
interval

U:=[R,R], with —R<R <0<R.

We also assume that the terminal cost is the HARA function

Y
g(w,y) = a(y)%, 0<y<1, a(y) >a,>0.

Then the terminal condition in (6.14) is

VTw =at, = [ at)du)

and we look for solutions of (6.14) of the form V(t,w) = wva(t) with v(t) > 0. By
plugging it into the Cauchy problem we get

o=—yhv, o(T)=a, h:=r+ - ma [(a=r)u+ (v = VI f(v)[w?] duly).
Therefore the uniqueness of solution to (6.14) gives
— v
Vit,w) =ae T g<t<T. (6.17)
Y

We compute the rate of exponential increase h and get

F—rt / [(a = )R+ (v = )R2|f(y)?] dply)
{y:2R(1—)|f(y)|2<a—r}

(a—1)2
—— .
" /{y:23(1»y)|f(y)|2>ar} 41 =) f () ul)
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The limit is a Merton problem. It is interesting to compare this solution
with the value function of the Merton problem with constant volatility o > 0 where
the wealth dynamics is

AW, = Wi (r + (a — r)uy) dt + V2WuodW,,

and the utility function is aw? /.
In the case 2R(1 —y)o > a —r (in particular, for large or no upper bound on the
control) the value function is given by the classical Merton formula

aexp [y (r + m> (T - t)} w% (6.18)

It coincides with the solution (6.17) of the effective HJB equation (6.16) with terminal
condition § = aw? /v if and only if a = @ and

o —T

2/ =) —1)

o=0:=

Therefore these are the correct parameters 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 model.

The effective volatility. The preceding formula for the effective volatility &
simplifies considerably if the u-probability of the set {y : 2R(1 —7)|f(y)]? > a —r}
is 1, e.g., for large upper bound R on the control. In fact we get

7= (. 7 d“(y)y’

a formula derived in Section 10.1.2 of [24] in the case of unconstrained controls (R =
+00).

We remark that @ for the Merton problem is the harmonically averaged long-run
volatility, that is smaller than the mean historical volatility derived in the previous
Section 6.1 for uncontrolled systems. Therefore using the correct parameter in the
model leads to an increase of the value function, i.e., of the optimal expected utility.

The limit of the optimal control. Consider the effective Merton problem
(a =@,0 = 7) and suppose the upper bound R on the control large enough to allow
all the usual calculations of the case R = +oo. The control where the Hamiltonian
attains the maximum is

.. a—T a—r 1
ST S o T )

which is then the optimal control. We want to compare it with the optimal control for
the problem with € > 0. For the terminal condition V¢ (T, w,y) = a(y)w? /v we expect
a solution of (6.15) of the form V*(t,w,y) = v°(t,y)w?/y. Then we can compute the
maximum in the Hamiltonian of (6.15) and get

e . a-r B(y) O Y P v(y)
=) = S T Ve ay Y WS T e

(6.19)
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By our main theorem v*(t,y) — v(t) locally uniformly in [0,T) x IR as ¢ — 0, so
%—i(t,y) — 0 in the sense of distributions with respect to y, locally uniformly in
t <T. Then we wonder if the second term of v} vanishes in some sense, despite the
V€ at the denominator, therefore giving

a—r
lim ul(t,y) = —————5 =: uy(y). (6.20)
e—0 © 21-NIf P "
Note that the candidate limit ug is different from w*, but u* = [}, ug(y) du(y).
Let us assume for simplicity that

p has a density p € C* and lim ¢(y) = 0. (6.21)

ly|—o0

The former assumption is satisfied, for instance, if the coefficients b, v of L are
smooth, because L*1 = 0 in the sense of distributions and the regularity theory for
elliptic equations applies (L* being the formal adjoint of £). The latter assumption is
natural for an integrable ¢ and it is satisfied, for instance, by the Ornstein-Uhlenbeck
process (p is a Gaussian function). Then, when we take the integral of (6.19) with
respect to p and integrate by parts the second term, we get

. o 1 ‘
/mua(t,y)du(y)—u +0<\@> as € — 0,

which is again not very insightful. To get some convergence we write an asymptotic
expansion for v*(¢,y) in powers of \/, in the spirit of Section 10.1.2 of the book
by Fouque, Papanicolaou, and Sircar [24] but under weaker assumptions and using
different arguments.

PROPOSITION 6.2. Besides the standing assumptions of the section and (6.21)
suppose

vE(ty) = v(t) + Vevi(t,y), vi(t,y) — vi(t,y) locally uniformly, vy bounded. (6.22)

Then
i) v1 = v1(t), so ﬁ%”; = %(t, y) — 0 in the sense of distributions with respect to
Y;

it) if, in addition,

i) < C, \/E/m ‘?;j du(y) =0 Yi<T, (6.23)
then
ut = glir(l) o ul(t,y)duly) Ye<T,; (6.24)
iit) if, in addition,
ovs

Wi(ty) = 0a(t) + W i y), wle) = 0, \ <t,y>\sc<t,y>, (6.25)

Oy

then %%—i — 0 and (6.20) holds uniformly on every set where C(-,-) is bounded.
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Proof. i) By plugging the optimal control (6.19) into the HIJB equation (6.15) we
get

3

ov® R . Fa(y) ov® 271 ovE §*v°
o e = Rl (o= + ZREEY e (5, 5058,

for suitable continuous Fj, i = 1,2. Using the expansion (6.22) the equation becomes

—E( s 0%v§

y7aiy, ay2>:\/g

ot

ov® R . i\
+rv® + Fi(y) | (@ =)o + Fa(y) o) |

Letting ¢ — 0 we obtain, by standard properties of viscosity solutions,

81}1 82’01 - .
—L (y,ay, ayz) =0 in _R,

so v1 is constant with respect to y by the Liouville property Lemma (4.1).

11) First observe that v® is uniformly bounded and bounded away from 0. The
upper bound follows from (3.3). The lower bound is obtained by using the definition
(6.12) of V¢ and computing the payoff of the control u, = 0. We get

Y
VE(t,w,y) > Ela(Yr) | Yy = ylem T
5

and therefore
v (t,y) > a,e?™ Tt > q, Vi<T, Vy.
From (6.19) and the expansion (6.22) we get

/ N uz(t,y) du(y) = u* + /Rm Uiiy)y) a;j (t,y)e(y) dy.

Integrating by parts, the integral on the right hand side becomes

d (D pe]Y T
— —Z [ 22} e d oL
»/IR"" 8y < ve ) e " |: sD’UE:|y—>—oo
and the second term is null by (6.21) and the uniform boundedness of ®v§/ve. The
first term can be written as

0 (Py) v§ ovf ®of
- Uy
/ m Oy v v+ Rm Ve Oy (06)2@ Y

and we let € — 0: the second integral vanishes by (6.23) and the uniform boundedness
of ®v5/(v¥)?, whereas the first converges to

vi1(t) 9 (Py)
0 o0

by (6.21). This completes the proof of (6.24).

(y)dy =0
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iii) By (6.25)

1 Ov® ovs
—— =w(e)=—(t,y) — 0
T =wO 5 )
uniformly on every set where Jv§/0y is uniformly bounded. By (6.19) u} converges
uniformly on every such set to ug. O
We can roughly summarize the preceding proposition by saying that an asymp-
totic expansion of v¢ of the form

v = v+ Vev + o(Ve)vs

implies that the optimal control u* of the effective Merton model is the limit of the
averages and the average of the limit of the optimal controls for the models with € > 0,
ie.,

w=tim [yt = [ m () dut),
e—0 R™ R™ e—0

The financial interpretation of this statement is clear: the optimal control for the

Merton problem with constant volatility & approximates the expectation of the op-

timal control for the same problem with stochastic volatility, provided the volatility

evolves much faster than the assets.

6.3. Periodic day effects and volatility with a slow component. Section
10.2 of [24] discusses a refinement of the model in Section 6.1 where the volatilities of
the prices depend on time on a fast periodic scale, thus modeling the daily oscillations.
This amounts to replacing f;(¥:) in (6.1) and (6.11) with

fi=rfi (t,Yt> ;
€

where f; is 1-periodic in the first entry. We incorporate this in our setting by adding
the new variable s := t/e whose dynamics is § := 1/e. The fast subsystem now has
the additional variable s; that is trivially ergodic on the unit circle with invariant
measure the Lebesgue measure. Now the effective Hamiltonian of the limit PDE is

1
F:/ H(z,y,s,p,X,0)du(y) ds.
o Jmm

Another possible extension of the model in Sections 6.1 and 6.2 is the addition of
another stochastic quantity Z; affecting the volatilities of the prices and evolving on
a slower time scale than the prices:

fi = fi(}/tvzt)a

dZ, = 0c(Z,)dt + VOd(Z)dW,, Zo = z, (6.26)

with 6 small, ¢, d Lipschitz and growing at most linearly at infinity. This is done,
for instance, in [26] and [38]. This modeling allows much more flexibility and is
motivated by various empirical studies (see [26] and reference therein) which outline
a volatility composed by one highly persistent factor and one quickly mean reverting
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factor. The slow volatility factor in particular is useful when considering option with
longer maturities.

The value function now depends also on the initial position z of the new variable
Z; and the Hamilton-Jacobi-Bellman equation (2.7) becomes

D2V 1
AV — Vt H (x’y’ZWDa;V, Dix‘/’ = ’\/§D3202V> - gﬁ(y’Dyvafﬂjv) o

NG
—0[c- D,V + btrace(dd” D*,V)] — \/Etrace [TdTDfJZV + DEZVTdT(z)] =0

In particular this can be seen as a regular perturbation of the equation (2.7). If 0 is
independent of ¢ and we let it tend to 0, the basic properties of viscosity solutions
give the convergence of the value funtion V= (¢, x,y, z) to the solution V (¢, z, z) of the
same effective Cauchy problem as before, with the only difference that H now depends
also on z (but z appears only as a fixed parameter in the limit PDE). It possible to
check this result regardless of the order of taking the limits § — 0 and € — 0. Indeed

the term f\/gtrace [T(y)dT(z)Dng + DgZVT(y)dT(z)] is a lower order term with
respect to 1 L(y, D,V, DgyV) and then a similar argument as in Remark 5.1 holds. If,
instead, 6 = (), the same conclusion follows with a much more delicate argument,
following a theorem on regular perturbations of singular perturbation problems proved
in [4].

Of course the periodic oscillations in time and the slow component of the volatility
can also be treated simultaneously. As an example, we consider the scalar Merton
problem (6.2) with volatility and utility function given by

¢ Wi
fi=1i (e,Yt, Zt) ;9= G(YT,ZT)TT,

Z; satisfying (6.26). Then the value function V=?(¢,z,y, z) converges locally uni-
formly to the classical Merton formula (6.18) for the problem with constant volatility

o =0(z) = (/01/ mdﬂ(y) dS) )

at least when the upper bound R on the controls is large enough, and

[N

a=a(z) = [ aly.)duty).

6.4. Worst case optimization under unknown disturbances. Assume that
the general stochastic control system (2.3) is affected by an additional disturbance
iy taking values in a compact set U and suppose you want to maximize the payoff
under the worst possible behaviour of @;. There are several possible reasons for this
choice, such as the lack of statistical informations on the disturbance, or the desire
to avoid with probability one some catastrophic events caused by a particularly nasty
behaviour of 4;. The mathematical framework for modeling these problems is the
theory of two-person zero-sum differential games, where the controller is the first
player and the disturbance is considered as the control of a second player wishing to
minimize the payoff.



Viscosity methods for multiscale financial models 31

For simplicity we suppose the following form of the drift and diffusion in (2.1):
¢ = i (2,9, u) + ¢h(w,y, @), o' = oi(z,y,u) + oh(x,y, @),
with ¢§,a§- bounded, continuous, and Lipschitz in (z,y) uniformly in u,a. For the
system written in vector form (2.3) we then have ¢' = ¢! (, y, u) + @5 (z, y, @) and 5% =

i (x,y,u) + 64(x,y, @) with the obvious definitions. The Isaacs equation associated
to the game is again of the form (2.7), but now the Hamiltonian is H = Hy + Hy with

Hy(z,y,p, X, Z) = mig} {—trace (61&fX) — (51 - p — 2trace (5’17’TZT)} ,
ue

Hy(z,y,p, X, Z) := Ipaé( {ftrace (&Q&gX) — ¢ - p — 2trace (&QTTZT )} .
ue

The precise definition of value function is more delicate for a stochastic differential
game, as well as the proof that it is a viscosity solution of (2.7), and we refer the
reader to [22]. We remark that the comparison principle of [16] still holds for the
Cauchy problem (3.1) with the new convex-concave Hamiltonian, and therefore there
is a unique viscosity solution V€. The convergence Theorem 5.1 of VE(¢,z,y) to
V(t,z) holds with no changes, because its proof never uses the convexity of H with
respect to (p, X). The effective Hamiltonian now is

H= / min {—trace (&1&1TX) — -p} + max {—trace (&25§X) — ¢o ~p} du(y).
RMEU acU

6.5. Applications to problems with degenerate diffusion. We pointed out
in the Introduction that we do not make any nondegeneracy assumption on the dif-
fusion matrix ool for the slow variables X;. This makes our methods applicable
to a wide range of models, even in deterministic control, if one wants to study the
sensitivity to random parameters evolving on a fast time scale. For instance, some
differential games arising in marketing and advertising are under investigation.

Within mathematical finance, path-dependent models, such as Asian options,
involve degenerate diffusion processes, see [41], [8], and the references therein. In
these models one augments the state space by a new variable A, that is the time-
integral of some functions of a price S;. Therefore an ODE is added to the system,
such as dA; = Ss;ds for problems involving the arithmetic mean of the prices, or
dAs = log(Ss)ds for the geometric mean. Therefore the process X = (S5, As) is
a degenerate diffusion. Models of Asian options with fast stochastic volatility are
studied in Chapter 8.3 of [26] and in [23], [42].

Interest rate models are another area where the uniform non-degeneracy of the
diffusion matrix would not be a reasonable assumption. The LIBOR models with
stochastic volatility reviewed in Chapter 11 of [13] all have a volatility function
0(Xs,Ys) vanishing at Yy = 0. This event usually has null probability, by the choice of
the dynamics for Y. So the associated PDE is parabolic but not uniformly parabolic.
Some of these models with two time-scales are studied in Chapter 11 of [26].

A stronger form of degeneracy occurs in the Heath—Jarrow—Morton framework for
forward rate models, where there are an infinite number of traded assets (one for each
maturity) and a finite number of sources of randomness (components of the Brownian
motion), see, e.g., Chapt. 23 of [10]. The possibility of arbitrage is ruled out by the
HJM drift condition. If one considers a large but finite number of maturities, the assets
evolve as a degenerate diffusion and our methods can be used for the asymptotics of
the fast stochastic volatility problem. HJM models with stochastic volatility (with
the same time scale as the prices) were studied in [11].
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7. Conclusion. In this paper we study stochastic control problems with random
parameters driven by a fast ergodic process. Our methods are based on viscosity so-
lutions theory and Hamilton-Jacobi approach to singular perturbations. The assump-
tions are chosen to fit problems of pricing derivative securities and optimizing the
portfolio allocation in financial markets with fast mean reverting stochastic volatility.

The main steps of our HJB approach to singular perturbations are the following:

e write the Hamilton-Jacobi-Bellman equation for the value function V¢ and
characterize it as the unique viscosity solution of the Cauchy problem for such
equation (see Section 3);

e define a limit (effective) PDE and a limit (effective) initial data resolving
appropriate ergodic-type problems (see Section 4);

e prove the (locally) uniform convergence of V¢ to a function V', which can
be characterized as the unique solution of the effective Cauchy problem (see
Section 5);

e interpret the effective PDE as the HJB equation for a limit (effective) control
problem. Such problem approximates the one with ¢ > 0 and it has lower
dimensional state variables, therefore it is easier to solve. There is no general
recipe for this step and we do it in Section 6 for a multidimensional option
pricing model and for Merton portfolio optimization problem.

The main contributions of the present paper are the following. On the mathemat-
ical side we extend the HJB approach from the setting of periodic fast variables (see
[1, 2, 3] and references therein) to the case of unbounded fast variables. The proba-
bilistic literature on singular perturbations in stochastic control (see the monographs
[33] and [34] and their bibliography) allows unbounded fast variables but makes other
restrictive assumptions that rule out some financial models such as Merton optimiza-
tion problem (e.g., in [34] the diffusion matrix & is assumed uncontrolled).

On the side of financial models our approach complements the methods of Fouque,
Papanicolaou, and Sircar [24]. They assume an asymptotic expansion for V¢ of the
form

VE=V4+V/eVi+eVo+..., (7.1)

plug it into the HJB PDE for V¢, set equal to 0 each term multiplying a power of ¢,
and solve iteratively such PDEs to compute the correctors V;. This gives informations
not only on the limit but also for & positive with various orders of magnitude. The
validity of the expansion can be proved in some problems without control, this is done
for instance in [25] for the option pricing of a single asset. Our result in Section 6.1
complements it by treating the multi-asset problem, but only up to the first term of
the expansion. Since the PDE is linear we believe that the arguments can be carried
on to study further terms, but we do not try to do it here.

For problems with controls, however, the validity of the asymptotic expansion
(7.1) is not known, even for particular problems like Merton, and presumably it is not
true in general. Section 10.1 of [24] assumes (7.1) for the Merton problem and gets
some interesting insight on the correction of the optimal control. Our contribution in
Section 6.2 is a rigorous proof of the locally uniform convergence of the value function
with stochastic volatility to the value of the Merton problem with constant effective
volatility & (instead of the historical volatility)

1
hH(lJ VE(t,w,y) =V(tw), 7= / du(y),
£E—

r [F(Y)?
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also for utility functions depending on the fast variable y. The problem of justifying
further terms of the asymptotic expansion is wide open in stochastic control and fully
nonlinear PDEs, even for the first corrector V;. The only related result we know is in
the very recent paper by Camilli and Marchi [14] and concerns the rate of convergence
in periodic homogenization. We plan to study this issue for particular models arising
in applications. As for the convergence of the optimal control, at the end of Section
6.2 we assume the expansion

Ve =V +VeVi+o(Ve)Vs
and prove that

w = lm E[u’(t,Y)] = E [lim ui(t, Y)] . Yo
e—0 0

£—

which has a clear financial interpretation.

Finally, we remark that our method is very general and can be used for a number of
models, financial or not, including 0-sum differential games and degenerate diffusions.
The case of controls appearing also in the fast variables was studied in [1, 2, 3] and
references therein when the fast variables are bounded, see also [12]. We plan to
push the methods of the present paper further and treat problems with controlled
and unbounded fast variables.
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