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ABSTRACT. We develop a viscosity solution theory for a system of nonlinear
degenerate parabolic integro-partial differential equations (IPDEs) related to
stochastic optimal switching and control problems or stochastic games. In
the case of stochastic optimal switching and control, we prove via dynamic
programming methods that the value function is a viscosity solution of the
IPDEs. In our setting the value functions or the solutions of the IPDEs are
not smooth, so classical verification theorems do not apply.

1. INTRODUCTION

In this paper we analyze a system of integro-partial differential equations (IPDEs
henceforth) related to stochastic optimal switching and control or stochastic games.
In the case of stochastic optimal switching and control problems, we prove via the
dynamic programming method that the value function is a viscosity solution of the
relevant IPDE. Such results exist in the pure PDE case [21], 47], and this paper is
partly motivated by a desire to extend these results to the non-local case.

The system of equations involves M equations and is of the form

(1.1)
fi(t,x,u(t,x),atui(t,x),Dui(t,x),DQui(t,x),ui(t, ))=01in (0,7) xR", i € Z,

for 7 =1{1,2,...,M}. We also impose an initial condition
u'(0,z) = g;(x) in R", ieT.

Here, g = (91,92,---,9nm) and u = (u',u?, ..., uM) are RM valued functions. The

nonlocal nature of the system (1.1]), indicated by the term “u’(t,-)”, is the main
focus of this paper. The nonlinear and nonlocal functions F; are defined as

fi(tvmvrvptvaaX7<p(')) = nax {pt + sup lnf [*Ciaﬁ(tvmvrivpan) - \Za’ﬁ@};
aEA; BEB;
Ti *Mir},

for (t,z,7,ps, pe, X) € R x R" x RM x R x R™ x S (S™ the set of n x n symmetric
matrices) and any smooth real-valued function o(t, ). The operators £5°, T,
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and M’ are defined as follows:
£?7B(t7xariapwaX) = _T‘r(aiaﬂ(t7$)x) - b?ﬁ(t7m)px + c?,ﬂ(t7 Z‘)Ti - ffﬂ(tvx)a
ji"’ﬁgp = /E [gp(t, x + n?’ﬁ(t, z,2)) — @ — 1‘2517]?’5(1?, Z‘,Z)Dg;(p]V<dZ),

My = m;n{uj + Ek(i,5)},
j#i

where k(i,7) > 0, E =R™\{0}, and v is a positive Radon measure on E (the Lévy
measure) with an “at most” second order singularity at the origin and exponential
decay at infinity. The sets A; and B; are separable metric spaces (typically subsets of
some Euclidean space) and the coefficients a;, 7;, b;, ¢;, f; are functions taking values
respectively in R™*™ R™,R™ R,R. The specific assumptions on the coefficients
will be stated later, but roughly speaking we will assume that the coefficients are
Lipschitz continuous in x.

The matrices a?’ﬁ are assumed to be merely non-negative definite and as such

can vanish at some points. Similarly, the jump vectors n?”@ > 0 can vanish. Conse-
quently, there are no regularization effects in this problem coming from the second
order operator (“Laplacian smoothing”) or from the integral operator (“fractional
Laplacian smoothing”). Because of this, the system will in general not have
classical solutions, and a suitable notion of viscosity solutions is needed.

As already mentioned, the system is closely related to the optimal control of
Jump-diffusion (Lévy) processes. It arises formally as the Bellman-Isaacs equation
for zero-sum stochastic games where the state is given by controlled jump-diffusion
processes involving also switching between different control regimes (indexed by 7).
The maximizing player («) disposes both “continuous” and “switching controls”
while the minimizing player (3) only disposes “continuous controls”. If the sets B;
are singletons (no minimizing player), then the system is the convex Bellman
equation related to optimal control of jump-diffusion process with both continuous
and switching controls.

In case of pure diffusions (i.e., v = 0), the value function of the control problem
satisfies a dynamic programming principle (see [24) 211, 47]), which implies that it
is a viscosity solution of a system like . However, for processes with jumps, to
the best of our knowledge, there is no proved dynamic programming principle in
the literature that covers the generality of . We refer to [31] for some rigorous
results in two space dimensions. Generally speaking, experts expect the dynamic
programming principle to hold and frequently use it without proof. In this paper,
using well-known arguments, we have chosen to include a rigorous proof.

We mention that control problems involving switching have applicability to real-
life problems such as production planning in a flexible manufacturing system (see
[25, [44] and the references therein). In this context, the control problems are
typically modeled by using diffusion processes leading to pure PDEs, but it is not
far fetched to think about more general models with jumps in the state dynamics,
thereby motivating the study of systems like . Another important area of
application is portfolio optimization for an investor operating in multiple Lévy
driven markets. It is feasible to assume that this investor has to pay a certain
premium when pulling out from one market and entering into another one. In such
a scenario, the investor would like to optimize the value of his portfolio by switching
from one market to another and also continuously changing the portfolio while
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remaining in the same market. This portfolio optimization problem can be viewed
as an optimal switching problem and one gets a system of nonlocal variational
inequalities as the Bellman equation. In fact, while being in the same market,
the agent would always look to change his holdings depending on different market
modes , say the bull and bear modes, which appear randomly in an economic cycle.
In such a scenario, it is possible to think that the market and the investor are
engaged in a switching game; we refer to [I2] for more in this direction.

In addition to the applications mentioned above, we are also motivated by
the problem of deriving error estimates for numerical schemes for second order
Hamilton-Jacobi-Bellman equations. This is a difficult problem that remained open
for a long time before the works of Krylov [35, 86, B7] and Barles & Jakobsen
[8, @9, [10]. We also mention [I8] [20] as important recent contributions in this area.
The methods developed in these works involve the use of carefully chosen smooth
approximations of the viscosity solution of the underlying equation. In some recent
developments [0, [10], Barles & Jakobsen used solutions of certain switching systems
to generate suitable approximations of the viscosity solution of the Bellman equa-
tion associated with the optimal control of diffusion processes. In a separate piece
of work [I7], we adapt this approach to the nonlocal Bellman equation of controlled
jump-diffusion processes, which is drawing a lot of interests these days due to its
applications in mathematical finance (see for example [3], [2], [I4], [I5], [22] and the
references therein). To derive error estimates like those in [9) [I0] for the nonlocal
Bellman equation we need to have at our disposal a viscosity solution theory for
switching systems of the type (|1.1)).

The viscosity solution theory for second order PDEs is well developed [23] and has
become an essential tool in the study of controlled diffusions [4 26]. Expanding its
availability beyond scalar equations, viscosity solution theory for systems has been
advanced to understand the optimal switching of controls for both deterministic
[21), [38],[45],[48] and stochastic [30, 29, [49] problems; these works offer a number
of results on existence, uniqueness, and qualitative properties of solutions. On
the other hand, the viscosity solution approach to nonlocal equations is still under
development and is currently an active research area, cf. for example [11 2] [6] [7], 19
32, 33| [34), 42], 43]. Contrary to its pure PDE counterpart, the available literature
applying viscosity solutions to systems of integro-PDEs is very limited, but see [5]
(switching systems are not covered).

The contributions of this article can be divided into two main parts. The first
part includes a comprehensive study of viscosity solutions for the system , while
the second one analyzes the problem of optimal switching of stochastic controls. It is
not difficult to adapt techniques from stochastic analysis to prove, for example, the
existence of viscosity solutions of the underlying Bellman equation. In the present
context, the Bellman equation related to the optimal switching problem serves as an
example of the system 7 but it does not cover the general form and therefore
we mostly rely on PDE techniques [23] to prove our results, including existence
and uniqueness of (suitably defined) viscosity solutions, continuous dependence
estimates, and some regularity results.

The rest of paper is organized as follows: in Section |2| we list all the notations,
state the full set of assumptions, and define viscosity sub- and supersolutions along
with equivalent characterizations. We also state the comparison principle, unique-
ness, and existence results in this section. The optimal switching problem with a
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jump-diffusion driven state process is introduced and analyzed in Section [3] The
main result of this section is the proof of the dynamic programming principle. In
Section 4] we prove the results stated in Section 2. Finally, Section [5| contains a
continuous dependence estimate along with an application to the Holder continuity
of viscosity solutions.

2. NOTATION, ASSUMPTION, WELL-POSEDNESS, AND REGULARITY

We denote the set {1,...,M} by Z. We also use the notations Q7 and Qr
respectively for (0,7) x R™ and [0,7) x R™. For various constants depending on
the data we mainly use N, K, C' with/without subscripts.

For a bounded Lipschitz continuous function h(z) defined on R", its Lipschitz
norm |h|; is defined as

hz) — h
hly = sup |h(@)] + sup M ZRWI
rER® z,yER" |x — y‘

and denote the space of all h so that |h|; < oo by C}(R™) or sometimes only by
C}. We also define

11, = h(t,z) — h(s,
CbQ’l(QT) = {h(t,x) : sup |h(t, z)| + sup [A( ); (5,9)] < oo}.
(t.2)€Qr (ta),(s,)eQr |t — 8|2 + ]z — y

For |h(t, -)| we simply mean |-|; norm of h(t, z) as a function of x alone and for a fixed
t. Let C%2((0,T) x R™) be the space of once in time and twice in space continuously
differentiable functions. Also, denote the set of all upper and lower semicontinuous
functions on Qr respectively by USC(Qr) and LSC(Qr). A lower index would
mean polynomial growth at infinity, therefore the spaces USC,(Q7), LSC,(Qr),
Cy?((0,T) x R™)  contain the functions h  respectively  from
USC(Qr), LSC(Q7),C*2((0,T) x R") satisfying the growth condition
|h(z)] < C(1+ |z|?) forall z € R"™ (uniformly in ¢ if A depends on t¢.)

We identify the spaces USCy(Qr) and LSCy(Q7) respectively with USCy(Qr) and
LSCy(Qr); “b” is an index signifying boundedness. From time to time we will not
explicitly mention the control parameters «, 8 and this will be done on occasions

where the assertions are valid for all parameters.
Now we list the assumptions on the data:
o

T
(A1) a?"ﬁ =1 f"ﬁaf"ﬂ and o, b;, ¢;, fi,m; are continuous functions of ¢, x, a, 3;
A;, B; are compact metric spaces; and the positive Radon measure v defined

on F satisfies

/ |2)?v(dz) + / Mly(dz) < K
0<|z|<1 [z]>1

for some K, A > 0.
(A.2) For any «, 3 and 4,j € Z; and for each ¢ € [0,T]
£20 () + il < K
k(i,i) =0, k(i,j) >0 fori# j;
gi(x) — Mig(z) <0 for all z € R™.
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(A.3) ¢” >0 for all i and a, 3 and

020 (t,2) — o P ()| + 630 (£, 2) — 03P (£, )| + 1650 (8, @) — P (¢, )
< K|z —y|.

(A.4) For all i,t,z, a, O3, nia’ﬁ(t, x, z) is Borel measurable in z and
P, 2)| < K (|2 A 1), I 0 (e, 2) =Py, 2)| < K (|2l ALz —y|

Remark. The assumptions f are natural and standard, except maybe
for the boundedness of f, g and the decay of v at infinity. These last assumptions can
be relaxed and the results of this paper still hold in a properly modified form. The
integrability assumptions on v are natural in financial applications. Boundedness of
f, g will imply bounded solutions, an assumption we make for the sake of simplicity.
The requirement that ¢; > 0 can be relaxed, via an exponential scaling of the
solution, to the requirement that the functions ¢; are bounded from below. The last
assumption guarantees that the non-local part is well defined for smooth solutions
with less than exponential growth at infinity.

Remark. It will turn out that continuous viscosity solutions (as well as classical
solutions) of satisfy ui(t,r) — Mtu(t,z) <0 for all i, ¢, x. Letting t — 0 leads
to u*(0,2) — M'u(0,z) < 0. Therefore, the (compatibility) condition on g in
is necessary for viscosity solutions to be continuous in ¢ at ¢t = 0.

Next, we are going to give the definition of sub- and supersolutions to (|1.1)),
which includes the initial condition as a part of it. Before doing so, we need to
introduce the following quantities, for x € (0,1):

\Z?éﬁ(tv T, q, ¢(t7 )) = / (@(tv T+ 77?76@-7 €T, Z)) —P - 77?75(75) z, Z)q)l/(dZ),
B(0,:)\{0}
«Z‘mﬁm(tvxaqav(t )= /( )C(U(t,x + nf’ﬁ(t,x,z)) —v— 1|Z|§1n?’ﬁ.q)1/(dz)
B(0,x
and
ff (t,.fE,’/',pt,px,X,'U(t, )a (p(ta ))

= max {pt + sup inf { — Tr(a®P (t,2) X)) — b5P (8, 2)pe + P (8, 2)rs — fOP (¢, 2)
acA; BEB;

- \Z?;ﬁ(ta Xy Pz ¢(t7 )) - *71’0[757&(12 Ty Pxs ’U(t, ))}v Ty — M’LT:| .
Definition 2.1. (i) A function u € USC,([0,T] x R™) is a viscosity subsolution of
L) if

u;(0,2) < gi(x), zeR™ 1<i<M

and if for any 1 < i < M, p € CH2((0,T] x R"™), wherever (¢t,z) € (0,7) x R" is a
global maximum point of u; — ¢

fi“(t,:r,u(t,x), @t(tax)a D@(ta ‘T)7D2§0(t7x)7ui(tv ')a @(tv ) <0 Vke€ (07 1)
(i) A function u € LSCy([0,T] x R™) is a viscosity supersolution of (1.1)) if
uz(ovx)zgz(x)a xeRn; 1<i<M
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and if for any 1 <i < M, p € CH2((0,T] x R™), wherever (t,z) € (0,T) x R" is a
global minimum point of u; — ¢

FE(t, z,u(t,x), pi(t, x), Do(t, a?),DQap(t,:C),ui(t, Jy0(t,) >0 Vke(0,1).

(iii) A function u € C,([0,T] x R™) is a viscosity solution of (1.1)) if it is both a sub
and a supersolution.

This definition is formulated in terms of test functions ¢. Note that the test
function appears in the non-local slot, which is unavoidable when v is singular.
Some growth assumptions on the sub- and supersolutions are needed for the integral
term to be finite; our polynomial growth assumption is not optimal but sufficient
for our needs.

As usual, any classical solution is also a viscosity solution and any smooth vis-
cosity solution is a classical solution. Moreover, an equivalent definition is obtained
by replacing “global maxima/minima” with “strict global maxima/minima” in the
above definition. We may also assume that ¢ = wu; at the maximum/minimum
point.

Next, we give an alternative definition which will be used when proving existence
of solutions via Perron’s method.

Lemma 2.1 (Alternative definition). A function v € USC,([0,T] x R™)(or v €
LSC,([0,T] x R* : RM)) is a subsolution (supersolution) to (L.1) iff
v (0,2) < g(x)@'(0,z) > g(z)) for all i € I and for every (t,x) € Qr and
¢ € C)2(Qr) such that (t,x) is a global mazima (global minima) of v* — ¢ then

Filt,z,u,0,(t, x), §(t, ), Do(t, x), D*4(t,x), ¢(t,-)) < 0(> 0)
The proof of the lemma is similar to the scalar case, see [33] or [42].

Remark. The choice of (0,1) as the domain of £ does not influence the Definition
One can equivalently replace (0,1) by an interval of type (0,0) for § > 0. All
such choices for domain of x could be proven to be equivalent to the alternative
definition in Lemma However, in order for our methodology to work, we need
to be able to pass to the limit K — 0 and the Definition is formulated with that
in mind.

Remark. Traditionally [23], to prove uniqueness of solutions we need to work with
the sub- and superjets of a solution u. However, due to the singular non-local part
of these equations, it is not straightforward to give, as in the local case, a definition
in terms of sub- or superjets. In this paper these jets are introduced via a “non-
local” maximum principle of semi-continuous functions [33], see Lemma We
also refer to [7] for slightly different but (in this setting) equivalent way of doing
this.

Next, we state the comparison, existence, uniqueness, and regularity results for
bounded viscosity solutions of (1.1]). The proofs will be given in Sections [4] and

Theorem 2.2 (Comparison). Assume 7. Let u,—v € USC(Qr; RM)
be respectively sub- and supersolutions of (L.1)) such that u;(x), —v;(x) < C(1+]z|?)
fori=1,... M, then

w; <wv; for i=1,...,M.
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Theorem 2.3 (Existence). Assume[(A.1)] -[(A.4) and the existence of two func-
tions u € USCy([0,T) x R™ : RM) and v € LSCy([0,T) x R™ : RM) which are
respectively sub- and supersolutions of , Then there exists a unique viscosity
solution u € Cy([0,T) x R™ : RM) to the system satisfying o < u < .

Since +(Kt+|g|o) are sub- and supersolutions of (1.1)), the two previous theorems
immediately give existence and uniqueness of a bounded viscosity solution of (1.1)):

Corollary 2.4. Assume |(A.1)| —|(A.4), There exists a unique viscosity solution
u € Cp(Qr) of the system (1.1)) satisfying

ju'(t. )| < Kt + |glo
for all (t,x) € Qr, where K comes from ,

The comparison principle is stated for sub- and supersolutions of quadratic
growth. This is more than what is needed for uniqueness and existence of bounded
solutions, but we will need it later when we prove time regularity of the solution.

The unique viscosity solution of enjoys the following regularity:

Theorem 2.5 (Regularity). Assume - and let u be the wiscosity
solution of (L.1)). Then there is a constant C, depending on the data, such that

Jul(t, @) = u'(s,y)| < Clle =yl + (1 +|a| + Iyt - s]2],
for all (t,x),(s,y) € Qr and i € T.

3. OPTIMAL SWITCHING OF STOCHASTIC CONTROLS

We want to prove a connection between optimal switching problems for Lévy
processes and systems of nonlocal equations of the form . If A; = U for all 4
and the sets B; are singletons (no § dependence), we prove that the value function
of the switching control problem is a viscosity solution of a system like (L.I).

For (t,x) € [0,T) x R™, consider the following stochastic differential equation on
a filtered probability space (Q, Fi, P, ft,.) [ where F; is a o algebra and F;.. is the
shorthand for a filtration (Fy s)s>¢.]:

(3.1) dY (s) = b(s, Y (s);a(s),((s))ds + o(s,Y (s);a(s),((s))dW (s)
[ e Yl als ) s ds.de)
R\ (0}

with
Y(t):=2 €¢R" and se€ (t,T)

for some positive constant 7" > 0. In the above SDE, the b,n’s are R™ valued
functions, N is Poisson random measure on R™ x (Q,F,P) and W(s) is a k-
dimensional Brownian motion defined on (2, F, P). The diffusion coefficients o are
n X k matrices. The control processes ((s) and a(s) take values respectively in a
metric space U and in a finite set A = {1,2,...,M}.

Definition 3.1. (Admissible Control)
i) An admissible (continuous) control ((s), for s € [t,T], is a U-valued cadlag
process adapted to the filtration 7 ..
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ii) An admissible (switching) control a is a sequence of switching times 7; and
switching decisions d;, i.e.,
a = {Thdi}iZO
such that each 7; is a F; . stopping time with
t:TOSTl§T2§----§Ti§7—i+1§~-~-§T
and d; is F; ,, measurable with values in A.

For each d = 1,2, ..., M we denote the set of all admissible (switching) controls
starting with d as .A%(t) and set of all (continuous) admissible controls by U(t), i.e.,

At) = {a = {r,d;}i>0 : a is an admissible (switching) control and dy = d},
U(t) = {¢(+) : ¢(s) is an admissible (continuous) control on [t,T]}.

Any admissible switching control a = {d;, 7; }i>0 could be thought of as a control
process a(s) as follows:
a(s) = Z di_lX[Ti—l’Ti)(S)’
i>1
which is obviously cadldg .
For given control processes a(-) € A%(t) and ¢(-) € U(t), the cost functional
associated with the control problem is given by the expectation value

T
T a(), () =By | / F(5,Y (5), a(s),C())ds + g(¥ (T) + > k(ds -1, ;).
Jj=1

where Y'(+) is the solution to with controls a(s), ((s) and k(i, ) is the cost of
switching from decision i to decision j for all i,j € A. We also note that due to
the nontrivial switching cost (i.e., k(4,5) > 0 for ¢ # j), one is likely to get different
values of the cost functional for different initial values of a. Next, we formally state
the control problem.

Optimal Switching Problem: For any (t,7,d) € [0,T) x R? x A, determine
(a*(),¢* (1)) € A%(t) x U(t) such that

Vit x) = Il (a* (), () = inf Jie(a(),¢().
(a().¢()) eAd(t)xu(t)
The vector valued function V (¢, z) := (Vl(t, x),V3(t,x),..., VM(t, x)) is called the
value function of the control problem.

Remark. In our definition of admissible control we allow an infinite number of
switching times. Since such controls incur an infinite switching cost, they will never
be minimizing costs for the control problem, and hence we could restrict A%(¢) to
controls having a finite number of switchings. We also add that o,b, f,n,k(-,-),v
satisfy assumptions|(A.1)| [(A.2)l[(A.3)| and|(A.4)|with the convention that g;(z) =
g(z) for all i (g is scalar now).

Optimal switching control problems have been studied by many authors over
the last few decades, we refer to [21], [38], [48] 47, [46] and references therein. These
references mainly consider processes without jumps (continuous sample paths) and
the corresponding Bellman-Isaacs equations are pure PDEs. An exception is a series
of papers by Lenhart and co-workers on piece-wise deterministic processes (with
finite Lévy measures), see, e.g., [38]. To the best of our knowledge the optimal
switching problem has not been studied before in a general Lévy setting. In this
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section we provide results for the general Lévy case. The analysis mainly follow [47]
but we have to overcome additional non-trivial technical difficulties due to the fact
that the state evolution has discontinuous sample paths. The classical approach is
to prove that the value function is the unique viscosity solution of the underlying
Bellman equation is via dynamic programming principle. In [47] the authors use
this approach but with a canonical choice of the underlying probability space, the
Wiener space Co([t, T] : R™).

In the case of stochastic evolutions driven by Lévy processes, the canonical sam-
ple space consists of all R¥*™-valued c4dlag functions on [t, T] starting at 0. This
space equipped with a complete separable metric, the so called Skorohod metric,
is called the Skorohod space and is denoted by D[t,T]. The Skorohod space, its
defining topology and analysis of probability measures on this space is way more
complicated than the Wiener space and one is required to be careful while drawing
conclusions on technical grounds. For more information about the Skorohod space
we refer to [16].

3.1. The Canonical Sample Space. For the problem (3.1]), the canonical sample
space ) 5, 0 <t < s <T, is defined as

Qs = D[t,s] = {w € cadlag([t,s];R“m)}_

Let F; s denote the Borel o-algebra on €, s (with the Skorohod topology). We will
use the convention that Q; 7 = Q; and F; 7 = F.

The next issue is to ensure the existence of a probability measure and a com-
patible Lévy process which will be our candidate for driving the dynamics. We
would like to recall that a Lévy process is characterized by its distribution, which
is infinitely divisible in nature and equivalently characterized by its characteristic
triplet (*y, A, u), where « is the drift of the process, A being the co-variance matrix,
and v is the so-called Lévy measure. To this end, we define a positive Lévy measure
v on R¥*™ and a (k +m) x (k +m) covariance matrix I’ as follows

V(G) = v(®n(G);  I'= ( i )

where G C RFt™ is a Borel set and P, : R x R™ — R™ is the usual projection.
For the characteristic triplet (0, I’,2'), there exists a probability measure P; and a
compatible Lévy process X;(s) taking values in R¥*™ with the same characteristic
triplet. In view of the Lévy-Ito decomposition, X; = (W(:), N(dw,ds)) where
Wy(+) is a k-dimensional Brownian motion and N(dw,ds) could be considered as
a Poisson random measure on R"™\{0}. The probability measure P, is the one
induced by the random variable X;(T"). For more on existence and related topics
on Lévy processes we refer to [16, 41].

Once we have made the choice for (P;, X;(-)), we choose the driving Lévy process
X;s(+), for s > ¢, in the following manner:

X(r) == Xy(s) — Xu(r)

which is also a Lévy process starting at s, thanks to the generic properties of
Lévy processes and that the probability measure on 25 has been chosen as the one
induced by X(T).
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Next, we address some technical issues and verify some assertions so that we can

argue along the lines of [47]. For any 7 € (¢,T) (deterministic) and w € €2 define

Wi i=w|p,,-) (7 signifies the left limits),

we = (w —wr) |[T7T]7

m(w) = (w1, wa).

The map 7 : Q; — Q- X Q, 7 is well defined. Next, we prove the following lemma:
Lemma 3.1. For any 7 € (t,T) (deterministic),

P, ({w € Qy : w is discontinuous at 7}) = 0.
Proof. Let 1 be the sample paths of the Lévy process X;(), i.e.,

0 = {Xt(~,w) tw e Qt}.

Then P;(1) = P(X:(T)(€)) = 1, and therefore
Pi({w € © : w is discontinuous at 7}) = P;({w is discontinuous at 7} ﬂ 0) =0,
where the last equality follows by stochastic continuity of the Lévy process X;. 0O

Now, 7! : Q7 x Q7 — Q is the following map
if t
7w, wa) = “1(9) L €l
wa(s) + w1 (1) if selrn,T].

The map 7! generates the paths in §; which are continuous at 7. This fact, along
with the independence of increments of Lévy processes, implies that

Pt:Ptﬂ—@PT.

With all the technical preparations being completed, we can now finally claim
that there exists a unique solution Y; ,(-) to the SDE (3.1)) for any 4-tuple (¢, z,a(-), () €
[0,T) x R™ x A4(t) x U(t), i.e.,

EAQ=w+LEOJQWLMMGHWWﬁ[ﬁmKJMJ0%w%ﬂ%

+/t /m\{o} n(r,Yiz(r"),a(r™),((r"); 2)dN(dr,dz)

which also mean that, by the canonical choice of the driving process on (). for any
T € (t, 5], we have
S

Viaols) = Yilr) 4 [ 00 Yi0). ). €N+ [ 00 a(r), (), ),

T T

S

+ / / n(r, Yi o (r7),a(r™),¢(r7); 2)dN'(dr, dz),
T JR™\{0}
where (W, N’ ) is the canonical driving process on ). Thereby arguing along the
lines as in [27], we have the following Markov property:

Lemma 3.2. For any bounded continuous function ¢, any &(-) = (a(-),¢()) €
Ad(t) x U(t), and any T € [5,T] (deterministic),

(32)  Brulp(Yew(r), ENFis] = By v o) [p(Yea(r), €07 H (1)), Py as.
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3.2. The dynamic programming principle. To derive the dynamic program-
ming principle we need the following continuity properties of the value functions:

Lemma 3.3. Assumption —|(A.4)| hold. Then there exists a constant C > 0,
such that for allt € [0,T], z1,22 € R™ and d € A,

Vi) < C and |Va(t, 1) — VAt, x5)| < Clay — x2].

The proof uses Lipschitz continuity and boundedness of the data, moment es-
timates for the stochastic processes, and Gronwall’s inequality. We do not give
the proof here; the proof can be pieced together combining arguments from [40]
(controlled jump-diffusions) and [47] (optimal switching for pure diffusions).

Next, we prove the dynamic programming principle. The proof is similar to the
one in [47] except that we are working in the Skorohod space (not in Cj).

Theorem 3.4 (Dynamic Programming Principle). Suppose that assumptions|(A.1)|
- hold. Let V(t,x) = (V4(t,7))qea be the value function of the optimal
switching problem. Then for (t,xz,d) € [0,T) x R™ x A and s € (¢,T],

(3.3)
Vit z) = / FYEO (), ar), () dr

£(~):(a(-)a4()) EA(t)xU(t
+ Va(s)(s, }/;fa(: (S)) + Z k(d;, difl)},
T; <S8
where {7;,d;} is the elaborated form of a(-).
Proof. Let the right hand side of (3.3)) be W (t,z). Then for every € > 0, there
exists £(-) = (a(+),¢(-)) € A%(t) x U(t) such that

(34) W) +ez B[V v () +/Sf(r YO (), ar))dr
+ Z Bld; di-)|

where a(-) = {ﬁ,czz} Moreover, from the definition V(¢,2) we have for every
(5,2,b) € [0,T] x R™ x A that there exists & . 4(-) € A°[s,T] x U]s, T] such that

Vb(57z) > Jg,z (gs,z,b(')) -

Next, by uniform continuity in = of V' uniformly in b (Lemma [3.3)) we can choose
a partition {Bi,i > 1} of R™ such that each of B; is a Borel set satisfying

[VO(s,21) — VO(s,20)| <€, forall be A, x,29 € B;.
Furthermore, by z-uniform continuity of Ji, (£(+)) uniformly in &(-) € A(t) x U(t)
(essentially Lemma , we may also assume that
(3.5)

i (60) = T, (€O <€ forall de A, €() € AT xU(t), @1,a2 € B;.

Now we fix an §; € B; for each i > 1 and define a control £(r) € A? x U(t) as
follows:

) = {ém, : rele
Yot 7 €a i (MXE (YD ()X a2y (5), 7 € [5,T.
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From the definition we immediately conclude that &(-) € A% x U(t), and from (3.4)
~ (B3 we get

Ji(E /f Y5( (r))dr—&-zk(dyyéj—l)
Ti<s
/ YO+ Y ke dya) + 9V (1))
T>7;>s

(€e5,.)%8; (VED (9))Xa ()3 (5)

(s)

J
T
t,;n

<E /erti () dr+2kdg,d] D)+ VI (D (5)) + 2]

Ti<s

<W(t,z) + 3e.
This implies
Vet z) < W(t,x).

To get the opposite inequality we argue using the Markov property (3.2). From the
definition of V¥(¢, ) there exists £(+) € A%(t) x U(t) such that

(3.6) VAt ) + e > T (E()-
We split Ji, (£(+)) into two parts, one on [£,s] and one on (s,T]. By Lemma

the second part can be estimated as follows:

/ YO @, + 3 kdydia) + oV (1))

T>7;>s
— / P YED ), €0+ 3 K(djody) + gV ()| A}
T>7;>s
= B, (€ (w0 e)) 2 BV, v (s).

By this inequality, the definition of W, and (3.6) we get
Vet z) +e>Wi(t ),
and this completes the proof of the Theorem. O

Recall that, for W : [0,7] x R® — RM and (¢,7) € [0,T] x R", the switching
operators M? are defined as follows

MW (t,x) = Idrig {(Wi(t,z) + k(d,d)}.

As a consequence of the dynamic programming principle we have

Theorem 3.5. Suppose that assumptions —|(A.4)| hold. Then the value
function V (t,x) satisfies the following properties,

i) For any (t,z,d) € [0,T] x R* x A
(3.7) Vit z) < MUV (t, ),
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i) If for some (t,z,d) € [0,T] x R™ x A, (3.7) fails to hold with an equality,
then there exists sg € (t,T], such that
68) ViD= b B[ [0 d G0+ Vs Vi (s)].
C()eu(t) t
for all s € [t,so] where Y: () is the solution of (3.1) with the control
pair (d7 C())
The proof of this theorem is very similar to the ones in [21] and [47]. We choose

to outline the proof here mainly because of its importance to derive the underlying
system of IPDEs.

Proof. We prove i). For every d,d € A,d # d and a € A9 we define a(-) € A? by

di1=d;, dy=d, ;-1 =7, 70 =1.
Note that 79 =7, =t. Let a(-) = {di,%i} and a(-) = {di,n}, then

for all a(-) € A4 and ¢(-) € U(t). Hence V4(t,z) < VI(t, z) + k(d, d) and i) follows.
To prove ii) we first observe that if {d;;1 < ¢ < ip} C A with ig > 2 and
d; # d;y1 for some 1 < i < iy then by (3.7) and the definition of M,

ig—1 io—2
(3.9) Vo (t,z) + Y k(di dioy) > MYVt )+ Y k(ds, diy)
i=1 =1
i0—2
> V¥t (ta)+ > k(didiog) >+ > MTV (¢, ).
1=1

Next we observe that the inequality “<” follows from Theorem if the controller
chooses not to switch, and therefore we only have to prove the “>" inequality.
We use contrapositive argument starting by assuming the contrary: There exists a
0 > 0 and sequences s, — t, €, > 0 such that

d - o d
(3.10) Vt,x)+¢€, < C(.)lg;f{(t) E[/t Fr, Y o(r),d, C(-)dr + Vs, Yt,m(sp))},

(3.11) MWV (t,z) — Vi(t,z) = 6.

On the other hand, by definition there exists &,(-) = (a,(+),(p(-)) € AL(E) x U(t)
such that,

(812) Vit2)+e > B / " YO ), 6 dr + V) (5, Y2 O(s,))
t

+ Z k(dpmdp,j—l)]-

t<7p, ;<Sp
Define B = {t <1p1 < sp}, and note that by (3.10) and (3.12)) we must have
(3.13) E[xg] >0, and 0>1I+ I+ I3,

where

(814) == B| / 0 0),a,(). 6. 0) — Y (1), .G ()]
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= o(1)E[xs),
ap(s ap(-):,Cpl- d,Cp (-
(815) L= BVt (s, ¥ 000 (5)) = Vs, 57 (s,)|

ﬂ}; t,x
= E(V*) (s, 2)x8) — V(sp,2)E(x5) + o(1)E(x5),
(3.16) I3 := E( Z k(dpjydpj—1))-
1<7p,; <Sp

The derivation of (3.14) and (3.15) can be made rigorous using the regularity of
V and f, moment estimates on Y and Gronwall’s inequality. Now we use (3.13]) —

(3-16]), (3.9), and (3.11) to conclude that as s, — ¢,
0>+ I+ 15> [0(1) + MV (s, x) — Vi(s,, x)] E(x5) > [0+ o(1)]E(xs),
which is a contradiction. [l

In view of Theorem [3.5] it is now quite easy to prove that the value function
V' of the optimal switching problem solves a system of nonlocal quasi-variational
inequalities. For every d € A, (t,2,7,ps, X,2) € [0,T] x R® x RM x R" x S"* x R™
and smooth function ¢ we define

Fd(tv z,T,p, Xa SD(t7 ))

= inf
aclU

+ /Rm\{o} {ap(t,x +n(t,x, z;d, @) — (t,x) —n(t, x, z; d, ). Dp(t, aj)}y(dz)}

1
{iTr lo(t, x;d, ) Xo(t,z;d, )] +b(t,z;d, 0).p+ f(t, x;d, )

We have the following result.

Theorem 3.6. Suppose that assumptions - hold. Then the value
function V (t,z) of the optimal switching problem is the unique viscosity solution of

the following system of non-local variational inequalities:

(3.17) max{ — 0Vt ) — F(t, 2, Vit x), DVt x), D2V(E ), VAt -)
V@) - MUV (ta)} =0 i [0,T) x R"

with

(3.18) VT, z) = g(a).

Proof. The proof is an immediate consequence of Theorem and Dynkin’s lemma
for Jump-Diffusion processes (see, e.g., [39]). We only prove that V (¢, x) is a super-
solution, the proof for V being a subsolution is similar. Let (¢, z,d) € (0,T)xR"x.A
and note that if

Vit x) = MWV (t,x),

then (3.17) holds. Otherwise, there exists so > ¢ such that (3.8]) holds for all
s € (t, sp]. Let us introduce the following notation:

Fd(a; ta xr,T,p, Xa Qp(ta ))

1
= iTr[U(t,x;d, ) Xo(t, x;d, a)] +b(t,z;d, ). p+ f(t, z;d, a)

[ {etta st zd,a) - plta) 0tz d o) Daplt ) o).
R\ {0}
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If o € CY2[(0,T) x R"], V¢ — ¢ has a global minima at (¢,), and V¢(t,2) =
o(t, z), then by (3.8) and Dynkin’s lemma we have

Vi) = i3 E[/t F(r, Yoo (r), d,C(r))dr + V(s th"”(s))}’

> it B[ [ Y. )+ ol Vi)

= ¢(t,x) + 'fE/T,Yx
oa)+ inf B [l Yialr)

+ P m, Yia (), (1, Y (1), De(r, Ye (1), D26 (r, Yo (1), () dr |.

We may rewrite this inequality as

C(.)inlg(t) E[S —t Z <Pr(r, }/t,m(r))
+ Fd (C(T)a T, }/15730(7')7 90(7", }/t,I(T))7 D‘P(’f”, }/t@(T), DZL)Q(T’ }/;5795(7"))7 (P(T, )))d7~1| <0,

so by letting s | ¢ and using the moment estimates for solutions of the SDE (3.1J),
we get

dp(t,x)+ inf FUC(t+)it, 2,0, Do, D*p, 0(t,-)) <0,
C(eut)

which is equivalent to
78t§0(tv Z) - Fd(tv €T, QD(t, .I), D(p(t, $)7 D2¢(t7 LL‘), QD(t, )) > 0.
Hence V is a supersolution of (3.17]). O

Remark. The system of variational inequalities — is a terminal value
problem, which easily can be converted to an initial value problem. Once we do
that, any result derived for applies to the above system as well. Therefore,
the system — has a unique solution which is the value function V' (¢, x)
and satisfies the regularity estimate in Theorem [2.5]

4. COMPARISON PRINCIPLE, PERRON’S METHOD, AND EXISTENCE OF SOLUTIONS

We start this section with the proof of the comparison principle, cf. Theorem
[2:2] This result is the backbone of any viscosity solution theory. The basic idea
of the proof is same as the pure PDE case, i.e., to reduce the problem to the
scalar case using a no-loop argument and then follow the usual approach to get
the final result. In the proof we will need the so-called maximum principle for
semicontinuous functions, suitably adapted to the nonlocal system. This result
along with the no-loop argument is summarized in the following lemma:

Lemma 4.1. Let u € USC([0,T] x R*;RM) be a subsolution of (L.1) and 4 €
LSC([0,T] x R*;RM) be a supersolution of another variant of (L.1) (for evam-
ple, the system ) where the operators L?’ﬁ, jia"g are respectively replaced by
ﬁ?’ﬁ,jia’ﬁ satisfying the same assumptions. Let ¢(t,xz,y) € Cp2[0,T] x R*" be
bounded from below and denote

U, (t,z,y) = ui(t,x) - ’[Li(t, y) — o(t,x,y).
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IfD = sup; ; .., Vilt, x,y) exists finitely and there is a (mazimum) point (i',to, xo, yo)
€I x (0,T) x R2" such that vy (to,xo,y0) = D, then there exists ig € T such that
D= \Ili(] (to, Zo, yo) and G (lf()7 1‘0) < Mio’ll(to, xo).

Furthermore, if in neighborhood of (to,xo,yo), there are continuous functions
ho : [0,T] x R2" — R, h,h: Qp — S™ such that ho(to, zo,y0) > 0 and

D2¢<ho(t»$7y)< _II _II ) +< h(t(;x) ﬁ(gy) )

then for each k € (0,1) there are a,b € R and X,Y € S™ satisfying
a —b = ¢(to, o, Yo)

( )0( _OY ) < Qho(to,xo,y0)< _II }I ) + ( h(toéx()) fz(to(fyo) )

such that

a+ sup inf [£2P(ty, 20, u™, Dyd(to, z0,Yo), X
aa&BEBio[ i (to, mo =9 (to, o, Y0), X)

and

- tz(z’)f(t07 Zo, DI¢(tO7 Zo, y0)7 (b(t(h Yy yO))
- \72'?;7E7H(t0; Zo, quﬁ(to, Zo, 90)7 uio <t07 ))] S 0)

b+ Sup inf [ﬁz,ﬁ(t07y0aaig7_Dy¢(t05x07y0)7y)_
a€A;, BEBig

iﬁ:f(to,yoa —Dyé(to, w0, Y0), —¢(to, To, "))
- uji?)é’ﬁﬁ(to; Yo, _Dy¢(t0; Zo, y0)7 ’&io (t07 ))] Z 0.

The first part of the above Lemma follows exactly in the same way as Lemma
A.2 in [9]. Once we have the first part, then for the supersolution it says that at
the point (¢, xo,%0) we can ignore the term 4% — M, and then the second part
follows as a consequence of Theorem 2.2 of [33].

Proof of Theorem[2.2] For constants \,0,7,¢ > 0 we define the following (test)
function:

0 €

A 2 A 2 2
(41) 0t.2.9) = ¥ Glo =y + M (7 + y)
on [0,T] x R™ x R™. We double the variables defining for i € Z,

i i dot €
Wit wy) = ul(tx) = v (Ly) = Bt 2.y) — o — s

where 0 < § < 1, € > 0, and

00 = sup {u'(0.2) — v/ (0.) — 6(0,2.9) — =}

,T,Y

™

N

€

Tit}—O'o.

0 = Sup {uz(t“i(:) - vz(tvy) - ¢(t,x,y)

4T,y
The main step of this proof is to derive an upper bound on ¢ + gy by deriving a
positive upper bound on o. Note that if ¢ < 0 then we can take 0 as the upper
bound and we are done; therefore we will assume in the following that ¢ > 0. By
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the upper semicontinuity of u’ — v, the growth assumptions, and the penalization
term, there exists (i, to, o, %0) € Z x [0,T) x R™ x R™ such that

\Pio(thx07y0) = sup \Ill(t,x7y)
i,t,2,Y

The assumption that o > 0 forces tg # 0, so that 0 < tqg < T. Since,

. . €
\I]io(t07x07y0) Z sup {ul(ta‘r) 7vz(t7y) *(ZS(t,I,y) - T t
4t,@,y -

=00+ (1 — 0)o > oy,

}—50

while on the other hand ¢ty = 0 would imply U, (to, zo, o) < 0o.

Now we are in a position apply the maximum principle for semicontinuous func-
tions adapted to the present non-local system, i.e Lemma By this lemma, for
each 0 < K < 1 there are numbers p; and ¢, symmetric matrices X and Y, and an
index 7o such that

bo T it )
—_ = — _— xT
pe =@ = 75 (T —to)? (10, L0, Yo

(4.2) pe—a < sup inf [£37(to,yo,v™, —Dyd(to, z0,%0),Y)
a€A;, BEB;,

— T8 (t0, yo, — Dy (to, 0, y0), —(t0, o, )
- “Zi’ﬁ’n(tm Yo, _Dy¢(t07 Zo, yO)v Uio (tOv ))]

— sup inf [£9P(to,z0,u™, Dad(to, 70, Yo), X
aefEOﬁEBm[ i (to, o =9 (to, o, Y0), X)

- Zﬁ:f(tm$07D:E¢(t0u$07y0)7¢(t07x07 )
- h7f;?ﬁ7ﬁ(t07 Zo, _Da:(b(t(h Zo, y0)7 /Uio (t07 ))]
with

(4.3) ( %( _OY ) < 2e”°0< _II _II ) + eeMo(1 4 ) ( |x00|71 |y0?” )
The upper bound on ¢ will be obtained from . We start by estimating the
right hand side of . First note that
Liy (to, z0, u”, Dag(to, To, Y0), X) — Liy (to, Yo, 0", —Dy(to, To, y0), Y)
= [Tr(al-O (z0,t0)X — ay, (x07t0)Y)]
+ [bio D29 (to, To, Yo) + biy (to, yo) Dyd(to, 0, yo)]
+ [cio (to, 0)v™ (o, yo) — cig (to, T0)u™ (to, 0)] + [fiy (to, Y0) — fio (to, )],
and
Dy¢(to, x0,y0) = =0 (z0 — y0) + e yo|yol”,
Dyo(to, o, y0) = 0 (0 — yo) + e xo|ao|”.

By the definition of ¢, inequality , assumptions and standard
computations,

(4.4)

Trlai, (20, to) X — aiy(x0,0)Y] < K12 {6zo — yo|® + (1 + |zo|*™ + |yo*7)}.
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Note that o > 0 implies that u (tg, zo) — v*(tg,y0) > 0, so by and

the growth assumptions on u, v we easily see that
(4.5) by, (to, xo) Dz (to, o, Yo) + biy (to, Yo) Dy (to, o, Yo)
< Ko (0o — yol” + e(1+ |2o|**7 + [yo 7)),
(4.6) cig (t0,40)v™ (t0,90) — ciy (to, o)u' (to, x0) < K3(1 + |0l + |yol*)|zo — wol,
(4.7)  fio(to,yo) — fio (to, xo) < Kalzo — Yol
(
)

4
By|(A.1)land |(A.4)|it follows that
4

(4.8 Tio.k(to, o, Dad(to, o, Y0); ¢(to, - o))
- ‘.7io,k(t07 Yo, _Dyd)(tOv xo, yO)v _¢(t07 o, )) = O("{)

Using the fact that (fo,zo,yo) is a maximum point of ¥;, we have,
/<| - {uio (to, zo + n(to, o, 2)) — u' (to, z0) — 1(to, o, 2) Ded(to, o, yo)
— 0" (to, yo + 1(to, Yo, 2)) + v* (to, yo) — n(to. yo, 2)Dyd(to, To, yo)} v(dz)
< /< < [¢(t0,$0 + n(to, zo, 2), Yo + N(to, Yo, 2)) — ¢(to, To, Yo)

— (zo +n(to, o, 2),yo + n(to, Yo, 2)) Dey ¢ (to, xo, yo)} v(dz)
(4.9)
< KeeM{e(1+ |zo*7 + [yo|>T7) + 0]mo — yo|*

In a similar manner we also have

[ [ tto,z0 + nto, z0,2)) ~ ' (o, o)
1<z

— 0" (to, yo + n(to, Yo, 2)) + v™ (to, yo)} v(dz)
(4.10) < Kqelto {9|$0 —yol* + (1 + |zo**7 + |y0\2+7)]-
Combining the different above estimates (4.4))-(4.10) and using (4.2)) we have,

oo €
— 4 XeMo (9|x0 — yol? + (lzol>T + |y0‘2+’y))

T 2+
< Cretto (9|xo —yol? +e(1 + |zo|>™ + \yo|2+7))
+ Co(1+ |mo* + |yo|*)|zo — yo| + O(k).

Notice that the point (to,xo,yo) does not depend on &, so after letting x — 0 and
rearranging the terms with the choice A\ = max {(2 +7v)Cq, 202} + 2 we get

do
T < C3(1 + |mo| + |yol)?|wo — yo| — 00z — yol?
— Cyee?(1+ |zo| + [yo])*T7 + O(e).

After a maximization on the right-hand side of the above inequality with respect
to |zo — yo| we obtain

do (1 + |zo| + |yo|)*
T <G eAtof)

— Cyee (1 + [wo| + [yo])*T7 + O(e).
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Now choose v = 6 and maximize the right-hand side of the above inequality with
respect to (1 + |zo| + |yo|) and let & — 1; the result is

1

We estimate o using the Lipschitz continuity of (0, ) and v(0, z),
: , 0
(W1 oo < max|(u(0,) ~ v'(0,))*lo +sup (Klz — o] — 2fr — uf?)
v z,y

K2
=%
where we have also used the fact that u*(0,-) < v%(0,-) and maximization of with
respect to |x — y| in the first line. Therefore, for all t € [0,T), z € R™, and i € Z,
2

207

€
T—-t
and letting € — 0, 8 — oo for a fixed € gives

, ) 1 1
u'(t,x) —v'(t,z) — —16|x‘8 <o+ 09 STCQT—FO(E)—F
€

, , 1
u'(t,x) —v'(t,x) — ie\x|8 < O(e).
Finally, letting ¢ — 0 concludes the theorem. d

Now we turn to the existence of viscosity solutions of the system of IPDEs (L.1));
we will use Perron’s method as developed by Ishii [28] and its adaptation to the
scalar nonlocal equations by Alvarez & Tourin [I]. Different from [I], we face a
system of equations and an unbounded Lévy measure v.

Proof of Theorem[2.3] We only prove existence since uniqueness follows from the

comparison principle. Define v(t,z) = (v, v2,...,vM) as

v'(t,z) =sup {u'(t,x) ru=(u',u? ... 0, .., u™M) is a subsolution of (L.I)}

for each i € Z. Next, let v* and v, denote the upper and lower semi-continuous
envelopes of v(t, x):

v i(t2) = limsup{v!(s,y) : (5.9) € By(t.2) 1 [0.7) x B},

and vi(t,x) = —(—v'(t,x))*. From the definition it is clear that
u<v*, v,<v, and v, <0

We want to show that v* and v, are respectively sub- and supersolutions of (|1.1).
Then we are done, since by the comparison principle

v < vy,

and hence v* = v, = v is the sought after (continuous) viscosity solution of (|1.1)).
We now prove that v* is subsolution of (1.1)). First, we check that the initial
condition is satisfied using a barrier argument. For every z € R™ and € > 0, define

\I/Zzé(sc) =g'(z) + L' (Jx — 2|* + e)%,
where L is the Lipschitz constant of g;(z). It follows that
V. (x) > gi(x) forall z,z€R™ i€, e>0.
A simple computation now shows that there is a constant A. > 0 such that
UL (t,z)=At+ V. (2)
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is a continuous supersolution to . Therefore, by the comparison principle,
vi(t,z) < U;E(t,x) forall z,zeR", i€Z, e>0,
and hence v*i(t,z) < (U;,G)*(t,x) = UL (t,x). So the initial condition follows
after setting ¢ = 0 and minimizing w.r.t. z,e:
v (0,z) < 1€an U;)E(O,x) = 1€an \Ilf”(gc) = gi(x).
Next, we want to show that subslolution condition for the system of equations holds.

For each i € Z and (t,z) € (0,T) x R™ there exists a sequence (tp, Tp, up(tp, Tp))
such that

pllnolo (tpaxpa u;(tl)axp)) = (t,.]?, U*yl(tam))v

and u, is a subsolution for each p € N. Now if ¢ € C*? and v*' — ¢ has a strict
global maximum at (¢,z) € [0,T) x R”, then there will be a sequence (s,,yp) of
global maxima of u}, — ¢ (for p large enough) such that

lim (sp,yp,u;(spyp)) = (t,x,v*’i(t,x)).

p—00

Again if p is large enough, s, > 0 and the definition of subsolution gives

max <¢t(5payp) + SUE Blglg {AC?’B(Spvypvu;i)(spzyp)aD¢(3p7yp),D2¢(5p7yp))
acA; i

=765y Y. p) = M5y 1)) < 0.

Passing to the limit p — oo and using the regularity of ¢, v* and the continuity of
the equation, we get

max (d)t(t,z) + sup inf {L?’ﬁ(t,x,v*’i(t,x),Dd)(t,x),ngb(t,:E))
acA; BEB:

— TP, ) Y it @) — Miu*(t,x)) <0.

This completes the proof that v* is a subsolution.
Next we prove that v, is a supersolution of (|1.1)). We start by checking the initial
condition. For z € R™ and € > 0, let

P, (2) =g'(z) — L(|z — 2> + e)% and V! (t,x) = —At+ ®. (2),
where L = max;{L;} and A° is a constant to be determined later. Note that
P! (z) < gi(z) forall z, 2,
and since g; — M%g < 0 by assumption we see that
Vi (tx) — MV (t,x) <O0.

Now it is straightforward to see that there is a constant A¢ such that V.. is a
subsolution to (1.1)). Therefore, by the definition of v(t, z),

‘/Zz(t,x) <vi(t,x) forall t,z,ze.
It follows that V/_(¢,x) < v.(t,x) and hence the initial condition holds because
vi(OJC) > sup VZZ(O,x) = sup @i}e(m) = g;(x).

We continue with proving that the system of equations is satisfied. Assume by
contradiction that v, is not a supersolution. Then there are (i,¢,2) € Zx (0,T)xR"
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and ¢ € Cp? satisfying vl = ¢ at (t,z), vl — ¢ has a global strict minimum at (¢, z),
and

(4.12) max {¢; + sup inf {L£37(t, 2,0l (t,x), De(t,x), D2 (t, x))
acA, BEB;

= TPo(t )} it w) = Miv(t,)} <0,

Let us prove that v (t,z) < v%(¢,x). By the definition of v., vi(t,z) < v%(t, ), so
if by contradiction this equality is not strict, then ¢(¢,x) = vi(¢,x) = v*(¢, z). But
then #* — ¢ has a global minimum at (¢, z), and since v is a supersolution,

max {¢(t, ) + sup inf {L£7(t, 2,7 (t, ), Do(t, x), D*¢(t,x))
acA; BEB;

TP (t, )}, 0t x) — MUD(t, x))} > 0.

Now #'(t,z) = vi(t,z) and —M (¢, z) < —Mv, (¢, ), so this is a contradiction to
(4.12)) and the inequality is strict. By continuity of ¢, v it immediately follows that
there are constants €1, d; > 0 such that

¢+e <v in Bj (t,x) C Qr.
Therefore, by (4.12)), continuity of the equation, regularity of ¢ and lower semi-
continuity of v,, there exist two constants €, §3 > 0 such that

(4.13)
masc {(¢+ )+ sup inf {£7(s..(6+ €)(s,4). D(6 +€)(5.9). DX+ O .9))

= 6+ () (0(s9) + ) — Miva(s,9)) } <O

for all (s,y) € Bs,(t,x) C Qr and 0 < € < €.

Since (t,z) is a strict minimum point of v? — ¢, there are constants ez > 0 and
5o < min(dy,d2) such that vi — ¢ > e3 on dBs, (¢, 7). Now set ¢g = min(ey, €2, €3)
and define

max(¢ + €9, v™") on Bs,(t, 7)) Qr,

vt elsewhere.

wl = v if j £, wi:{

Note that w is upper semicontinuous. We will prove that w is a subsolution of
(L1). For j # 1,
w; — Miw = v — MIw < v™ — Miv* <0,
and the subsolution inequalities hold as in the first part of the proof. For j =i and
(57 y) € 350 (ta .Z') ﬂ QT7
w'(s,y) — Mw(s,y) < max {¢(s,y) + g — Miv* v (s, ) — ./\/liv*(s,y)}

< max {¢(Sa y) + €0 — Miv*(sv y)7 vi’*(sa y) - Miv*(s, y)}

<0,
where we have used (4.13) and the fact that v* is a subsolution. Outside the region
Bs, (t,2) N Qr, it trivially holds that w'(s,y) — Miw(s,y) < 0. Take (s,y) €
0,7) x RN and ¢ € C}? such that w'(s,y) = ¥(s,y) and w’ — ¢ has a strict

a global maximum at (s,y). Depending on whether w® = v*% or ¢ + ¢g = w® at
(s,9), either vi — ) or ¢ + €y — 1 has a global maximum here. In the first case, the
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subsolution inequality involving the test function v is a consequence of v* being a
subsolution. In the other case,

8t¢(say) Z 8t1/1(8,y), D¢( ) (S y) D2¢(8,y) S DQi/’(S,Z/)a
d)(svy + 77a76(5,y»2)) - ¢(S y) < ¢(5 Y+ 77 (Svya Z)) - 1/J(s,y),
and hence implies that
Uuls,y) + sup inf {57 (s.y.0(s,), D¥(s,), D*(s,y)) — T (s, )} 0.

This completes the proof that w is a viscosity subsolution of (1.1)).
We can now conclude the proof since w is a subsolution satisfying
wi(t,z) > sup{o(t, ) + e, vi(t, )} = d(t, ) + eo > vi(t, x) + €0,
i.e., w'(s,y) > v'(s,y) for some (s,y) thereby contradicting the definition of v. O

5. CONTINUOUS DEPENDENCE ESTIMATE AND REGULARITY PROPERTIES

In this section
60 (), bP(t ), &Pt a), fP(ta), 0w, z), D(dz),

will denote another set of coefficients/Lévy measure satisfying assumptions
—|(A.4)l We define the operators E?’ﬂ and Jf“ﬁ in the obvious way, and consider
the new initial value problem

(5.1)  max [Ou'(t,x) + sup inf {ﬁ?’ﬁ(t,:U,ui(t,w),Dui(t,w),D2ui(t, x))
acA; BEB;

— TPt ) et = M) =0 i Qr,
u'(0,2) = gi(z) in RV,

and g = (gi(x )) satisfies |(A.2)

The ob jective is to estimate the difference between the viscosity solutions of .
and (|5.1)) in terms of the difference between the “nonlinearities” and the initial con-
ditions. Such continuous dependence estimates are important in themselves, as they
quantify the stability properties of viscosity solutions, and have many important
consequences and uses. One immediate consequence is Lipschitz continuity in the
spatial variable of a viscosity solution, and with some additional reasoning also
Hélder continuity in time. Another (recent) application concerns their relevance in
Krylov’s method of shaking the coefficients, which is used in numerical analysis of
convex fully-nonlinear PDEs, see for example [37, [10].

Let us now state the continuous dependence estimate.

Theorem 5.1. Suppose that [(A.1)H(A..4)| hold for both sets of coeﬁcicients Let
u, —0 € USCy(Qr; RM) be respectwely sub and supersolutions of (1.1 and ( .
satisfying

|Du’(0,2)| < K, |Da'(0,2)| < K forall i€T.
Then there exists a constant C, depending on the data, such that for all j € T,

(5.2) W=l < max [|(uz‘ _ ai)+(o, o + Tsug (\fi — fi|0 + |ulo V |alo|e; — é,»|o)

+0rtsup {jo audo + b~ o+ | [ 1l = 2i@)|E +] [ - ifota) |}
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where 7 = max(v, ) and |72 = max(jni[2, 17:[2).

Proof. The proof is essentially a refined version of the proof of the comparison
principle. We begin by introducing the quantities:

; i oo €
it x,y) = (@) =i (ty) = Gt w,y) = Tt

where §,€ € (0,1), ¢(t,z,y) is defined at (4.1) and  is chosen to be 0, and

) i eVt
o9 = sup {u’(O,x) —4'(0,y) — ¢(0,2,y) — T}
,Z,Y
_ y é
o= sup {ul(t’x)—u(t,y)f(zﬁ(t,:c,y)*T t}*Uo-
,t,x,y B

From the semicontinuity of w, % and the growth properties of ¢ along with the
penalization term =%, there exists (io, 0,20, %0) € Z x [0,T) x R2™ such that

\I]io(tmeayO) = Sup \I’(t,$7y).

1,t,z,y

We are interested in deriving a positive upper bound on o; therefore, without
loss of generality, we may assume that ¢ > 0. This implies that t; > 0, and we
may apply Lemma Hence we can choose ig so that, 4% (tg,y0) < M“a(tg, yo)
and for each k € (0,1) there exist two symmetric matrices X and Y satisfying

do €

(5:3)  ¢ulto,zo,y0) + 7 + T=12

S sup inf |:[:7%,ﬂ <t07 Yo, ﬂio (t07 Zo, yO)» _Dy(b(t(h Zo, y0)7 Y)
acA;, BEBi,

- Zﬁ:g(t(]a Yo, _Dyd)(t(); Zo, 90)7 _¢(t07 Zo, ))

- «71‘3)[‘}7K(t07 Yo, _Dy¢(t07 Zo, yo)? Ia’io (t07 )):|

— sup inf [ﬁz{ﬁ(to,xo,ui"(to,wmyo),Dz¢(to,on,yo),X)
aGAiOBEBiO

- Zﬁ:g(t(]; Zo, Dwd)(t(); Zo, 90)7 ¢(t07 ) yO))
— Ty " (t0,0, Dalto, z0, o). u (to, ).

where the symmetric matrices X and Y will satisfy

X 0 sog( I I vo (I 0
(5.4) (0 _Y>§26 0 7o + 2ee 071 )

Relation (5.4)) along with (A.4)|and standard computations yield
Tr(ai(tm {,C())X) - Tr(d, (to, y())Y)

< K1e™ (6o — yol? + blo = 613 + e(1+ oo + [30[?)),

bi(t0, yo) Dy (to, o, yo) + bi(to, 7o) Da(to, o, yo)
= b;(to, y0) (0 M (yo — x0) + eeM0yo) + bi(to, 20) (0N (zo — yo) + ee*0xg)
< Koe™ {016 = bilf + Olo — ol + (1 + [zof* + ol }.

|&:(t0, y0) 0 (o, Yo) — iy (to, To)u' (to, z0)| + | fi(to, yo) — fi(to, o))
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< |u'lo v |@'[(]& — cilo + Klzo — yol) + (|fi — filo + K|zo — yol)-

We now turn to the non-local terms. First, observe that
\Zi;ﬁ(th Zo, DJ,qb(th Zo, yo)a ¢(t07 Yy Z/O))
- Zﬁf(towo, —Dy(to, x0, Yo), —¢(to, o, -)) < (6 + €)e*O(r).

Exploiting the fact that (tg, zo, o) is a point of maximum of ¥, (¢, z,y) we get
/ {UiU (to, zo + Miy (o, o, 2)) — u' (to, zo) — iy -Dad(to, o, yo)}V(dZ)
k<|z|<1
- / (" (to, o + g (to, 0, 2)) = @ (to, Y0) — iy Dyb(to, 70, o) } #(d=)
r<|zl<1

< / Mo |ns, (to, z0, 2) — i (to, Yo, 2)|*0(d2)
k<21

e (i ) ol
r<zI<1
L0+ / masx (30 %, 1 |2) v — 2(d)
w<lz|<1
< K49€’\t°{|300 —yol* + | / nio — iy |*7(d2) ],
B(0,1)

+ oy (i) b = 51020 } 4+ KX (04l + o),
0,1

)

where 7 = max(v, 7). Once again using that (o, Zo,%o) is a point of maximum for
¥,,, along with standing assumptions, we obtain

/ {uio(t07xo+mo(to7xo7z)) —Uio(to»xo)}’/(dz)
[2]>1
- / {ﬁio (to, Yo + iy (to, Yo, 2)) — 4™ (to, yO)}ﬁ(dz)
[z[>1

< 96MOK6<|$0 - yO|2 +/ |77i0 - ﬁio‘zlj(d’z)
[z|>1

s (ol i P) = 91002)) o1+ ol + Il
z|>1
Now by (5.3)), the above estimates, and the form of ¢;(to, zo, o), it follows that

do €
At 2 At 2 2
)\[e °0|zo — yo|” + €™ e(|zol” + |yol )}‘F?‘f’m

< CreMPhmax  sup {|oi — Gil2+ |bi — 131|(2) + | / | — ﬁi|2ﬂ(dz)’0
€T oA;,BEB;

+ | /maX (I, |9:*) I — ’9|(dz)|0} + |ulo V |afo sup i — éilo + sup, Ifi — filo
+ CaeMof|zg — yo|® + Cslzo — yo| + Caee(1 + |20l + |yo|*) + O(k),

where the constants only depend on the data. In the above relation the point
(to,xo,yo) is independent of x, so we can let x — 0 and ignore the term O(k).
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Next, we choose A = 2max(C1, Co, C3,Cy) 4+ 1, which gives us

oo . - L2
T < CreMPhmax  sup {|ai — &ilg + b — bil* + | / [ — ni|2u(dz)’0
€T o A;,BEB;

[ e (s ) b = P12 } + el [alo sup s = éilo + sup |f: = Filo

i,a, i,a,

+ Cslzo — yo| — e M0b|zo — yo|*> + O(e).
After a maximization with respect to in |xg — yo| and sending § — 1, we obtain

(5.5) 7 < CreMPhmax  sup {|0i — 632 + |bi — b
T €T aA;,0€B;

] [ o= otz + | [ ma (2, )l o1(a)],
X R 2 Cy
+ [ulo Vv Iu\oisgp i — Eilo + Sup |fi = filo + s +O(€)-
Next we estimate oo using the Lipschitz continuity of «(0,z) and @(0, x),

| o
(5:6) o0 < max]|(w(0,) = @(0,) o +sup (Kl — gl — o — yf?)

z,y

20
Therefore adding (5.5 and (5.6)) and minimizing w.r.t. 6 leads to

= max [(u*(0,-) —a*(0,-)) o +

o409 <CT? max  sup {|0¢ — Gilo + |bs — b
€1 o A;,BEB;

[ o= o)+ | [ (ol i) b o100}

+Tlulo V |l sup [e; — élo + T sup | fi = filo

i,a,8 i,a,8

o+ max | (u(0,) = @0, ) o + O(e).

For every (t,z) € [0,T) x R™,

: . €
u'(t,x) — a'(t,z) — ez — —— < o+ 0y,
T—t
so the proof is complete since (5.2]) follows from the two last estimates if we send
€,€— 0. O

As a simple consequence of the continuous dependence estimate, we have the
Lipschitz continuity in the z-variable of the viscosity solution of (|1.1)).

Lemma 5.2. Assume that 7 hold, and let u € Cyp(Qr;RM) be the
unique viscosity solution of (L.1). Then there is a constant L, depending only the
data (and T'), such that

|u'(t, & + h) —u'(t,)| < LAl
for allh e R™, (t,x) € [0,T) x R™, and i € T.
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Proof. For all i € 7 and o € A;, 3 € B;, define
(OA-iv bi7 éi7 fia f’l) (ta "E) = (Jiv bi7 Ci, fi7 771) (ta T+ h)

with ¥ = v and 4(0,2) = u(0,2 + h). By uniqueness, @ = u(¢, 2 + h) is the unique
viscosity solution of and then the rest of the proof is just a consequence of
Theorem once we observe that the right-hand side of can be estimated
by L|h| with the constant L depending only the data. O

Next, we prove a Holder continuity result in the time variable. Remember that
the data are only continuous in time and thus, as in the scalar case, the equation
induces some extra regularity in time on the solution.

Lemma 5.3. Assume that|(A.1)|-[(A.4)| hold, and let u(t, z) be the unique viscosity
solution of (1.1)). Then there is a constant C, depending only on the data and T,
such that

i (t,y) — u'(t',y)] < C(L+ [yt —t'|*,
for ally € R™ and t,t' € [0,T).

Proof. Without loss of generality we may assume that ¢ = 0 and || < 1 (since
solutions are bounded). For y € R™, define

Gils,@) = AL|eP|e = g2 + (1 + [yl?)| + Ks + A7 L+ (0,p),

for all (s,2) € Qr and i € Z, with L being the Lipschitz constant defined in Lemma
and D,y are constants to be chosen later. Observe that

Osi(s,z) = AL [DeDS|$ —yl?+ (1 + |y2|)] + K,
L7 (s,@, Dips, D*i) = T (s, )
> —ALNoeP* (1 + |2[*) + |z — y|(1 + |2])) — K,
for all o, 8. Therefore,
Outis(s2) + supinf | £ (5,2, Diby, D) = TP (i(s.)] 2 0
for all s,z whenever D and « are chosen large enough. Furthermore,
$i(0,2) = AL|z — y[> + AT L+ (0, y)
> Lz — y| +u'(0,y) > u'(0,2), VoeR™

We conclude that ¢ = (1,19, ...,%a) is a supersolution of (1.1), and hence the
comparison principle yields

u'(t,y) < ALy(1+|y[*)t + Kt + A7 'L+ u*(0,y).
Upon minimizing the right-hand side with respect to A along with |¢t| < 1, we obtain
u'(t,y) —u'(0,y) < N(L+ Jy|)t2.
The other inequality follows in a similar manner. ([l

In view of Lemmas and the proof of Theorem is now concluded.
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