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Abstract

We study a backward stochastic differential equation (BSDE) whose terminal condition is an integrable
function of a local martingale and generator has bounded growth in z. When the local martingale is a
strict local martingale, the BSDE admits at least two different solutions. Other than a solution whose
first component is of class D, there exists another solution whose first component is not of class D and
strictly dominates the class D solution. Both solutions are I” integrable for any 0 < p < 1. These
two different BSDE solutions generate different viscosity solutions to the associated quasi-linear partial
differential equation. On the contrary, when a Lyapunov function exists, the local martingale is a martingale
and the quasi-linear equation admits a unique viscosity solution of at most linear growth.
© 2012 Elsevier B.V. All rights reserved.
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0. Introduction

Let B = {B;:t >0} be a standard d-dimensional Brownian motion defined on some
complete probability space ({2, (F;)ier,, P). Here {F;};>0 is the augmented natural filtration of
B which satisfies the natural conditions. Fix a real number 7 > 0. Consider a continuous adapted
process {X; : t € [0, T]} on (£2, (F)ser,, P) with value in Ri such that each component of
X is a nonnegative local martingale. Here X may not necessarily be Markovian. We call X a
martingale, if all its components are martingales, otherwise X is a strict local martingale.

E-mail address: h.xing@lse.ac.uk.

0304-4149/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.spa.2012.03.003


http://www.elsevier.com/locate/spa
http://dx.doi.org/10.1016/j.spa.2012.03.003
http://www.elsevier.com/locate/spa
mailto:h.xing@lse.ac.uk
http://dx.doi.org/10.1016/j.spa.2012.03.003

2266 H. Xing / Stochastic Processes and their Applications 122 (2012) 2265-2291

Given a terminal function g : R’i — R and a generator f : [0, T] x Ri xR x RY - R, we
consider the following backward stochastic differential equation:

T T
Y =g(XT)+/ f (s, XS,YS,Zs)ds—/ ZsdBy, 0<t<T. (BSDE)
t t

We look for progressively measurable processes (Y, Z) = {(Y;, Z;) : t € [0, T]} such that they
satisfy the previous equation P-a.s. and every term in the equation is well defined. Such equation,
in the nonlinear case, is a special type of backward stochastic differential equations (BSDE)
introduced in [23]. Since then, BSDEs have been studied with great interest.

Let us briefly review existence and uniqueness results for BSDE solutions with different
integrability properties. When g(Xr) and {f(t, X;,0,0):¢ € [0, T]}, which are called
parameters, are square integrable, Pardoux and Peng proved in [23] the existence and uniqueness
for the square integrable (I.>-) solution of BSDEs with Lipschitz continuous generators. When
parameters are L? with p € (1,2), the existence of L”-solutions was established by El
Karoui et al. in [16], and later extended by Briand et al. in [8], where a uniqueness result
was also obtained. For only L!-integrable parameters, Peng studied a BSDE in [25] whose
generator is a sum of two functions in y and z respectively. This was extended to BSDEs whose
generator has strictly sublinear growth in z by Briand et al. in [8]. In this paper, existence and
uniqueness of solutions have been established in class D, i.e., the class of processes Y such that
{Y; : T is F-stopping time with value in [0, T']} is uniformly integrable. However, all the above
results do not cover the following example, which motivates this study.

Consider the following stochastic differential equation (SDE):

dX, = —X>dW,, Xo=x >0, (0.1

where W is a standard 1-dimensional Brownian motion. This SDE admits a unique nonnegative
strong solution {X; : t > 0}, which is the so called reciprocal 3-dimensional Bessel process. It is
well known that X is a strict local martingale and ]E[X%] < oo (see (2.13) in [29, pp. 194]). Let
us consider the following BSDE with zero generator:

T
Y,=XT—/ Z;dW,, 0<t<T. 0.2)
t

It follows from the martingale representation theorem that Y. = E[Xr | F.] and its associated
integrand Z solve the previous BSDE. Moreover the Burkholder—Davis—Gundy inequality (see
e.g. Theorem 42.1 in [30, Chap. IV]) implies that both E[supy_, < 7,2] and E[fOT 75 ds] are
finite. Therefore (Y, Z) is an L2-solution.

However, there is another obvious solution to (0.2). That is (Y, Z) = (X, —X?). To the
best of our knowledge, this solution has not been studied before. This solution solves (0.2),
but it does not satisfy integrability properties reviewed earlier. To begin with, E[ fOT Zf ds] =
]E[fOT(XSZ)2 ds] = oo. If X? was square-integrable, fo X%dWK would be a martingale. This
implies Xo = E[X7] which contradicts with the strict local martingale property of X.
Additionally, Y = X is clearly not of class D, otherwise X would be a martingale again.
Moreover Efsupg .7 Y] = Elsupy,y X;] = oo, which implies E[(/, Z2ds)'/?]
E[( fOT (X 3)2 ds)'/?] = oo from the Burkholder-Davis—Gundy inequality.

Nevertheless Lemma 2.3 shows that E[supy_,~7 Y] < oo for any p € (0, 1). Hence
E[( fOT Z? ds)P/?] < oo follows from the Burkholder-Davis—Gundy inequality. Therefore (Y, Z)
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isone L? (p € (0, 1)) solution to (0.2). On the other hand, Jensen’s inequality entails that (Y, Z)
is also an IL? solution. Therefore there are at least two solutions to (0.2) inside the same class of
processes.

The previous example is closely related to the notion of g-martingales introduced in [25].
The BSDE solutions can be considered as nonlinear martingales because a solution to BSDE
with zero generator is given by conditional expectation of the terminal condition. In classical
theory, martingales are local martingales. Therefore to have a nonlinear theory which contains
the classical theory, it is necessary to extend the notion of local martingales into the framework
of BSDEs. In this paper, we regard solutions to (BSDE) as g-local martingales. When X 1is
a classical strict local martingale, other than the class D solution obtained in [8], there exists
another solution which is not of class D. We regard it as a g-strict local martingale. Example in
(0.2) is a special example of (BSDE).

Another motivation of this paper is to study the connection between (BSDE) and its associated
quasi-linear partial differential equation (PDE). When X is a diffusion whose dynamics is
dX; = 0(X;) dB;, the quasi-linear PDE associated to (BSDE) reads

1
—du — Tr (60/V2u> — f(t,x,u,Vuo) =0, (t,x)€[0,T) x (0, 00)%, (PDE)

u(T,x)=gx), xe(0, oo)d.

Since the dawn of the BSDE theory, close connections between BSDEs and quasi-linear PDEs
have been established (see e.g. [24,4]). These results may be seen as generalizations of the
celebrated Feynman—Kac formula. Since (BSDE) may have multiple solutions, it is natural to
expect multiple solutions to (PDE). Actually, when f vanishes, g has linear growth, and X is
a strict local martingale, multiple solutions to (PDE) (now a linear equation) has been observed
in [19]. See [15,7,6] for recent developments. In these studies, X being a martingale has been
shown to be the necessary and sufficient condition for the uniqueness of classical solutions, in the
class of at most linear growth functions, to valuation equations associated with local/stochastic
volatility models. However existing results treat PDEs with 1 or 2 spatial dimension and employ
the notion of classical solutions. When the equation is nonlinear, classical solutions are in general
not expected. Still one can work with viscosity solutions instead. However when X is a strict local
martingale, its volatility coefficient o fails to be Lipschitz on the entire state space. Therefore
classical techniques in viscosity solutions need to be extended to treat local Lipschitz coefficients.
See [1,10] for recent developments in this direction.

Our work: Assume that g is nonnegative and has at most linear growth, f satisfies a
monotonicity condition in y and has bounded growth z. When X is a strict local martingale,
(BSDE) admits at least two solutions. The first component of one solution is of class D.
Theorem 1.4 shows that there exists another solution whose first component is not of class D and
is strictly larger than the class D solution. These two BSDE solutions induce different viscosity
solutions to (PDE). See Theorem 1.14. On the other hand, when a Lyapunov function exists, X is
a martingale, moreover Theorem 1.16 shows that (PDE) admits a unique viscosity solution in the
class of functions with at most linear growth. Contrast to the existing results on the uniqueness
of viscosity solutions for PDEs with global Lipschitz coefficients, the volatility coefficient of X
is assumed to be only locally Lipschitz continuous.

Multiple solutions of BSDEs have been observed by Bao et al. in [2]. Contrast to their source
of multiplicity, which is the multiple choices of boundary conditions for the associated PDE,
our multiple solutions are induced by the linear growth terminal condition and the strict local
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martingale property of X. When X does not explode to the boundary of its state space, no
boundary condition is needed for (PDE), multiple solutions still exist (see Theorem 1.14).

Even though the generator f is assumed to have bounded growth in z, (BSDE) is related to
some special quadratic BSDEs, whose generator has quadratic growth in z, via the exponential
transform. As a result, explicit multiple solutions to these quadratic BSDEs are constructed in
Example 1.10. We refer readers to [21,9,5] for existence results of solutions to quadratic BSDEs
and [13] for uniqueness results.

The rest of the paper is organized as follows. After notation and definitions are introduced,
we present our main results in Section 1. Several examples are given in this section to illustrate
our results. Multiple BSDE solutions are constructed in Section 2. Existence and uniqueness of
viscosity solutions are proved in Section 3.

1. Main results
1.1. Notation and definitions

Throughout this paper, we fix the probability measure P. Every relationship between random
variables is understood in P-almost sure sense.

For any p > 0,S? denotes the class of real valued, adapted and cadlag process
{Y;; t € [0, T]} such that

1Y llsr = E[ sup |¥;]"]'"V/P < o0,
1€[0,T]
If p>1,|-llsrisanormon S? and if p € (0, 1), (Y,Y") — ||Y — Y’||sr denotes a distance
on S”. Under this metric, S? is complete. We denote S*° the set of adapted bounded processes.
Denote by 7jp,7) the set of all F-stopping time 7 such that 0 < v < T. We call Y belongs to
the class D if the family {Y;; T € 7j,71} is uniformly integrable. Let M? denote the equivalent
class of predictable processes {Z;; t € [0, T']} with values in R4 such that

T p/27 NP
| Z1| mp 3=E|:</0 |ZS|2ds> :| < 400.

For p > 1, M? is a Banach space with this norm, and for p € (0, 1), M? is a complete metric
space with the resulting distance.

The Euclidean norm is denoted as | - | regardless of dimension. Denote B, := {x € Ri Dx] <
LB = {x € (0,00)¢ : x| < r},and S} = {x € (0, 0)¢ : |x| = r} for some r > 0. For
x e R4, xiisits i -component and x = Zflzl x'. For the process X, we denote

d
X=> x.
i=1

Let us recall what we mean by a solution to (BSDE).

Definition 1.1. A solution to (BSDE) is a pair (Y, Z) = {(Y;, Z;) : t € [0, T]} of progressively
measurable processes with values in R x R such that P-a.s. t > Y, is continuous, fOT |Z,2dt <
oo, [ 1£(t, X1, Yy, Z1)| dt < oo, and (BSDE) is satisfied.
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1.2. Existence of BSDE solutions

As in the Introduction, each component of X is a nonnegative local martingale. Hence both
X', 1 <i <d,and X are supermartingales. The terminal function g is continuous, nonnegative,
and

K = s.up{L G]Rd} < 00. (HD)
I+x
Hence 0 < g(x) < K(1 +x) forany x € Ri. Combined with the supermartingale property of
X, (H1) implies g(X7) € L!. Since we focus on only integrable terminal conditions, we do not a
priori assume g(X7) € L? for some p > 1. If the parameters are L -integrable for some p > 1,
existence and uniqueness of solutions in (S”, M?) have been established in [8].

For the generator, we assume that f is jointly continuous in all its variables. Moreover, there

exists a function H : [0, T] x Ry — Ry such that

H is locally bounded on [0, T'] x Ry, (H2.1)
r — H(t, r) is nondecreasing and concave. (H2.i1)

There exist constants v and p such that, for each (¢, x, y, ¥, z,7/) € [0, T] x Ri xR xR x
R? x R4,

|f(t,x,y,2) — ft,x,y,2) <vlz =721, (H3.i)
O =t x,y,2) — ft,x,¥,2) < uly—y)2 (H3.ii)
ft,x,y,2) =20, (H3.iii)
f(t’-xvoa Z) S H(I,E) (H31V)

Remark 1.2. When g and f only depend on some components of X, sums on X; should be taken
only on these components. All results in this paper still hold. For simplicity of presentation, we
assume that both g and f depend nontrivially on all components of X.

Remark 1.3. Since both g and f are nonnegative, one can expect that we are interested to find
solutions with nonnegative first component. Assumptions (H3.ii) and (H3.iv) combined yield that
f, x,y,2) <wuy+ H(t,x) for (t,x,y,z) € [0,T] x Ri x Ry X R4, Hence f has bounded
growth in z. This assumption, together with the assumptions on H, will facilitate the construction
of (BSDE) solutions and imply that their first component is inside the following class.

Let us define a class of continuous adapted processes:

T
C::{Y:OngSC(K(1+§,)+IE[/ H(s, X,)ds
t

}"ti|) for any ¢ € [0, T]} ,

where C = ¢"OT  For a solution (Y, Z) to (BSDE) such that Y e C, Proposition 2.4 shows
that (Y, Z) € (S7, MP) for any p € (0, 1). We are now ready to present the first main result.
Theorem 1.4. Let (H1)—(H3) hold.

(i) There exists a solution (Y Z) to (BSDE) such that Y eC and Y is of class D.
(i) For any other solution (Y Z) to (BSDE) such that Y e C, Yl >Y, foranyt € [0, T].
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Define g(x) .= K(1 4+ x) — g(x). Assume that g satisfies the following assumptions:
2(X.) is a supermartingale on [0, T], (H4.1)
there exists a nondecreasing univariate continuous function G : Ry — R
such thatg(x) < G(x) and lim G(r)/r = 0. (H4.i1)
r—0o0
(iii) Then when X is a strict local martingale on [0, T'], there exists another solution (Y, Z) such

that Y € Cand Y. > K (K, —E[X; |.7-'.]) + Elg(X7) | F.1, but Y is not of class D,
moreover Yy > 70.

Remark 1.5. The existence of different solutions to the same BSDE implies that the comparison
result for BSDE solutions fails in class C. To restore the comparison in C, one can assume

]—'.:|e U s

T
K(1+X) —HE[/ H(s, X,)ds
. p>1

Indeed, this condition yields Y € | p>1 Sy for any Y € C. Then the comparison result for
solutions in class C follows from Proposition 5 in [9]. It should be pointed out that this condition
already excludes strict local martingales X.

Remark 1.6. The solution whose first component is of class D is unique, if the following
additional assumption on f is satisfied: there exist two constants y > 0 and 8 € (0, 1) such
that

|f(t,x,9,2) — ft,x, 9,00 < y(uy+ H(t, x)P,
for all (¢, x, y,z) € [0, T] x R‘_{_ x Ry x RY,

This follows from Theorem 6.2 in [8]. Note that the above assumption is trivially satisfied if f
does not depend on z.

It has been observed in [15] that linear (PDE) admits an uncountable family of different
solutions when X is a strict local martingale. This translates to an uncountable family of different
solutions to the associated BSDE which has zero generator. This phenomenon can be extended
to BSDEs with nonzero generators as follows.

Corollary 1.7. Let (H1)-(H4) hold. Assume that f is Lipschitz in y and does not depend on
z. Then (BSDE) admits a family of solutions (Y%, Z*)gec[0,1] With Y%, z% = (Y,Z) and
', zY = (v, Z), moreover {Y* Yael0,1] is nondecreasing sequence in C such that {Yg }ac(0,1]
is strictly increasing.

Let us now illustrate Theorem 1.4 in the following three examples. The first example gives a
class of terminal conditions which satisfy (H4). This class contains call option payoffs in financial
applications. In the second example, solutions ¥ and Y are constructed explicitly when the
generator vanishes. The third example presents multiple solutions to a quadratic BSDE. BSDEs
in last two examples actually admit uncountable families of different solutions because their
generators satisfy assumptions in the previous corollary.

Example 1.8 (Assumption (H4)). Assumptions (H4.i) and (H4.ii) hold when g(x) = G(x) for a
convex univariate function G : Ry — Ry such that lim, o G(r)/r = K.
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Indeed, r — g(r) == K(1 + r) — G(r) is a nonnegative nondecreasing concave function,
moreover lim, o, g(r)/r = 0. Let 7,, := inf{t >0:X; ¢E A T for n > 0. This sequence
of stopping times localizes each component of X and also X. Moreover lim, ., 7, = T. It then
follows from Fatou’s lemma and the concavity of g that

E[7X) | A] =E[ lim 3X,..,) | 7]
liminfE [g(X, ;) | Fu] < liminfg (E[X,,,, | F.])

IA

= liminfg(X, ) =8(X,), for0<u=r=T.
Hence (H4) is satisfied in this case.
Example 1.9 (Zero Generator). Let (H1) and (H4) hold. When the generator f vanishes,
Y. =E[g(Xr) | F] and Y =K (X —E[X;|F])+E[gXr)|Fl

(HI) yields that Y. < K(X. — E[X; | F]) + K(1 + E[X; | F.]) = K(1 + X)). Therefore both
Y and Y are in C. When X is a strict local martingale on [0, T'], it is clear that Yo = E[g(X7)] <
KX, —E[X;]) +E[g(XT)] = Yo. Moreover Y is of class D, but Y is not.

Example 1.10 (A BSDE with Quadratic Growth in 7). Consider the following BSDE:

T 1 T
P =log Xy +/ <as + §|Qs|2) ds _/ Qs d By, (1.1)
t t

where « is a nonnegative bounded process. Define (Y, Z) = (e”, e” Q). It satisfies

T T
Y, =X, +/ oYy ds —/ Z, dB,. (1.2)
t t

The previous BSDE satisfies (H1)—(H3). When X is a strict local martingale, (1.2) admits two
different solutions, so is (1.1).

In [13], the uniqueness of solutions to BSDEs with quadratic growth in z is proved among
solutions whose first component Y satisfies

. _
E [eysupOSfSTPf + e€SuPo=i=r Py ] < 00, forsomey > lande >0,

where PT and P~ are positive and negative parts of P. In this example, the additional solution
(P, Q), associated to (Y, Z) in Theorem 1.4, is outside the previous class. Indeed, it follows from
Theorem 1.4(iii) that e” > X. Then P > logmax{X, 1}, hence

E[ermesr 7] > Bl sup max(X/,1)]= E[ sup X
0<t<T 0<t<T

where the right-hand-side is infinity for any y > 1 when X is a strict local martingale.

1.3. Existence and uniqueness of viscosity solutions to a quasi-linear PDE

Let us now specify a Markovian dynamics of X and study the quasi-linear PDE associated to
(BSDE). Assume that o : (0, oo)d — R4 jg locally Lipschitz in (0, oo)d, i.e., for any compact
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domain D C (0, c0)¢, there exists a constant L such that |o(x) — o (y)| < Lp|x — y| for any
x,y € D. We consider the following SDE:

d
dXi =Y 0ij(X,)dB], Xo=xe€ 0,00 i=1,....,d. (1.3)
j=1
It is well know that (1.3) admits a unique strong solution X* up to its explosion time ¢. Let
{Dy}n>0 be a sequence of bounded open domains suc_h that D, C Dpy41 forn > 0, and
Up>0 Dn = (0, 00)?. Define o, =inf{t > 0: X; & D,}. Then { = lim,_, o, . We assume
that

P(¢ = 00) = 1. (HS)

The assumption above implies that (1.3) admits a unique (0, c0)? valued strong solution {X Pl
t > 0}. We denote by L := %Tr(ao’ V?) its infinitesimal generator.

Since components of X* are continuous supermartingales, { = o3,. Here o, = inf{t > 0 :
X; € O} where O == {x € Rﬁ :x;i = 0forsomei € {1,...,d}} is the face of the first orthant.
Therefore (HS) is equivalent to o, = 0o, hence X* never reaches the boundaries of its state
space in finite time. As a result no boundary condition is needed for (PDE). Still Theorem 1.14
shows that (PDE) admits multiple solutions. We refer readers to [6] for a detailed discussion on
boundary conditions in stochastic volatility models where the volatility process can reach the
boundary of its state space.

Remark 1.11. There are several ways to check whether o is almost surely infinite.

First, if there exists a Lyapunov function ¥ on (0, oo)d such that lim,_,x ¥(x) = oo for any
X € O and a positive constant A such that £ ¥ (x) < A ¥(x) for any x € (0, 00)?, then ol = 00
(see Theorem 6.7.1 in [26]). Second, if o;;(-) is continuously differentiable in [0, 00)4, the
matrix oo’ degenerates on O, and the so called Fichera drifts f; (x) = —% Z?: 1 0x;(00")j (x)
are nonnegative on {x; = 0}, foreachi = 1,...,d, then o}, = oo (see Theorem 9.4.1 and
Corollary 9.4.2 in [18]). Third, if 0;j (x) = x's;; (x) for some matrix s, then Z = log X' satisfies
dzi = -3 Y9 s} (%) dt+ Y I_, sij(e?) dB], where e? = (¢7', ... ¢Z"). Since | X| does
not explode to infinity in finite time, then X does not hit O in finite time if and only if | Z| does not
explode to infinity in finite time. Then any sufficient condition which ensures the nonexplosion
of Z implies 0, = oo. For example, Khasminskii provided such a sufficient condition (see e.g.
Theorem 52.1 in [30, Chap. V]). In 1 dimension, o, = 0o can be identified via Feller’s test.

Since no growth assumption is imposed on o, X can be strict local martingale. The following
are some examples.

Example 1.12.

(i) If there exists some component of X, say X i, such that d X! = 0;; (X!)d B! where o # 0 on
(0, 0c0) and floo r/al% (r)dr < oo, then X', hence X, is a strict local martingale (see [14]).
(i1) Suppose that X has the following dynamics

dx! =x!x?daB}, dX? = X? (,odB} +4/1 —p2d33>.

Then X!, hence X, is a strict local martingale if and only if p > 0 (see [32]).
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(iii) A large class of multi-variate local martingales X is provided in stochastic portfolio theory,
where X models the deflated stock prices. When the market price of risk exists and there is
arbitrage relative to the market, X is a strict local martingale (see Section 6 in [17] for more
details).

After the dynamics of X is introduced, let us consider (PDE) associated to (BSDE). The
following definition of viscosity solutions follows from [3]. For a function u# defined on
[0, T x (0, 00)¢, we denote by u* (resp. uy) the upper- (resp. lower-) semicontinuous envelope
of u: for all (¢, x) € [0, T] x (0, 00),

u*(t, x) = lim sup u(t',x’) and
[0,T]x(0,00)43(t',x")— (t,x)

u(t, x) == lim inf u(t', x).
[0,71% (0,003 (¢, x") = (tx)

Definition 1.13 (Viscosity Solution).

e u is called a viscosity subsolution of (PDE) if u* < oo on [0, T] x (0, oo)d and if for any
¢ € C12((0,T) x (0,00)%) and (¢, x) € (0, T) x (0, 00)?, such that 0 = (u* — ¢)(¢, x) >
u* — )@, %) forany (7, %) € (0, T) x (0, 00)%,

—0,¢0 — Lo — f(t,x,u",Vpo) <O.

Moreover, u*(T, x) < g(x) for x € (0, c0)?.
e The viscosity supersolution is defined similarly using u..
e u is called a viscosity solution of (PDE) if it is both viscosity sub- and supersolution.

In what follows viscosity solutions of (PDE) are constructed via solutions of (BSDE). Since
there are multiple solutions of (BSDE), (PDE) also admits multiple viscosity solutions. For a
fixed t € [0, T], under assumptions of Theorem 1.4, the BSDE

T—t T—t
Ys:g(x/;"ft)'i‘/ f(u—{—t,X;, Yuvzu)du_/ Z,dBs,
s s
s €[0, T —1t], (1.4)

admits two solutions which are denoted by (J"*, Z**) and @”x, ?I’x). Define B! := B(;_;+

and X;* == Xz‘s i+ for s € [0, T]. Then B’ is a Brownian motion in its own natural filtration

and X" is the unique strong solution to
dX'"* = o(X"*)dB!, XM =x. (1.5)

Define (Y!*, ZLY) = (yg;{,)+, s> Z4%,), and (YZ’X, 7?) similarly, for s € [0, T]. Now two
deterministic functions can be defined:

w(t,x) =Y/ =" and @, x) =Y, =Yg,
for (¢, x) € [0, T] x (0, 00)“. (1.6)
It is immediate from Theorem 1.4(iii) that

u(t,x) > u(t,x), for(r,x)€[0,T) x (0, 00).



2274 H. Xing / Stochastic Processes and their Applications 122 (2012) 2265-2291

Before we state that both u and u are viscosity solutions to (PDE), we impose some additional
assumptions. First, there exists a constant K such that

H(s,r) = K(1+r) for(s,r) €0, T] x (0, 0). (H6)

This assumption implies that both u(z, x) and u(#, x) are bounded from above by C(1 + x) on
[0, T] x (O, oo)d , where C is a constant depending on u, K, K, and T. Additionally,

d
> (@a)ij(x)viv; > 0, forx € (0, 00)¢ and v € R \ {0}. (H7)
ij
Denote
¥ i=infls > 0: X' ¢B,}AT.

Since X* does not reach O in finite time, X.» € S} when 7,/ < T. Assumption (H7) implies that

points on S are regular, i.e., T} = 0 for any x € S; (see Theorem 2.3.3 in [26]). This property

will help us construct sequences of continuous functions which approximate u and u from below.
Now we are ready to present the existence and uniqueness results for (PDE).

Theorem 1.14 (Existence). Suppose that (H1)—(H7) hold. Then (PDE) admits two different
viscosity solutions u and u. Both of them are nonnegative and bounded from above by C(1 + x),
where C depends on u, K, K, and T. But u(t, x) > u(t, x) for (¢t,x) € [0, T) x (0, oo)d.

Remark 1.15. Both u and & are constructed via limits of increasing sequences of continuous
functions. Therefore they are lower semi-continuous. When (PDE) is linear, the continuity of u
and u can be proved via the Schauder interior estimate (see [15]). When (PDE) is quasi-linear
and the comparison result holds between viscosity super- and sub- solutions, ¥ = u and they
are continuous. A sufficient condition for the comparison result, hence the uniqueness result for
(PDE), is provided in Theorem 1.16.

To obtain the comparison result for (PDE), we need some additional assumptions: for any
R > 0, there exists a function m g such that lim, ,ompg(r) = 0 and

lf(t,x,y,2) — f(t,x', y,2)| <mp(lx —x'|(1 + |z]))
fort € [0, T1, x|, |x], |y] < Rand z € RY. (H8)

Additionally, we replace (H3.i) and (H3.ii) with

|f(tx,y,2) = ft,x,y,2) < b(x)lz — 7|, (H3'.i)
|f(f,x’y,2)_f(t»xyy/’z)|§M|y_y/|’ (H3/11)

fort,x,y,y, 2,2 €[0, T1x (0, 00)? x Ry x Ry x R x RY. Here b(-) is a bounded continuous
function and p is positive. We denote Assumptions (H3'.i), (H3'.ii), (H3.iii), (H3.iv) collectively
as (H3').

As usual the uniqueness result follows from a comparison result. However, Theorem 1.14
implies that the comparison result between viscosity super- and subsolutions fails when X is a
strict local martingale. To restore it, we assume the existence of a Lyapunov function ¥, which
ensures the martingale property of X.
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Theorem 1.16 (Comparison). Suppose that (H1), (H2), (H3'), (H4)—(H8) hold. Moreover; there
exists a strict positive function ¥ : (0, 00)¢ — (0, 00) and a positive constant A such that

LU(x) <A1+ ¥(x)), forx e (0,00), (H9.1)
lim U(x) = o0, (H9.ii)

(0,00)?5x—>x€O

forany M > 0, there exists R such that ¥(x)/x > M for all x withx > R, (H9.1i1)

c¥(x)=bx)|VU¥x)o(x)|, forsome constant c and all x € (0, oo)d. (H9.iv)

Then for any nonnegative subsolution u and supersolution v which are both of at most linear
growth in their spatial variables,

u(t,x) <v(t,x), for(t,x)el0,T]x (0, o00).

Remark 1.17. As we have seen in Remark 1.11, (H9.i) and (H9.ii) combined implies that X
never reaches O in finite time. On the other hand, (H9.i) and (H9.iii) ensure the martingale
property of X. The reason is the following. (H9.i) deduces that E[ ¥ (X{; )] < ¥ (x)+A [5 (1+
E[W(Xfl’f,n)]) du. By Gronwall’s inequality, the previous inequality yields E[W(X;frn)] <
(¥ (x) + As)e™ = M which is a constant independent of n. Now take any € > 0, according to
(H9.iii), there exists sufficiently large R such that @ > % for any x such that x > R. Then

€ €
E [g’f,nﬂ{ﬁmz,e}] < E [mx;fﬁ)ﬂ{ﬁmzm] <M_=c foranyn.
Hence {X?fftn }n>0 is a uniformly integrable family. This implies that X"*, hence X'*, is a
martingale.

Assumption (H9.iv) represents a balance between the growth restriction on o and the
generator’s dependence on z. Intuitively, the more restriction we put on the growth of o, the
wider class of generators Theorem 1.16 covers. Let us illustrate this point using the following
examples.

Example 1.18 (o has at most Linear Growth). When |o (x)| < C(1 4 |x|) for some constant
C and all x, b(-) can be any bounded function, ¥ can be chosen as 1 + |x|2 (another function
depending on the behavior of o near O needs to be added to ¥ so that (H9.ii) holds). One can
check that (H9.1), (H9.iii) and (H9.iv) are satisfied. Therefore Theorem 1.16 holds for generators
which are Lipschitz in z and has bounded growth in z. In this case, the comparison result actually

Allog |x|1?

holds in the class of functions such that limy| oo |u(2, x)|e™ = 0 for some A > 0

(see [4)).

Example 1.19 (No Growth Constraint on o). If we know that X is a martingale, but no other
information on the growth of o, Theorem 1.16 covers the case where the generator does not
depend on z (hence b = 0). In fact, Assumption (H9) is sharp in 1 dimension: if X is a 1-
dimensional strict positive martingale, then there exists ¥ which satisfies all conditions in (H9).
Hence under other assumptions in Theorem 1.16, the comparison holds among at most linear
growth super- and subsolutions if and only if X is a strict positive martingale.

To construct ¥, let us consider ¥((x) = 2 f cx dy f cy J;I(ZZ) for some ¢ > 0. It follows from
Feller’s test that X does not reach O in finite time if and only if lim, o ¥1(x) = o0o. On

the other hand, X is a martingale if and only if fcoo az’zx)dx = 00 (see [14]). Then consider
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U(x) = x + [Fdy [} F-dz. We set ¥ = ¥ + ¥,. (H9.ii) and (H9.iv) clearly hold;

02(z)
(H9.iii) follows from the fact that limy_, oo P2 (x)/x = limy_ o %(x) = 00; (H9.i) follows
from LV =1and LU, < ¥,/2.

Example 1.20 (o has Superlinear Growth but X is still a Martingale). Consider the 1-

dimensional SDE dX; = o(X;)dB, where o (x) = {i@ :fif; One can check that o is
locally Lipschitz in (0, co) and the solution X does not reach 0 in finite time, because X is a

Geometric Brownian motion when X < e. On the other hand, since feoo P 1’:) gxdx = 00, X is

ifx <e

ifx > ¢ We will show in the next paragraph

a martingale (see [14]). Consider b(x) =
x4/logx

that ¥ exists and (H9) is satisfied. Then Theorem 1.16 holds in this case, where the generator
may depend on z nontrivially.
Let us set

1 * Yooz
W(x):——f-x—f-/ dy/ z—dz.
X e e 0°(2)

Clearly (H9.ii) holds and so does (H9.iii), which follows from the same argument as in the last
example. Now we are going to verify (H9.i) and (H9.iv). First,

1 1

1, —+§x ifx <e

- " _ X

20 )P (x) = log x 1 ' < ¥(x).
+§x ifx >e

X
Then (H9.1) holds. Second,

—+2x —xlogx ifx <e
b(x)| ¥ (x)|o(x) < < C¥(x),

e <—2 +1 +loglogx) ifx >e
X

where the second inequality holds for sufficiently large C because lim,oxlogx = 0 and

[ loglog ydy

limy— 00 loglog x

= oo from 1’Hopital rule. Hence (H9.iv) is also verified.

2. Construction of multiple solutions to (BSDE)

Let us first discuss the construction of (Y, Z) and (7, 7) intuitively. Recall 7, = inf{s > 0 :
Xy & By} AT forn > 0. The supermartingale property of X implies that {z, = T’} increases to {2
as n — 00. Moreover, the stopped processes X..r, and X ,, are martingales. Given a sequence
of random variables &, € F,, we consider the following sequence of BSDEs:

T T
Y =¢§, +/ Tis<ry f (s, X, Y, ZY) ds — / Z7dB,, foreachn > 0. 2.1
t t

To approximate (BSDE), we choose two different sequences of terminal conditions for the
previous BSDE:

£ = g(Xy,) and &, = g.(Xq,), 2.2
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where g,(x) := g(x)h,(x) and h,(-) is a continuous function such that 0 < h, < 1 and
hp,(x) = {(1) i;gz". Since g is bounded on E both &, and én are bounded. Then under

Assumptions (H3.i) and (H3.ii), (2.1) admits a solution: (Y, Z") when the terminal condition is
£,: (Y",Z") when the terminal condition is &,. Both these solutions are also unique inside the
class (S°°, M?). See e.g. Theorem 2.2 and Proposition 2.2 in [22].

Notice that En = gn(X7)fz,=1}- Both {&,},>0 and {En}nzo converge to g(Xr) in probability
as n — oo. This convergence motivates us to construct ¥ and Y via limits of {Y "}u=0 and
{7" }n>0, respectively. It is important to note that the convergence of {&,},>0 and {En Jn>0 18
in probability, not necessarily in expectation. This allows that {Y"},>¢ and {7”},20 eventually
converge to different solutions. To make this idea rigorous, we will employ a localization
argument in [9] and then apply the monotone stability result for solutions of BSDE in [21].
Before carrying out these steps, let us prepare the following two lemmas.

Lemma 2.1. Let (H1), (H2), (H3.i)—(H3.iii) hold. Then

Y ST fortelo, Tl

If (H4.1) also holds,

Y >yt fort €0, 5l
P_roof. Recall §n = gn(X7)liz,=7). Since both {g,},>0 and {7,},>0 are nondecreasing, then
{€,,}n>0 is also nondecreasing. On the other hand, [{s<¢,} f < [{s<q,,,} f since f is nonnegative.
Therefore the first statement follows from the comparison theorem (see e.g. Theorem 2.4 in [22])

directly.
To prove the second statement, we first show

E &1 | Fr, ] = &0 (2.3)

Indeed, this follows from

Efgi1 1 7] = K (14 EIX, | ) —E[§(Xq,) | ]
> K(1+X,) - 2(Xs,) = &,
where the inequality uses (H4.i) and the martingale property of X Tl A Now consider the
following BSDE:
Yl =g, +/ ]I{Sgn}f(s,Xs,YS"H,Z;’H)ds—/ VASRE): N (2.4)
t '

It admits a unique solution (17”“, Z”‘H) e (8%, M?). Since 1, < Tp+1 and f > 0, the
comparison theorem implies that

Y/ =y forr €0, T (2.5)

Taking conditional expectation with respect to 7, on both sides of (2.4) gives

T T
Yln+1 = E[éﬂ“rl | ‘7:Tn] + / H{Sffn}f(s’ XS’ YSn+1’ Z:H"l)ds - / Z?+1H{S§fn}dBS’
t t

t € [0, 7]
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Compare the previous BSDE with the one satisfied by Y". The comparison theorem and (2.3)
combined gives

17,"“ >Y! fort €0, 1]
Then the second statement follows after combining the previous inequality with (2.5). [

The following lemma gives a upper bound for Y” and Y"
Lemma 2.2. Let (H3.ii) and (H3.iv) hold. For any n > 0,
T T
e (E [sn + [ Hexas fD <c (E[sn 7+ | H(s,z,)ds),
t t
1 €l0,T],

where C = ¢"VOT  The same statement holds for (7”, &_‘n) as well.

Proof. We only prove the statement for (Y", §,), the same argument applies to the statement for
(Y",&,) as well. Consider the following ODE:

T
o =t [ e (X)) + ugl) ds
t
and define ¢} := E[¢}' | F;]. The solution to the previous ODE is

T
¢f =& fort>1, and ¢ =e“<’"">§n+f ST H (s, X )ds, fort < .
t

It then follows 0 < ¢} < C(§, + flT H(s, X,))ds, which yields

"))

Since r — H (-, r) is concave and nondecreasing,

T
E[/ H(s, X,)ds
t

T
0<d'<C (E[Sn +/ H(s, X;)ds
t

T T
f,}zf E[H(s,&)|}"f]ds§/ H (s, BIX, | F1) ds
t t

T
< / H(s, X,)ds,
t

where the second inequality follows from the supermartingale property of X. Therefore the last
two estimates combined give

T
0<d/=<C (E[Sn | F] +/ H(s,g,)ds).
1

Now the statement follows if we can show
o >Y!", rel0, Tl

To this end, note that (H3.ii) and (H3.iv) imply f (¢, x, y,z) < H(t,x)+uny forany (¢, x, y,2) €
[0, T] x Rfi x R4 x R?. Then the previous claim follows from the same comparison argument
in Lemma 1 of [9]. [

Now we are ready to prove the first main result.
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Proof of Theorem 1.4. The proof is split into several steps.

Step 1: Construction of solutions. We will only present the construction of (Y, Z) from
the limit of {(Y", Z")},>0. The solution (Y, Z) can be similarly constructed via the limit of
{(Y", Z")u=0}. Fix k € N. We stop every (Y”, Z") at i by defining

Yk =y
t

AT

and  Z/"* = Z'<qy.

These stopped processes satisfy the following BSDE:

T T
R f Tis<e (5. X, Y, Z0°6) ds — / Z{"* dB;.
t t
It follows from Lemma 2.1 that {Y"* }n>k 1s a nondecreasing sequence. Moreover {Y "’k}nzk is
bounded uniformly in n. Indeed, Lemma 2.2 and (H1) implies that

T

o<y =y, < (K(l +X, )+ [ HG, _,m)ds> <M, te[0,T]

IATL
Here My, depending on the maximum of H on [0, T] x [min, B X> Max, g x], is a constant
independent of n.

Since {Y”*k}nzk is monotone and uniformly bounded, it follows from Proposition 2.4 in [21]
that {Y ”’k}nzk converges uniformly on [0, T'] to a continuous process ky = lim,_ o Y™* and
{Z"’k}nzk converges to some k7 in M2, such that (*Y,%Z) € (8>, M?) is a solution to the
following BSDE:

T T
kY,=nk+/ s <o) £ (5, xs,st,kzads—/ k7, dBs, (2.6)
t

t
where 1 = lim,_ YT’;{. Note nx = g(X7) when 1, = T. We will use this observation later.
Now coming back to the definition of ¥ n.k and kY, we have
nk+1 _

k+1 . ko k
+ Yipg = hm YtA‘[A = hm Yt/\rk/\TkJrl :nhm Yzm :nlggo vt ="y,
On the other hand, it follows from lim,_s s ]E[fOT Ist — Z;”k|2ds] = 0 that lim,— o

EL [ [¥Zs — Z{¥|? ds] = 0. Similarly, lim,—, o0 E[ [ [**1Z; — Z{**12 ds] = 0. Noticing that
Z8M ey = Z0s<ny = Z0 s <qy, we obtain E[ [ [F+1Z, — ¥ Z |2 ds] = 0. Therefore
we can define Y and Z via

Ying = kY, and Z; = th if t € [0, 7 ].

When 7 = T, since XY is continuous on [0, T], so is Y. Moreover lim,_, 7 ¥; = lim,_, 7 XY, =
Nk = g(Xr) on {rxy = T}. By sending k to infinity and recalling that UkeN{Tk =T} =1, we
deduce that Y is almost surely continuous and lim;_, 7 ¥; = g(X7). On the other hand, from the
definition of Z,

T T
IP(/ |ZS|2ds=oo>=IP’</ |Zs|2ds=oo,tk=T>
0 0
T
+]P’</ |ZS|2ds:oo,rk<T>
0

Tk
< P(/ KZs|?ds = oo) +P(r < T).
0
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The right-hand-side of the previous inequality converges to zero as k — o0o. Therefore
fOT Zf ds < o0o. Now following from (2.6), (Y, Z) satisfies

Tk Tk

Yt/\rk = Yrk + f(S, X5, Ys, Zs) ds _/ ZsdB;.
INTE AT
Sending k to infinity, we conclude that (Y, Z) is a solution to (BSDE).
Step 2: Uniform integrability. From Lemma 2.2,

T
Y, = lim 7:1 <C ( lim E[g,(X7)jg,=1) | F:]+E |:f H(s,X,)ds
n—o0 t

n—o0

d)

}'[:|> , on{r <t} 2.7

T
C<E[g(XT)+/ H(s, X,)ds
t

In the second equality above, for any subsequence of { gn(X T)H{r,1=T}}n>]a there exists a
further subsequence converging to g(Xr) a.s. Hence the conditional expectation converges to
E[g(X7)|F;] along this subsequence via the dominated convergence theorem. It then follows
that the conditional expectation along the entire sequence also converges. Otherwise there exists
a non-convergence subsequence which contradicts with the aforementioned property. Now send
k to infinity, (2.7) holds for ¢ € [0, T]. Therefore, Y is of class D because it is nonnegative and
bounded from above by a uniformly integrable martingale. On the other hand, combined with
(H1), (2.7) also implies Y € C.

Now let us switch our attention to Y. First, since Z" € M?2, fo Z! dB; is a martingale.
Then f > 0 implies that ¥' = E [én —|—ftT Ls<zy f(s, X, Y], ZM)ds | .7-",] > E[&, | F].
The construction of Y then yields

Y; = lim ¥/ > lim E[g(X,) | F:].
n—oo n— o0

In order to derive lim,—, o E [g(X+,) | 7], recall g(x) = K (1+x)—g(x) and g(x) < G(x) from
(H4.ii). Since G is nondecreasing and lim, ., G(r)/r = 0, there exists a function v such that
w(E(r)) <rforr > 0andlimy;o, ¥ (y)/y = oo. Indeed, set Y (y) = inf{r > 0 : E(r) >y}l
is nondecreasing, limy4oo ¥ (¥) = 00, and ¥ (G(r)) < r.On the other hand, since G((y)) > v,
GWy)

vy =
properties on ¥ imply that E[y/ (G (X, ))] < E[X, ] < x for any n. From de la Vallée Poussin
criteria (see Lemma 3 in [31, pp. 190]), the previous inequalities imply that {G (X 1,)In>0, hence
{g(X+,)}n>0, is uniformly integrable. As a result, lim,_, o E[g(X¢,) | ;] = E[g(X71) | F:]. Go
back to the limit of E[g(X,,) | F:],

it follows 0 = limyjeo

> limsupy m Therefore limyyoo ¥ (y)/y = o0. These

lim E[g(Xy,) | £] = K (1+ lim E[X, | £]) - lim E[g(X,) | 7]
=K (1+ lim X, ) ~E[EX7) | )
= K(+X,) ~E[E(X7) | 7]
= K (X, —E[X7 | A1) +E[g(X7) | A1 (2.8)

Now if Y was of class D, X would also be, since E [g(XT) —KX; | ]—".] is already of class D.
However this contradicts with the strict local martingale property of X.
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)
)

where the second inequality holds since g(x) — Kx < K. Therefore Y € C follows from the
previous inequality. . -

Stfp 3: (Y, Z) is the minimal solution. Since ARS M2, it follows frorg tlle definition of ¥"
that {Zﬂ =E [g,, (X1)z,=1) | }}n]. On the other hand, for any solution (Y, Z) to (BSDE) such
thatY € C,

Applying the similar estimate to the upper bound of Y, we obtain

T
Y, <C <K (X, —ElXy | F]) +E [g(XT) +f H(s, X,)ds
t

T
< C<K(1+X,)+E[/ H(s, X,)ds
t

u u
YIA{,, = Lung, +/ H{sf;,,}f(sa XSs YSs Zs)ds _/ Zsﬂ{sfg‘n}dBSs 0 <t<u<T,
t

t

where §,, is chosen as 1nf{t >0:| fO |Z |>du > n}. Since f is nonnegative, the previous BSDE

nges Yt]L{t<§ } > E[ ungy | Fillis<z,y- Sending n — oo and utilizing Fatou’s lemma, we obtain
Y; = E[Y, | 7], hence Y is a supermartingale. As a result,

Yy, = E[Y7 | Py, 1 = Elg(X7) | Fr,1 = Elgn(X7) e, =7} | Fo,] = Y. (2.10)
On the other hand, since YeCandr— H (-, r) is concave and nondecreasing,
T
Y, <C (K(l +X,) +/ H(s,i,)ds) .
t

Therefore Y. Az, € S, which implies Z]I{Agn} € M? (see Proposition 2.2 in [22]).
Now compare the following two BSDE:s:

T T
Y, =Y, +/ Tiy<e,) £ (5, X5, Yo, Zs ) ds —/ Z Tis<0,d Bs,
t t

’“<2

T T
=71 +/ H{sfr,,}f(s7 X, Y5, Zs)ds — / Zs]I{sgrn}st~
t t
Thanks to (2.10), the comparison theorem in (S, M?) (see e.g. Theorem 2.4 in [22]) implies
that
?t 2 7:1! te [09 tﬂ]'

Since the choice _of n is arbitrary, Y, > 7, for ¢t € [0, T'] is then clear.
Step 4: Yy > Y. Let us define

=Y (@ X Y Z) — @ X, Y, Z)) it Y £ Y
O ifY[ZYt,

and the R?- valued process {f;; t € [0, T]} as follows. For 1 < i <d,let Z,(i) be the d-
dimensional vector whose first i components are equal to those of Z; and whose last d — i
components are equal to those of Z;. Then we define for 1 <i < d,

o @2 (Fe X 2N - fu X v 20 ) 227,
"o ifzi =7
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Note that {o; ¢ € [0, T]} and {B;; t € [0, T]} are both progressively measurable, o; < u, and
|B:| < v from (H3.i) and (H3.ii).

For0 <t < u < T, define I}, := exp( v (as - %|,8S|2) ds + [ ﬂs’dBS), Then
Vrs 20) = (Y = Y1, Z; — Zy) satisfies

Vi = [V — f [,.0(Z, + Y, 8))dB. @.11)
t

Set & = inf{t > 0: [ IG5 | Zu + Vup|*du = n}. We have from (2.11) that
Vilii<e,y = E 1 ung, Vung, | Filljr<g,)-

Since both Y and Y are continuous processes, moreover Y; > Y, > 0fort € [0, T] from Step 3,
we have P(); > Oforall7 € [0, T]) = 1. Therefore V.., > 0 for any n > 0. It then follows

from Fatou’s lemma that
Vi = ningo Bl uneyVure, | Fillp<e,y = Bl uVu | Fl

As aresult, {9 ,)s; t € [0, T]} is a nonnegative super martingale.

Now if Yy = Yo — Yo = O, then ), = 0 for any t € [0, T], which implies that
P, = Oforallt € [0,T]) = 1. However, this contradicts with the fact that Y is of class
DbutYisnot. [

Proof of Corollary 1.7. Consider {£7 }4¢[0,1],n>1 Where & = (1 —a)g,(X4,) +ag(Xy,). Since
en(Xy,) = gn(X1)z,=1y < g(X4,), then {§F}qaef0,1] is nondecreasing. It is also clear that
é,? = £, and E,} = &,. Consider (2.1) whose terminal condition is replaced by £. We denote its
solution by (Y%, Z™"%), Walking through Lemma 2.1 and Step 1 in Theorem 1.4, we obtain a
sequence of (BSDE) solutions (Y%, Z%)qe0,1] such that {Y*}y¢(0,1] is nondecreasing. it is also
clear that (Y°, Z% = (Y, Z) and (Y}, Z1) = (¥, 2).

In this paragraph, we will show {Y{'}aco,1 is strictly increasing. Forany 0 < o < o’ < 1,

applying the argument in Step 4 of Theorem 1.4 to Y% and Y no' e obtain
Vo = E[lo.4,Y5] = CLEIYV;, 1 = Cu(e’ — @)E[g(Xy,) — gn(Xy,)], (2.12)

where Y = Y% — yne and Iz, = C,, =t exp(—uT) because f(z, x, y, z) does not depend
on z and is Lipschitz in y with some Lipschitz constant w. Sending n — o0 in (2.12), and
utilizing arguments in Step 2 of Theorem 1.4, we obtain

Y¢ - ¥¢ = Cule' — K (Xy — E[X7]) > 0,
since X is a nonnegative strict local martingale. This confirms the claim. [J

In the rest of this section, we will prove that any solution, whose first component is in C, is
inside the class (S”, MP) for any p € (0, 1). Let us first recall the following version of Doob’s
inequality.

Lemma 2.3. If L is a 1-dimensional nonnegative local martingale, then

E[ sup L{] <

T Lg, forany p € (0, 1).
0<t<T p
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Proof. Being a nonnegative local martingale implies that L is a supermartingale. It then follows
from Doob’s second submartingale inequality (see Theorem 1.3.8 in [20]) that

YP( inf (—Ly) < -y) < E[(~=L7)"] = E[-Lo] = Lo.

Denote Ly = supy<, <7 Ly, it then follows

p

o0 o0 L
E[Li’]ZE[/O H{L*>y}py”‘1dy}§/0 min{l,Lo/y}pyp‘ldy=ﬁ~ O

Proposition 2.4. For any solution (Y, Z) to (BSDE) such that Y € C, (Y, Z) € (S?, MP) for

any p € (0, 1).
p
1)

for some constant C, (2.13)

Proof. It follows from Y € C that

d T
sup Y/ < c(1+z sup (X)? 4+ sup ]E[/O H(s,X,)ds

0<t<T i=1 0<t<T 0<t<T

where the inequality (a + b)? < a” + bP forany a,b > 0 and p € (0, 1) is used. Recall from
Lemma 6.1 in [8] that any 1-dimensional martingale {M,; ¢ € [0, T]} satisfies

1
E[ sup |M;]"] <
0<t<T l1—p

E[|Mr|]?, forany p € (0, 1).

Then the previous inequality, Lemma 2.3, and (2.13) combined imply that

C d ) T P
E[ sup Y;"] <— (|14 Z(XB)P +E [/ H(s,&)ds] < 400,
0<t<T 1 - P i=1 0
forany p € (0, 1).
Now recall Lemma 3.1 in [8]. We have from the previous inequality that Z € MP? for any
pe@© 1. O
3. Viscosity solutions to (PDE)
3.1. A parabolic boundary value problem

To show that u and u, defined in (1.6), are viscosity solutions to (PDE), we need some
prep;aration first. Given ¢t € [0, T], a domain B, for some r > 0, and a continuous function
h : B, — R, we consider the BSDE

T—t T—t
Vs = h(X700) +/ Loty fu 1, X5, Vo 24) du — f Z,dBy, 3.1
N N
where t"* = inf{s > 0: X} ¢ B,} A (T —1). Since h(X7, ) is bounded, the previous BSDE

admits a unique solution (V'*, Z/%) € (8§, M?). Define (Y5, ZL") = (y(’;{ o> s> 207,
They are the unique solution of

T T
Yo =h(X5M) + / Ty <u<oty f(uy X5, Yo, Zy) du — / Z,dB!, (3.2)
s s
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where 0% = inf{s > 1 : Xi* & B,} A T. Now set
. t,x t,x d
w(t, x) == Yi* =Y, for (1, x) € [0, T] x (0, 00)?. (3.3)

Since S is regular, o"* = ¢ for x € Sf, hence w(t, x) = h(x) when x € (0,00)? \ BF. We
claim that

w(s, X)) = Y9N = yir = Y fors e [, 0" (3.4)

s—t

e
Only the second identity needs a proof. Observe that X j’X" = X" It follows from the pathwise

uniqueness for (1.5) that P(XZ’XQX = X" for any u € [s, T]) = 1. Then this yields o8 X =
o' for s < o'*. The second identity then follows from the uniqueness of solutions to (3.2).

In what follows, we will prove that w is continuous viscosity solution of the following
boundary value problem:

—ow—Lw— f(t,x,w,Vwo) =0, (t,x)e0,T)x ]B;",

3.5
w(t,x) =hkx), (,x)e0,T]x S:r UT x IB%;'F. 3-5)

Here no boundary condition is needed on O because (H5) implies that X"* never reaches O
before T. Let us define what we mean by a continuous viscosity solution of (3.5).

Definition 3.1. A continuous function w : [0, T'] x ﬁ — R is called a continuous viscosity
subsolution (resp. supersolution), if for any (¢, x) € (0,T) x @, ¢ € CL2((0, T) x (0, 00))
such that (z, x) is the local maximum (resp. minimum) of w — ¢, then

—op — Lop — f(t,x,w, Vo) <O0(esp. >0), if(t,x)e (0,T)x ]B%:r,

min{—09d;¢ — Lo — f(t,x,w, Vo), w,x)—h(x)} <0, if(,x)e0,T)x S;",

(resp. max {0;¢p — L — f(t,x,w, Vo), w(t,x)—h(x)} >0)

w(T, x) < h(x) (resp. w(T, x) > h(x)).

A continuous function w is said to be a continuous viscosity function if it is both viscosity sub-
and supersolution.

Since points on S} are regular, the following result can be viewed as the parabolic analogue
of Proposition 6.3 and Theorem 6.5 in [12], where a similar result has been proved for an elliptic
boundary value problem.

Proposition 3.2. Suppose that (H3.1))—(H3.iii), (HS) and (H7) hold. Then w is a continuous
viscosity solution to (3.5).

3.2. Existence of viscosity solutions of (PDE)

Now choosing different 4 in (3.1) and (3.2), we can construct approximating sequences for
u and u. For each n, choose r = n, we rename w in (3.3) as u, when h = g, and u, when
h = gu. Both u, and u, are defined on [0, T'] x (0, 00)?. Solutions to (3.1) and (3.2) are

—n,t,x —=n,t,x
)

denoted as (Y™, Z5¥) and (Y™'¥, Z""*) respectively when h = g; and (7, Z
and (Y""", 70" respectively when & = g,. Then u,(t,x) = Y/""* = yg”’x, for (t,x) €

n,t,Xx
[0, T] x (O, oo)d, and a similar identity holds for u;, as well. Note that IB%;“ increases to (0, oo)d
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as n — 00, it follows from the definition of u and u in (1.6) and the construction of Y"** and
""" in (1.4) and Theorem 1.4 that

P lim un(r,x) =1 lim Yo' = V" = u(.x), for (r.x) € [0, T] x (0, 00)",
n— n—

where the second identity holds for + = T thanks to 1 lim,_ o g,(x) = g(x). A similar
statement holds for %, and u as well. On the other hand, Proposition 3.2 implies that u,, (resp.
uy) is a continuous viscosity solution to the boundary value problem (3.5) when the boundary
condition is g (resp. gn)-

Before using {u,},>0 and {u,},>0 to prove that both u and u solves (PDE) in the viscosity
sense defined in Definition 1.1, we recall half-relaxed upper and lower limits of {u,},>0:

uY(t,x) == limsup {um(t’,x’) cm>n, (', x") € 0, T) x (0, 0)¢, and

n—o00

=t + 1 = x| < 1/},
ul(t,x) = liminf{um(t’,x’) cm>n,(t,x") e (0,T) x (0, 00)?, and
n—oo

|r’—z|+|x’—x|§1/n}.

The half-relaxed upper and lower limits #¥ and u” are defined analogously for {7, },>0.
Since {u,},>0 is a nondecreasing sequence of continuous functions, the following orders
among u, uY, ul, u* and u, hold. The same order also holds for functions associated to u as

well.
Lemma 3.3. For any (1, x) € [0, T] x (0, 00)?,

u(t, x) = ul(t,x) = us(t, x) < u*@t,x) = u?@, x).

Proof. This relationship has been applied in [27]. But no reference or proof is given there. For
the reader’s convenience, we present a short proof here.

u = u,: Since u is the supremum of continuous functions {u, },>0, u is lower-semicontinuous.
Recall that u, is the largest lower-semicontinuous function dominated by u. Hence u = u,.

u’ < u: Since u is lower-semicontinuous, there exists a sequence (f,, x,) € Bi.x»(1/n)
such that lim, oo u(t,, x,) = u(t,x). Here By (r) = {(t/,x") € (0,T) x (0, o00)d
|t" —t| 4+ |x" — x| < r}. Since {un},>0 is nondecreasing,

inf um(t/v X/) < uy(ty, Xp) < u(ty, Xp).
', x")eB( x)(1/n);m>n

The claim then follows from sending n — oo in the previous inequalities.

ut > u:Foranyn > N > 0,

ub(t,x) > inf um(t', x') > un (', x),

(t',x")€B(t,x)(1/n);m=n (t’,X’)elBa,x)(l/n)
where the second inequality holds since {u,},>0 is nondecreasing. Now, sending n — oo and
using the continuity of uy, we obtain from the previous inequalities that uL(t, x) > un(t, x).
The claim then follows after sending N — oo.

uY < u*: Let (t,, x,) be a sequence converging to (z, x) such that lim,_ o u, (t;, Xp) =
uY (@, x). Since {un}n>0 is a nondecreasing sequence, uy, (t,, x,) < u(ty, x,). Sending n — oo,
the claim follows from the upper semicontinuity of u*.
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u* < uY: For any € > 0, these exists a sufficiently large N, such that

e+u¥ (@, x) > sup un(t', x") = u, (7, %),
(', x")e€B( x)(1/N);n>N
forany n > N and (f, ¥) € B (1/n).

Since {u,},>0 is nondecreasing, the previous inequality yields € + u¥ @, x) > ut, ). Now the
claim follows from first sending n — cothene — 0. [

From the previous lemma and the definition of u, we have u™(T, x) > uy (T, x) = u(T, x) =
g(x) for any x € (0, c0)¢. In what follows, we will prove the converse inequality. The same
statement holds for z* as well.

Lemma 3.4. Let (H1)—(H7) hold. Then u*(T, x) < g(x) for x € (0, 00)4.

Proof. It suffices to prove the statement for uY, since u? = u*. Take any sequence {(f,, x,)}n>0

converging to (T, x). Without loss of generality, we can assume all x, € D for a bounded domain
D C (0, 00)? containing x. Recall that u,, (f,, x,) = yg”’"’xn, where (™, Z™) € (8%, M?)
(the superscript (#,, x,) is omitted for simplicity of notation) is the unique solution of the
following BSDE:

T—t, T—t,
V= g (X ) + f Ly <ipoony S b, X3 D50 230 dt f 20 dB,,
s s

Tin
where T = inf{u > 0 : X" ZBn} A (T —ty). Choosing s = 0 and taking expectation in the
last equation, we obtain
Vo' =E [gm(X:?n.x,, )] +E [/ fu+ty, X3m, Y0, Zi) du:| . 3.6)
m 0

Let us estimate individual terms on the right hand side of the previous identity. Assumptions
(H3), (H6) and Lemma 2.2 combined implies that
0= flutn, Xy, Vi 20 < KU+ X0 + 0y < CA+ X0,

where C is a constant depending on K, K , i, T, but not n and m. As a result,

In,Xn

Tﬂl
lim E[f F+ ty, X5, ;n,zy)du]
0

n—>0oo
T—t,
< lim Cf 1+E[§jj”]du§ lim C(T —t,)(1 +x,) =0,
n—oo 0 n—oo —_—

where the second inequality follows from the supermartingale property of X*. On the other
hand,

Egn(X%.0] = E[eX%.0] = K (1+EX3,.,1) - B [7X5,.,)]

n
m

K(+x) —E[3X%.0]. (3.7)

m

Recall that coefficients in (1.3) is locally Lipschitz. It then follows from the continuity of
stochastic flow (see Theorem 5.38 in [28]) that P — lim,,_, SUPsc(0.7] | X5 — X{| = 0. As
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a result,

X5 — X1 < sup |X§" — XT|+ X7

X
Ty

— x| — 0 under P,

In,xn

s€[0,T] "

as n — 00. Going back to (3.7), we have from Fatou’s lemma that
limsup E [gm (X )] K(1+x)— liminf E [g(xx;’n,xn )]
m>n,n— 00 Tm m>n,n— 00 T
K(l+x) —gx) =g).

Therefore, we conclude from (3.6) that imsup,,, ., oo #m (tn, Xn) < g(x). The statement then
follows since the choice of (#,, x,),>0 is arbitrary. [J

IA

IA

Let D Cc R? be locally compact and Dr = (0,T) x D. We recall parabolic semijets
P2* from [11]. The proof of Theorem 1.14 needs the following stability property of parabolic
semijets. This result is a straight forward extension of Proposition 4.2 in [11] to its parabolic
analogue.

Lemma 3.5. Let v be a upper semi-continuous function on D, (t,z) € Dr, and (a, p, W) €
P2Fu(t, z). Suppose also that v, is a sequence of upper semi-continuous functions on Dt such
that

(1) there exists (t,, x,) € Dt such that (t,,, x,, v, (ty, xn)) — (t, 2z, v(t, 2)),
(ii) if (Sn, zn) € D7 and (sp, 2,) — (5, x) € Dr, then limsup,,_, o, Vu(Sy, 21) < v(s, X).

Then there exists (fy, £,) € D1, (an, pp, Wn) € P> v, (fy, Xn) such that

(tna }2}’[7 Un(tn’ -ﬁn)vana an Wn) i (t7 2, U(t, Z)a a, pv W)

Now we are ready to prove that both u and u are viscosity solutions to (PDE).

Proof of Theorem 1.14. We have already seen u(z, x) > u(t, x) for (¢, x) € [0, T) x (0, 00)?. It
only remains to show that both u and & are viscosity solutions of at most linear growth. We will
only prove the statement for . The statement for u can be proved similarly. First, Theorem 1.14
and (H6) combined implies that u(z, x) = yf)’x < C(1 + x) where C is a constant depending
onu, K, K ,and T. Second, u™(T, x) < g(x) has already been proved in Lemma 3.4. Lastly, for
any (7, x) € (0, T) x (0, 00) and (a, p, W) € P>Tu*(z, x), since u* = uY, we want to show

—a— %Tr(aa’(x)W) — f@t.x,u"(t,x), p) <0.

Since there is a sufficiently large B, such that (z,x) € (0, T) x B}, the previous inequality
follows directly from Proposition 3.2 and Lemma 3.5. Similar argument shows that u is also a
supersolution. [

3.3. Uniqueness of viscosity solutions of (PDE)

To prove the comparison result, let us first present the following lemma, which is similar to
Lemma 3.7 in [4].

Lemma 3.6. Let u be a subsolution, v be a supersolution of (PDE), and both u and v be locally
bounded in [0, T] x (0, 00)¢. Then w == u — v isa viscosity subsolution of

—ow — Lw — pu|lw|—b|Vwo| =0, in]lO0, T)x(O,oo)d. (3.8)
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Proof. The proof is essentially the same with the proof of Lemma 3.7 in [4], except several
points which we are going to emphasize as follows. Let us follow the notation in [4].

First, fix (1, x0) € (0, T) x (0, 00)? and ¢ (¢, x) € C12((0, T) x (0, 00)?) such that w* — ¢
attains its strict global maximum at (#o, xo). We double the variables and introduce an auxiliary
function

b —yI* =P
Vealt,x,s,y) =u"(t,x) — vi(s,y) — el el AU

where €, & are positive parameters which tend to zero. Fix a compact domain B C (0, oo)¢ which
contains xg. Since ¥  is upper semi-continuous and is bounded from above on ([0, T'] x B)z,
the maximum of V¢ o on ([0, T] x B)? is attained at apoint (7, x,5,y) € ([0, T] x B)2. We have
dropped the dependence of 7, X, 5, and y in € and « for simplicity of notation. We claim that

1) (,x), (5,y) — (tg, x0) as €, — 0,

(ii) |Xx — ¥|?/€? and |f — 5|?/a? are bounded and tend to zero as €, @ — 0.

Indeed, since V¢ o attains its maximum at (7, X, 5, y),

—_ =2 7_<2
F-57 [F-5]

Ol2 - d)(;» f)

ut(t,X) — vi(5,5) —

2
€
> u* (19, x0) — v« (to, X0) — ¢ (to, Xo)- (3.9
The previous inequality yields
X—7P?+7—57<2(*Vvad) max lu*(t, x) — va(s, y) — (1, x)|.

(t,x,5,y)€([0,T1x B)?

Send €, o« — 0 in the previous inequality. It follows that X and y converge to the same point, say
X, meanwhile 7 and 5 converge to 7. Then sending €, « — 0 on the left side of (3.9) and using
the upper semi-continuity of u* — v, — ¢, we obtain

X —y? N |E—E|2)

€2 o

w (@, %) — v (1, %) — ¢(1,X) — lim (
€,a—0
> u* (19, x0) — v« (to, x0) — ¢ (to, X0).

Since u* — v, — ¢ attains its strict global maximum at (fy, xg), both claims follow from the
previous inequality. Now apply Theorem 8.3 in [11] to obtain two triplets (@ + 9,¢(,X), p +
Vo (,x), M) € 52’+u*(f, x) and (@,p,N) € 7_72'_1)*(5, y) respectively, and write down
two inequalities that these triplets satisfy. When we estimate the difference between these two
inequalities, since X, y € B, we can use the local Lipschitz continuity of o on B:

-y

Tr(oco'(X)M) — Tr(co'(y)N) < Cp =

+Tr(oo’ (@), X)),

where Cp depends on the Lipschitz constant of o on B.
Second, since (H3'.i) is assumed,

<b@ [P — (@) + Vo, D)o ()

where p = 2(X — ¥)/€2. Using the Lipschitz continuity of o on B, the right side of the previous

inequality converges to b(xg) |V (to, x0)o (x0)| as €, « — 0. The rest argument is the same with
that in Lemma 3.7 in [4]. O

’
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In what follows we are going to construct a supersolution to (3.8), using the Lyapunov function
¥ in (H9).

Lemma 3.7. Assume that the strict positive function ¥ in (H9) exists. Then ®(t,x) =
eLT=D W (x), for sufficiently large L, satisfies
—3P—LP—pud—b|Vdo| >0, in[0,T]x (0,c0).

Proof. Since ¥(x) - ocasx — X € O or |x| — 0o, ¥ being strictly positive implies that
m = min, ¢ )¢ ¥(x) > 0. It then follows from (H9.i) and (H9.iv) that

—0;D(t, x) — LO(t, x) — ud(t, x) — b(x) |V, D¢, x)o (x)]
> L&, x) —rebT™D — 3 d(t, x) — ud(t, x) — cd(t, x).
Since &(t,x) > mon [0, T] x (0, oo)d, one can choose sufficiently large L such that the right

side of the previous inequality is strictly positive on [0, T'] x (0, c0)¢. [

Proof of Theorem 1.16. We are going to show that w = u — v satisfies w(¢, x) < a @(¢, x) in
[0, T] x (O, oo)d for any o > 0. Sending « to zero, we obtain u < v on [0, T'] x (0, oo)d.

To prove the claim, let us consider M (z, x) := (w*(t, x) — a @(t, x)) e*'. Since u and v are
nonnegative and bounded from above by C(1 + x) for some constant C, moreover (H9.ii) and
(H9.iii) imply that @(¢, x) — oo as x — X € O and lim|y|—. P(x)/x = 00, then there exists a
compact domain B C (0, oo)d such that M (¢, x) < 0 for (¢, x) € [0, T'] x B€. On the other hand,
since M is upper semi-continuous, it attains its maximum in [0, 7] x B at a point, say (o, xg).
We can assume that M (ty, xg) > 0, otherwise M < O on [0, T'] x (0, oo)d and we are done. As a
result (7o, xo) is the global maximum point of M on [0, T'] x (O, 00)4 and w*(to, xo) > 0, which
implies tg < T thanks to u™(T, x) < g(x) < v, (T, x).

From the maximum point property, we obtain that

w*(t,x) —a®(t, x) < (w*(to, x0) — a B(ty, x0)) e 07",
for any (t, x) € [0, T] x (0, c0)“.
This inequality implies that w* — ¢ attains its global maximum point at (fo, xo), where
¢(t,x) = ad(t,x) + (w*(to. x0) — & D(to, x0)) "0,
Since w is a subsolution to (3.8), we have

=3¢ (10, x0) — L (0, x0) — pw*(to, x0) — b(x0) [V (t0, x0)o (x0)| < 0.
But the left side of this inequality is
o [—0; D(to, x0) — LD(t0, x0) — 1 P (0, x0) — b(x0) |V D(t0, x0)o (x0)!] .
We then obtain a contradiction with Lemma 3.7. [J
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