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A CLASS OF GLOBALLY SOLVABLE MARKOVIAN QUADRATIC
BSDE SYSTEMS AND APPLICATIONS
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We establish existence and uniqueness for a wide class of Markovian
systems of backward stochastic differential equations (BSDE) with quadratic
nonlinearities. This class is characterized by an abstract structural assump-
tion on the generator, an a priori local-boundedness property, and a locally-
Holder-continuous terminal condition. We present easily verifiable sufficient
conditions for these assumptions and treat several applications, including
stochastic equilibria in incomplete financial markets, stochastic differential
games and martingales on Riemannian manifolds.
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1. Introduction.

1.1. Backward stochastic differential equations. Having appeared first in their
linear variant in [8], backward stochastic differential equations (BSDE) have been
a subject of extensive study since the seminal paper [50]. Given a time horizon
T € (0, 00) and a filtered probability space (€2, F, {F;}:c(0,7], P), which satisfies
the usual conditions, these equations take the following form:

T T
(1.1) Y,=G+/ f(s,Ys,Zads—/ Z, dW,,
t t

where W is a d-dimensional {F;};c0,7)-Brownian motion, G € Fr an N-
dimensional random vector and f a (possibly random) function, called the genera-
tor. A solution to such an equation is a pair (Y, Z) consisting of an N-dimensional
semimartingale Y and an N x d-dimensional adapted process Z which together
satisfy (1.1) pathwise, a.s.

The existence and uniqueness theory is well developed in the scalar (N = 1)
setting. It originated with the Lipschitz-generator case treated in [50], continued
in [46] for merely continuous generators with linear growth,and culminated with
the treatment of quadratic nonlinearities in [42] and superquadratic nonlinearities
in [24]. A host of extensions, simplifications and applications, too numerous to list
here, appeared in the literature since.

On the other hand, systems (N > 1) of BSDE—the focus of the present paper—
pose a greater challenge. Their successful treatment is one of the most impor-
tant (and long-standing) open problems in the entire theory, as mentioned already
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by Peng in [51]. While the case of a Lipschitz generator was treated already in
[50], the general, nonlinear, quadratically-growing case is still open. One of the
most well-known general-purpose results has been established in [56], where the
generator has general quadratic growth, but the terminal condition is subject to
a restrictive “smallness” assumption imposed on its L°°-norm. As is the case in
the theory of systems of parabolic PDEs with quadratic nonlinearities, a small-
ness assumption is often made and seems to be necessary for existence in full
generality, in absence of any further, structural assumptions; cf. [53] and [15].
A simple nonexistence example given in [33] illustrates this point quite effec-
tively.

Positive results without any smallness assumptions have been established in
some special cases. Focusing only on the general existence results in the multi-
dimensional case pertinent to our findings, let us mention just a few: [55] deals
with linear-quadratic systems, [18] builds a structure around the ability to change
the probability measure in the Markovian case and in [37], a slightly less gen-
eral, “diagonally”’-quadratic case is treated, but without the Markovian assump-
tion.

Our present work was motivated not only by the unresolved status of the ba-
sic existence and uniqueness problems for quadratic systems of BSDE, but also
by a number of applications such systems have. Indeed, in addition to their innate
mathematical interest, BSDE appear in numerous applications, including stochas-
tic representations for partial differential equations, optimal stochastic control
and stochastic games (see, e.g., [16, 26, 29] and [43]). Moreover, as has been
shown in [40], arguably the most important open problem in stochastic financial
economics—namely, the so-called incomplete-market equilibrium problem—can
be reduced to a quadratic system of BSDE (which we solve in the present pa-
per). Quadratic systems of BSDE also appear in geometry, most prominently in
the study of harmonic functions between manifolds and the construction of mar-
tingales on curved spaces, (see, e.g., [9, 21] and [10]).

1.2. Our contributions—The main result. We focus on a Markovian frame-
work, where the randomness in the generator and the terminal condition is sup-
plied by a (forward) d-dimensional nondegenerate diffusion X. Our terminal con-
dition is of the form G = g(Xr) and the generator f (¢, X;,Y;, Z;) grows at most
quadratically in Z. We formulate and work with a novel structural condition on f,
which requires the existence of what we term a Lyapunov function. Loosely speak-
ing, a Lyapunov function 4 has the property that £(Y) is a “strict” submartingale,
a priori, for any solution Y of (1.1) (actually, we consider a pair of functions, but
we focus on only one of them in this Introduction). Under the quadratic-growth as-
sumption, Lyapunov functions always exist in the 1-dimensional case and can be
found in the class of exponential functions; this explains the success of the expo-
nential transform in the 1-dimensional setting. The multidimensional case appears
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to be much more difficult, but as we show, widely applicable sufficient conditions
can be given.

Our main result states that when a Lyapunov function exists and an additional
a priori local-boundedness condition holds, the equation (1.1) admits a Markovian
solution as soon as g belongs to an appropriately-defined local Holder space, with-
out any assumptions of the “smallness” type on the terminal condition, the driver
or the time horizon. Moreover, under an additional mild assumption, this solution
turns out to be unique in a wide class of stochastic processes.

In contrast to the bulk of the literature on multidimensional BSDE, we rely on
deep analytic results for systems of PDEs and combine them with probabilistic
techniques. More precisely, we use powerful ideas first introduced to study reg-
ularity theory for systems of parabolic PDEs, most notably the so-called partial-
regularity estimates and the hole-filling technique of [58], initially developed for
elliptic systems and later extended to parabolic systems of PDEs in [53], which
was later used in [7]. Partial-regularity and hole-filling techniques can be seen as
a replacement for order-based arguments involving, for instance, the maximum
principle (comparison principle) or the related notion of a viscosity solution; such
methods, unfortunately, fail miserably in the multidimensional case (see [36]).
However, we represent this analytic theory entirely in a probabilistic fashion. This
allows us to implement the hole-filling technique only assuming the existence of
a Lyapunov function. This strategy not only decouples the hole-filling technique
from specific structural conditions on the nonlinearity such as the “smallness” con-
dition in [53] and the structural condition in [7]. It also links naturally to the notion
of geodesic convexity in the studies of martingales on manifolds (see Section 3.2).
The probabilistic treatment also reduces some technical estimates from its the an-
alytic counterpart. In particular, by replacing integration-by-parts techniques by
1t6’s formula, we bypass the estimates on derivatives of Gaussian transition densi-
ties present in [53] and [7].

A major difficulty in adopting the techniques from the theory of systems of PDE
lies in the choice of the regularity class of the Markov representatives, that is, func-
tions v such that Y, = v(¢, X;) is a solution. On one hand, the classical notion of
a weak solution—typically a starting point for any regularity analysis in the PDE
world—is too weak for us; indeed, the very definition of a solution to a BSDE
requires Y to be a semimartingale (see, however, [3, 4, 45] and [48] for develop-
ments in Lipschitz systems). On the opposite end of the spectrum, a classical C!-2-
solution would, indeed, guarantee the semimartingale property of v(¢, X;), but one
can hardly expect that kind of regularity from a solution to a nonlinear system. In
the one-dimensional case, the situation is fully understood—Markov representa-
tives of solutions to Markovian BSDE in dimension 1 are viscosity solutions to
the associated quasilinear PDEs (see [13, 42, 49] or [24]). The multidimensional
case, again, presents major difficulties: unless the system is very weakly coupled
(only in its zero-th order terms), there is no natural notion of a viscosity solu-
tion and there is no corresponding characterization of the class of semimartingale
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functions (see, however, [19] for a related result in the Brownian case). However,
in many applications, the automatic semimartingale property is especially useful,
as it allows us to perform so-called “verification” directly and without additional
assumptions or the invocation of the dynamic-programming principle.

The way we overcame these difficulties in the present paper is by: (1) approx-
imating our system by a sequence of well-behaved systems, (2) combining ana-
lytic methods described above with probabilistic ones to obtain adequate uniform
estimates on these approximations and (3) showing that the passage to the limit
preserves the semimartingale property (as well as the equation itself), while rely-
ing mostly on probabilistic arguments. This way, we obtain a solution of the form
Y, =v(, X;), Z; = w(t, X;), where v is locally Holder continuous, v (¢, X;) is a
semimartingale, and w is the weak Jacobian of v. This strategy bypasses regular-
ity and pointwise estimates on w, which is typically needed to establish a PDE
solution in more analytical approaches. While we are still far from completely un-
derstanding of the appropriate class of functions to replace viscosity solutions in
the multidimensional case, we feel that the functions with above properties consti-
tute a promising first step.

1.3. Our results—Sufficient conditions and examples. As a complement to our
main existence/uniqueness theorem, we provide a sufficient condition for the ex-
istence of Lyapunov functions—termed the Bensoussan—Frehse (BF) condition—
as well as a somewhat simpler sufficient condition for a priori boundedness. The
(BF) condition, a list of algebraic conditions on various terms in the generator,
is a slight generalization of the structural condition discovered by Bensoussan and
Frehse in [7]. We add a term of sub-quadratic growth and also allow for a small “er-
ror” around the structure, thus incorporating both “smallness” and Bensoussan and
Frehse’s structural condition into a single condition. Generators in many solvable
Markovian BSDE systems described in the prior literature satisfy our condition
(BF). Nevertheless, (BF) may not be suitable for our Example 3.2 below where the
Lyapunov function is constructed by geometric argument.

We illustrate our main results and the sufficient conditions with a number of ex-
amples. Our first example shows that the stochastic equilibria exist and are unique
in a class of incomplete financial market models, with heterogeneous “exponen-
tial” agents. Next, we construct a class of martingales on differential manifolds
with connections under fewer assumptions than before. Then, we treat two nonzero
sum stochastic games, namely, a game with “cooperation and hindrance,” and a
risk-sensitive stochastic differential game; we show that Nash equilibria exist in
both. Our final example focuses on a different aspect of our results and treats a
one-dimensional equation.

1.4. Structure of the paper. After this Introduction, we describe the setting
and state our main theorem and various sufficient conditions for its assumptions in
Section 2. Section 3 contains examples, while the proofs are divided between two
sections: Section 4 deals with Holder boundedness and contains the bulk of the
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partial-regularity and hole-filling estimates, while all the other proofs are collected
in Section 5.

1.5. Notation and conventions. For a scalar function u, Du denotes its (R¢-
valued) spatial gradient, interpreted as a row vector, while D?u denotes its (spatial)
Hessian matrix. Individual spatial partial derivatives of are denoted by subscripts,
that is, D;ju = %u and D;ju stands for Bx?—;x-fu' In the vectorial (RY -valued)
case—which we mark by bold symbols— Du is understood as the RV *“-Jacobian
matrix.

We will also have occasion to evaluate bilinear forms on function gradients;
for a d x d matrix S we write (Du, Dw)g = Zij DiuDjwS;; = DuSDw'. More
generally, for a square matrix S and two matrices A and B of appropriate dimen-
sions, we write (A, B)g for the matrix ASB . The Frobenius product of matrices
is denoted by A : B, that is, for square matrices A and B of the same dimension,
wedefineA: B=); | AijBjj = Tr(AT B). The Frobenius norm of a square matrix
A is given by v A : A.

The notation | - | is used both for the Lebesgue measure of a subset of R?, as
well as for the Euclidean norm in any Euclidean space; it should be interpreted as
the Frobenius norm, in case its argument is a matrix. For (¢, x) € R x R4, we use
an anisotropic norm, namely, we set |(7, x)| = max(+/[f], |x|). The closed ball of
radius R around x in R? is denoted by Bg(x). In the special case when x = 0 and
R =n e N, we use simply B,,.

The notation || - || will be reserved for infinite-dimensional spaces. More specifi-
cally, unless defined otherwise, || - || stands for the LL2-norm, both on the underlying
probability space, and on an appropriate domain.

For r € N and a (generally matrix-valued) process (Z,),c[s, 7], We Wwrite
Z e Prif ftT |Z,|" du < oo, a.s. The stochastic integral [Z;dW; of Z € P?
with respect to a vector Brownian motion W, defines a vector-valued pro-

cess whose ith component is given by >_; i Zij dWsj . We write Z € bmo if

sup 7 1Bz [fIT |Zu|2du]||]Loo < 00, where T is the set of [0, T']-valued stopping
times and [E; denotes the conditional expectation [E[-|F;] with respect to F;. The
notation d F = o means F — Joasds is a local martingale. Standard localization
techniques and boundedness of processes involved can be used to show that all
local martingales in the sequel can be treated as martingales effectively, therefore,
we will treat them as such without explicit mention.

For « € (0, 1], a compact subset K of R4 and a function v : [0, T] x RY —» RN,
the Holder seminorm [v],, x is defined by

|'U(t/, X/) - 'l)(t, X)|

(1.2) [(v]le.x = sup .
* ' )20, TIxk |(Ex) — @', x")|¢

Sequences are denoted by curly brackets {-}. The index n € N or m € N is usually
omitted and will always be clear from the context.
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2. Main results.
2.1. The setup, standing assumptions and key concepts.

2.1.1. The driving diffusion. We work on a probability space (€2, Fr,P), on
which a d-dimensional Brownian motion (W;);c[0,7] is defined. With F = (F;)
denoting the augmented filtration generated by W, we consider the stochastic dif-
ferential equation:

2.1) dX; =b(t,X,)dt +o(t, X;)dW;,
where:

1. the drift vector b : [0, T] x R? — R? is uniformly bounded,

2. the dispersion matrix o : [0, T'] x RY — R?*? is symmetric and there exist a
constant A > 0 such that A|z|* > |zo(t, x)|?> > +|z|, for all (¢, x) € [0, T] x RY
and all z € R?, and

3. there exists a constant L such that, forall t € [0, T], x, x" € R?, we have

b(t,x) = b(t,x")|+ |0, x) —o(t,x")| < L|x —x'|.

These conditions ensure, in particular, that for each (¢,x) € [0, T] x R4, there
exists a unique strong solution (X%*),eps, 71 of (2.1), defined on [z, T'], such that
X!* = x. For notational reasons, we extend X’* by setting X 0¥ =x,foru €10,1),
and denote by P its law on the canonical space C?[0, T].

2.1.2. Markovian and Hélderian solutions. Given by € RY and a sequence
{ay} in (0, 1], a sequence {v™} is said to be bounded in C, {on) ([0, T] x RY) if

oc, b
there exists a sequence {c,} of positive constants, such that, for all m,neN,

o™ ”C“"([O,T]XB,,(bO)) = [v™ ”]LOO([O TIxB,(bo)) T [”m]an By(by) = Cn

{on}

Joc. by if the constant sequence {v} is bounded in Cl{:cn bo- If the se-

We write v € C
quence {c,} is uniform for all by € R?, we say v € CloC A completely analogous
construction yields the family of local Holder spaces Cl{&” bo (R%) and Cl{&” over
R instead of [0, T'] x R?. Various spaces of continuously (nonfractionally) dif-
ferentiable functions are defined in the standard manner.

DEFINITION 2.1 (A Markovian solution to BSDE). Given Borel functions
f:10,T] x R4 x RN x RVxd _, RN andg:RdeRN,apair(v, w) of Borel
functions with the domain [0, 7] x R? and co-domains RY and RN >4, respec-
tively, is a called a Markovian solution to the system

(2.2) dY,=—ft, X, Y, Z;)dt + Z;o(t, X;)dW;, Yr=g(Xr),

of backward stochastic differential equations if, for all (¢, x) € [0, T] x R4,
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1. Yo* := v(-, X"*) is a continuous process, Z"* := w(-, X""*) € P2, and
f(', Xt,x’ Yt,x’ Zt,x) e 731,
2. forall ¢’ € [t, T], we have
vyt = g(x)
T T
[ f X5 Y Z5Y) du — / 206 (u, XYY dW,,  as.
t t

A Markovian solution (v, w) to (2.2) is said to be bounded if v is bounded, con-
tinuous if v is continuous, locally Holderian if v € Cl{(ftc’izo, for some by € R
and some sequence {o,} in (0, 1], and a bmo-solution if Z"* € bmo for all
(t,x) €[0,T] x RZ.

REMARK 2.2. For Markovian BSDE, it is customary to consider the generator
f(t, x,y,zo) instead of our f(z, x, y, z). Due to our assumptions on o, these are

equivalent and we maintain the generator as f for notational convenience later
on.

2.1.3. Lyapunov functions. The key condition in our main result below con-
cerns the existence of sequence of functions which we term the Lyapunov func-
tions. We abbreviate « = 0o | and define (z, Zat,x) =20 (t,x)(zo(t, ).

DEFINITION 2.3 (Lyapunov functions). Let f: [0, T]x R? x RN x RV*x4
RY be a Borel function and let ¢ > 0 be a constant. A pair (h, k) of nonnegative
functions, with 4 € C2(R") and k Borel, is said to be a c-Lyapunov pair for f if
h(0) =0, Dh(0) =0, and

1
(2.3) EDZh@) {2, Datex) — Dh(Y) f(t,x, y,2) = |z|* — k(t, x),

for all (¢,x,y,z) € [0, T] x R x RN x RV*4_ with |y| < c. We write (h, k) €
Ly(f, o).

Given by € R? and a sequence {c,} of positive constants, a pair ({4,}, {k,}) of
sequences of nonnegative functions, with h, € CZ(RN ) and k,, Borel, is called a
local {c, }-Lyapunov pair for f,if h,(0) =0, Dh,(0) =0 and

1
2.4) EDzhn(y) (2, Datr) — Dha W) f (%, y,2) = |2 — ka1, ),

foralln e N, (t,x, y,2) € [0, T] x B,(bo) x RN x RV*? with |y| < ¢,. We write
({hn}, {kn}) € Lyloc(f’ {ca]).
REMARK 2.4.

1. Suppose that the process Y has a semimartingale decomposition as in
(2.2) (i.e., solves the BSDE system) and satisfies the bound |Y| < c¢. A func-



GLOBALLY SOLVABLE BSDE SYSTEMS 499

tion & for which (2.3) holds has the property that #(Y,) is a semimartingale
with the finite variation part dominating (in the increasing order) the process
fd(|Zu|2 — k(u, X,))du. The function k will often be constant, but certain ap-
plications require more flexibility. If one wants to deal with unbounded Y, a layer
of localization—expressed through the dependence on n and the sequence {c,} in
the local version—is necessary.

2. It is interesting to note that in the scalar case (N = 1), and when the gen-
erator f grows at most quadratically in z, it is essentially sufficient to look for
Lyapunov pairs with i(y) = exp(ay), for large enough «. As we shall see below,
this no longer works in the vector case, which leads to nontrivial constructions of
Lyapunov pairs under specific structural conditions.

3. Let (v, w) be a bounded solution to (2.2) whose generator f admits a ||v||j cc-
Lyapunov pair (4, k) with k£ bounded. Item (1), together with boundedness of v and
k, implies that Z = w(-, X) € bmo. Hence, (v, w) is a bmo-solution.

2.2. A uniform estimate. The first main result of the paper, contained in The-
orem 2.5 below, provides an abstract stencil for a uniform estimate for a family of
BSDE systems under several assumptions, most notable of which is the existence
of a Lyapunov pair, uniform for all systems in the family. Sufficient conditions for
these assumptions and examples will be given shortly.

THEOREM 2.5 (Uniform estimate). Let { f*} and {g™} be sequences of Borel
functions f™:[0,T] x R x RN x RN*4 RN and g™ : R? — RN such that,
for each m € N, the BSDE system

25 dY,=—f", X, Y, Zy)dt + Zio(t, X;) dWy, Yr=g"(Xr),

admits a Markovian solution (v, w™).
Suppose that there exist by € R? and sequences {M,}, {c,} in [0, 00), {a,} in
(0, 1] and {q,,} with q,, > 1 + d /2, such that:

1. (Cy.-regularity of the terminal condition) The sequence {g"} is bounded in

C{Oln}

loc,bg*
2. (A priori continuity and local uniform boundedness) For all m,n € N, v is

continuous on [0, T] x R4 and

" (¢, x)| < cn forall (t,x) €[0,T] x B, (bg).

3. (Local uniform quadratic growth) For each n € N, there exist functions {k)'}
such that

supN 1k i an (0. 71% B, oy <©©  and | f™(t,x, y,2)| < M, (Iz]? + K™ (2, x)),
me

forallm eN, (t,x) € [0,T] x B,(by), |y| <cp,and z € RNx>d,



500 H. XING AND G. ZITKOVIC

4. (Local Lyapunov pair) There exist functions {h,} such that ({h,},{k)'})
is a local {2c,}-Lyapunov pair for f™ for each m € N, that is, ({h,}, {kI'}) €
Lyjoc (f™, {2¢n}).

Then the sequence {v™"} is bounded in Cl{(i’f ;0, for some {a,} in (0, 1]. Moreover,
for each n, the Holder seminorm [vm]a,/l,Bn(bO) depends only on d, N, T, A, L,
1Dl ce,s lollpcos @nys My, cn, [gm]a,,,Bn(bo)a hy, and sup,, ”k;zn”]an([o,T]xBn(bO))'

REMARK 2.6.

1. The sequence {h,} in condition (4) above is chosen uniformly for all { f™}.
Therefore, the inequality (2.4) is satisfied for all f™ and £"'. It is without loss of
generality to have |z|? on the right-hand side of (2.4), since any positive constant
8, before |z|2 can be normalized to 1 after scaling 4, and k' by 1/5,,.

2. Applying Theorem 2.5 to a constant sequence (i.e., all {f™} and {g"} are
the same for different m), we obtain an a priori estimate for a continuous Marko-
vian solution of a single system: let (v, w) be a continuous Markovian solution
(2.2) whose data f and g satisfy assumptions in Theorem 2.5, then v is locally
Hoélderian, that is, v € Cl{gc" ZO.

One of the advantages of our probabilistic approach is that the uniform Holder
bound on {v} in Theorem 2.5 is sufficient to establish the existence result in
Theorem 2.8 below. To make a connection with a typical analytic treatment of
related PDEs, where regularity and bounds of w need to be obtained, we provide
some pertinent information in the following remark.

REMARK 2.7.

1. Without structural conditions on f, uniform IL°°-bounds for systems do not
always lead to gradient bounds, as evidenced by the following example due to
E. Heinz. Consider the following quadratic system of PDE:

vg—vixzvl((v1)2+(v2)2), i=1,2.

X X X

For any m € N, v! = cos(mx) and v? = sin(mx) is a (stationary) solution, but
clearly, || Vv||j. = m cannot be controlled by ||v ||« = 1 (and a universal constant
independent of m). For a general system of the form

1
0V — EAv + f(t,x,v,Vv) =0,

a local estimate of ||Vv|j« is established in [44], Theorem 6.1, in the case when
[ satisfies a condition of the form

| £t x, v, p)| < [elv] + P(Ipl. [v))](1 + | pI)*,
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for some sufficiently small ¢ > 0 and P(|p|, |v]) = 0 as |p| = oo. When f has
at most linear growth in p, the same local estimate is established in [23] using a
probabilistic techniques.

2. When v is Holder continuous and there exists k,, € L9 ([0, T'] x B, (bg)) with
q > 1+4d/2 such that

|f(t,x, 9, 2)| < Mu(12)* + kn (2, X)),

for all (¢,x) € [0, T] x B,(bgy), y € RV, and z € RV*4_ then [7], Proposition 5.1,
used regularity theory of elliptic systems in [31] to show that v € qu’l([O, T] %
B,,(bp)). In particular, when ¢ > 2 4 d, Sobolev embedding Theorem (see [44],
Lemma 3.3) implies that w, as the weak Jacobian of v, is Holder continuous on
[0, T] x B, (by).

2.3. Existence and uniqueness. A direct consequence of the uniform estimate
in Theorem 2.5 is the existence of a Markovian solution to the system (2.7), whose
data (f, g) are approximated by a sequence { f™, g"}.

THEOREM 2.8 (Existence by approximation). Ler f:[0,T] x R? x RN x
RN¥N*4 RN and g : R? — R be a pair of Borel functions. Assume that there
exist sequences { f"'} and {g™} which satisfy the assumptions of Theorem 2.5 and

. m m _m\ __ . m _
(2.6) mll)moof (t,x,y",z2")= f@t,x,y,z) and mh_)moog x) =gx),

for all (t,x,y,2) €[0,T] x R x RN x RN*? and all sequences y™ — y and
7™ — z. Then the system

(2.7) dY,=—f(t, X, Y, Z)dt + Z,0(t, X;) dW;, Yr =g(Xr),

admits a locally Holderian solution (v, w) such that v is a locally uniform limit
of a subsequence of {v"} in Theorem 2.5, and w is the weak Jacobian of v on
(0,T) x R%.

The solutions produced in Theorem 2.8 are not necessarily unique, even when
the solutions to the approximating equations are. Indeed, one only needs to con-
sider the case where f = 0 and where {g™} is a sequence of bounded and smooth
approximations to the function g appearing in Tychonov’s nonuniqueness theorem
(see [39], page 171) for the heat equation.

As we shall see below, these pathologies disappear under appropriate conditions
on f and g. When the Holder norm of g does not depend on by, f does not depend
on y and satisfies additional regularity assumption in z, uniqueness is recovered.
Two Markovian solutions, (v, w) and (v’, w’), are considered equal if v(z, x) =
v'(t, x) for all (r,x) € [0, T] x R? and w = w’, a.e., with respect to the Lebesgue
measure on [0, T'] x R,

THEOREM 2.9 (Uniqueness). Suppose that:

1. ge Cl{(‘;c"} NIL*>® for some sequence {ay} in (0, 1];
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2. f is continuous, does not depend on y, and there exists M > 0 such that
[f@ x| <M(1+12P) and [f(t,x,2) = f(t,x2)| < M(1zl+[2]) |z =2

forall (t,x) €[0,T] x R4, z,7 e R4*N,
3. there exists a (global) Lyapunov pair (h, k) € Ly(f, ¢) with k bounded for
some ¢ > 0.

’

Then (2.2) admits at most one continuous solution (v, w) with ||v|~ <c.

2.4. A sufficient condition for existence and uniqueness. This section provides
explicit conditions on the generator f and the terminal condition g such that as-
sumptions in Theorems 2.5, 2.8 and 2.9 hold for (2.2). While the proof depends
on the abstract Theorem 2.5 above, we state it in a self-contained form to make it
more accessible to a reader interested in its applications.

We start with a structural condition on the generator f. To the best of our knowl-
edge, a version of it was first formulated in [7]. We present here a generalization
including a subquadratic term; a further generalization will be discussed in Re-
mark 2.15 below. We interpret z € RV*? as an N x d-matrix, and use z/ to denote
its jth row, j = 1,..., N. In the vector case, the superscript j denotes the jth
component.

DEFINITION 2.10 [The Bensoussan—Frehse (BF) condition]. We say that a
continuous function f : [0, T] x RY x RN x R¥N*4 s RN satisfies the condition
(BF) if it admits a decomposition of the form
(2.8) f(t,x,y,2) =diag(zl(z,x, y,2)) +q(t, x, y,2) +8(t, x, y,2) + k(t, x),

such that the functions I : [0, T] x R x RN x RV*4 — R4*N and q, s, k: [0, T'] x
R? x RN x RV*4 s RN have following property: there exist by € R? and two
sequences {C,} and {g,} of positive constants with g,, > 1 + d/2, and a sequence
{k,} of functions «;, : [0, 00) — [0, 00) with limy,_, o &5, (w)/w2 = 0 such that, for
eachn e Nand all (t,x, y,z) €[0,T] x B,(by) x RY x RV*4 e have

1(t,x, y,2)| < Cu(1 + |z]), (quadratic-linear)

i
]qi (t,x,y, z)| <C, (1 + Z]zjlz), i=1,...,N, (quadratic-triangular)
j=1

s(t, x, y,2)| <Kn(lz]), (subquadratic)
ke L9([0,T] x B,), (z-independent)
In that case, we write f € BF({C,,}, {kx}, {gn}).
The (BF) conditions are simple enough to be easily checked in applications, but

also strong enough to yield the following result which will play a major role in the
existence theorem below.
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PROPOSITION 2.11 [Existence of Lyapunov pairs under condition (BF)].
Let {c,} is an arbitrary sequence of positive constants, and f a function in

BF({Cy}, {«n}, {gn})z:

1. There exists a local {c, }-Lyapunov pair ({h,}, {kn}) for f. Furthermore, the
same pair ({h,}, {k,}) is a local {c,}-Lyapunov pair for any other function f’ €
BF({Cy}, {xn}, {gn})-

2. If, additionally, the sequences {Cy}, {gn} and {k,} are constant (in n), then,
for each c, a (global) c-Lyapunov pair for f exists.

Another ingredient necessary to guarantee the existence of a solution to (2.2) is a

priori boundedness. We remind the reader that a set of nonzero vectors ay, ..., ax
in RV (with K > N) is said to positively span R" | if, for each @ € R" there exist
nonnegative constants Ap, ..., Ag such that

rMar+ -+ Agag =a.

The following two well-known characterizations (see [22]), presented here for
reader’s convenience, make positively-spanning sets easy to spot: (1) Nonzero
vectors aji,...,ax positively span RV if for every a € RV \ {0} there exists
k €{l,...,K} such that a'a; > 0. (2) If nonzero vectors ay,...,ag already
span RY | then they positively span R" if 0 admits a nontrivial positive rep-
resentation, that is, if there exist nonnegative Ay,...,Ag, not all 0, such that
Mai+---+Aigag =0.

DEFINITION 2.12 [The a priori boundedness (AB) condition]. We say that f
satisfies the condition (AB) if there exist a deterministic function / € LL'[0, T'], and
asetai,...,ag, which positively spans R", such that

1
(2.9) a] f(t.x,y,2) <I1(t) + 5|a,jz|2 forall (r,x,y,z) andk=1,..., K.

We say that f satisfies the weak condition (AB)—abbreviated as (wAB)—if there
exist Borel functions L : [0, T] x R x RV>*d 5 R4 fork=1,..., K, such that
|Li(t,x,2)| < C(1+|z]) for some constant C and

1
T T2 T
a (t,x,y,2) <Il(t)+ =la, z|" +a; zLi(t,x,2)

forall (#,x,y,z)andk=1,..., K.

REMARK 2.13. The constant % in (2.9) is simply a convenient choice for
later use; it can easily be replaced by any other constant by scaling. Furthermore,
conditions (AB) and (wWAB) are invariant under invertible linear transformation
of RN. More precisely, suppose that f satisfies (WAB) with I € IL'[0, T'], the
positively-spanning set a1, ..., ax and the functions {L;}, and that ¥ : RY — R¥
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is an 1nvert1ble linear map. Then the generator of the transformed system, namely
f(t x,9,2):=Xf(,x,y,z), satisfies (WAB) with the same [, L;(t,x,y,Z) =
Lk(t,x, y,2), and transformed (but still positively spanning) set (E_I)Tak,
k=1,...,K

THEOREM 2.14. [Existence under (BF) 4+ (AB)] Suppose that f satisfies
conditions (BF) and (AB), and that g € Cla"} for some bog and it satisfies

oc, by

lim |y o0 |g(x)|/|)c|2 0. Then the system (2.2) admits a locally Holderian so-

lution (v, w), that is, v € Cloc b for some sequence {o),} in (0,1]. When g is
bounded, the condition (AB) can be replaced by (WAB) and (v, w) is a bounded
bmo-solution.

[Uniqueness under (BF) + (wAB)] Suppose that:

1. ge Cl{gc” N> for some sequence {a,} € (0, 1];

2. (WAB) is satisfied, and (BF) is satisfied with the constants {C,} and functions
{x,} independent of n;

3. f does not depend on y, f(-,-,0) is bounded, and there exists a constant M
such that | f(t,x,z) — f(t,x,2)| < M(z|+ 2’|z —2/| forallt € [0, T], x € R?,
z. Z/ c RN xd‘

Then the solution (v, w) is unique in the class of bounded continuous solutions.

REMARK 2.15. Here are two extensions of Theorem 2.14 which, for the sake
of simplicity of presentation, we did not put into its statement. They will be proved,
however, along with Theorem 2.14, below:

1. When g is bounded, the conclusions of Theorem 2.14 hold if the equality in
(2.8) holds only approximately, namely if, for each n € N, there exists a sufficiently
small &, such that

|f(t’xv y’ Z) - diag(zl(t,x, .)’7 Z)) - Q(Lx’ yv Z) - S(t,x, yv Z) - k(t,X)|
(2.11)

§<9;'z|z|2

holds on [0, T'] x B, (by) x RY x RVN*4 How small this &, needs to be depends
on the constants {C,} in the condition (BF), on ||v||~ [which, in turn, depends on
llg i~ and the functions and constants appearing in condition (wWAB)], as well as
the universal constants (A, T, d, N, etc.). In general, it is possible to obtain an ex-
plicit expression for an estimate of ¢, by keeping track of the explicit values of the
constants involved in the proof, but we do not pursue that here. The case in which
such an explicit expression may prove to be useful is when | =0, q =s = 0 and
k =0, that is, when f is of general structure, but satisfies a smallness assumption.
This case allows for an especially simple treatment; indeed, to construct a global
Lyapunov pair, it suffices to pick

1
h(y):5|y|2, k=0  sothat D*°h=I; and Dh(y) =y
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Then
1 5 1& ol & e 2
ED h:(z,z)a:52|z’0| ZEA_ > 12| but Dh f <e|y|lz|*.
i=1 i=1

Therefore, it suffices to require ¢ < (4A||v ||]Loo)_1 so that (1, 0) € Ly(f, 2||v]|L).
This recovers the situation in [53] where solutions to parabolic systems of PDEs
were constructed under a parallel “smallness” condition.

2. Suppose that some component of g(Xr), say the jth, has a bounded Malli-
avin derivative and f/ does not depend on z’ for i  j. It is known then (see [11]
and [17] for sufficient conditions on X, f/ and g/) that the jth component Z/ of
the solution is bounded, too. In this case, Theorem 2.14 still holds if any locally
bounded function of z/ is added to the right-hand side of (2.9) and (2.10).

3. Examples. We illustrate the strength of our results by considering four dif-
ferent classes of BSDE systems arising from game theory, geometry, mathematical
economics and mathematical finance. Proofs of all statements are postponed until
Section 5.

3.1. Incomplete stochastic equilibria. The existence and properties of equi-
librium (market-clearing) asset-price dynamics in financial markets is one of the
central problems in financial economics and mathematical finance. While the so-
called complete market case has been fully understood, the incomplete market
case has been open since early 1990s. A stochastic equilibrium among N het-
erogeneous agents in incomplete markets has been considered in [40]. There the
filtration is generated by a 2-dimensional Brownian motion W = (B, B1), where
the first component drives the price of a tradable asset but both components can de-
termine the size of agents’ random endowment. Preference of agents are modeled
by exponential utilities with heterogeneous risk-tolerance coefficients. An equilib-
rium is a pair consisting of an asset-price process and agents’ trading strategies
such that every agent maximizes the expected utility from trading and random
endowment, meanwhile supply equals to demand (market clears); cf. [40], Defini-
tion 1.1.

In this setting, [40] considered the following system of quadratic BSDE:

1 1
(1) dY, =y dB,+ v B+ (97— JAW P + Al )dr. Y1 =G,

where A[u] = lN: 1 alpl for a sequence of constants (o) with o/ € (0, 1) and

lNzl ol =1. Tt is proved in [40], Theorem 1.6, that equilibria one-to-one corre-
spond to solutions of (3.1) with (u, v) € bmo. Moreover, in an equilibrium, each
component of Y represents the certainty equivalence of each agent. However, when

it comes to the existence and uniqueness of solutions, certain “smallness-type” of
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conditions need to be assumed; either |G|~ is sufficiently small or 7T is suffi-
ciently small; cf. [40], Corollaries 2.6 and 2.7. In the Markovian setting, existence
of solutions was also established for sufficiently small 7" in [60] in a similar model,
and [59] and [20], Theorem 3.1.

The following result establishes global existence and uniqueness of equilibrium
in a Markovian setting with bounded random endowment. Here, X is the solution
of (2.1) with W = (B, B), b:[0,T] x RY > R? and o : [0, T] x R? — R*2
satisfying conditions (1)—(3) after (2.1).

THEOREM 3.1 [Existence and uniqueness of incomplete stochastic equilib-
ria]l. Suppose that the terminal condition is of the form G = g(Xr) for some
gEec Cl{gc”} NIL*°. Then the system (3.1) admits a unique bounded continuous so-
lution. Consequently, an incomplete stochastic equilibrium in the setting of [40]
exists and is unique in the class of equilibria in which each agent’s certainty-
equivalence process is a continuous function of time and the state X .

REMARK 3.2. When g is of merely subquadratic growth, the system (3.1)
still admits a locally Holderian solution, but the martingale part associated to this
solution may not have enough integrability to be identified with an equilibrium.

3.2. Martingales on manifolds. 1t is well known that semimartingales can be
defined on arbitrary differentiable manifolds, but that martingales require addi-
tional structure, namely that of a connection (if one wants a Brownian motion, one
needs a full Riemannian metric). We refer the reader to the books [28] and [35] for
more details.

In the flat (Euclidean) case, martingales are easily constructed from their ter-
minal values by a simple process of filtering, that is, computing conditional ex-
pectation. When the underlying filtration is Brownian, one can, additionally, build
this martingale from the given Brownian motion via the martingale representation
theorem; this amounts to a solution to a linear system of BSDE.

If the geometry is not flat, one cannot simply filter anymore, but as it turns out,
the problem can still be formulated in terms of a system of BSDE. This system,
however, is no longer linear and the existence of its solution has been a subject of
extensive study (see, e.g., [9, 21] and [10]).

Before we write down this system, we set the stage by assuming that a d-
dimensional Brownian motion W is given, and that the target space is an N-
dimensional differentiable manifold M, without boundary, endowed with an affine
connection. This connection, I', is described in coordinates by its Christof-
fel symbols Ff‘j; we assume these are all Lipschitz on compact sets, but not
necessarily differentiable (as we will not be needing the concept of curva-
ture).
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The martingale property on a manifold with a connection I can be formulated
in many ways—we prefer to give the one that resembles a characterization in the
flat case; we say that a continuous M -valued semimartingale Y is a ["-martingale
(with respect to the natural filtration of W) if

f(Yt)—l/tHessf(dYt,dY,), tel0,T],
2 Jo

is a local martingale for each smooth real-valued f. Here, Hess f is the (covariant)
Hessian of f, that is, a (0, 2)-tensor, given in our coordinate chart by

(Hess f£)ij(y) = Djj f(y) — Tf;(») D f (3).

We refer the reader to [28], page 23, for the definition of quadratic variation with
respect to a (0, 2)-tensor field (such as Hess) on a manifold. It6’s formula imme-
diately implies that Y is a I'-martingale if its coordinate representation admits the
following semimartingale decomposition:

(3.2) dYt=——ZF(Y,) ) zldt+ZFaw,,  k=1,....N,
111

where, as usual, Z/ denotes the jth row of the N x d-matrix-valued process Z.

For simplicity, and without too great a loss of generality, we assume that the
given terminal value G of the martingale we want to construct is of the form
g(Wr). Furthermore, we assume that the image of g is localized in the follow-
ing way: there exists a convex and compact set My, covered by the image V € M
of a single chart, with coordinates y = (y, ..., yn), such that g(x) € My, for all
x € R?. This way, we can work in a single coordinate chart, as if M itself were an
open set of RV and, in fact, assume that M = R¥. Also since we only care about
the connection in a neighborhood of My, we assume that the Christoffel symbols
are globally Lipschitz.

As in [21], we make the following assumption on the geometry of M around
the image of g.

ASSUMPTION 3.3 (Double convexity). There exists a convex function ¢ €
C%(RY) such that:

1. Mo =¢~"((—00,0]), and
2. Hess ¢ is nonnegative definite (¢ is geodesically convex), and strictly posi-
tive definite on some neighborhood of M.

Applying Theorem 2.8 to the current setting, we obtain the following result.

PROPOSITION 3.4. If g€ Cl (Rd) and Assumption 3.3 holds, there exists
a I'-martingale {Y ;};c[0,1) With YT = g(Wr7) which takes values in My, for all
tel0,T].
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REMARK 3.5.

1. While the detailed proof of Proposition 3.4 above is postponed until Sec-
tion 5, we comment briefly on the interpretation of Lyapunov pairs in this special
case. What makes it especially convenient is the fact that the driver f depends
on Z only through the symmetric matrix Z ' Z. A simple computation shows that
(h, 0) is a c-Lyapunov pair if (and only if) the matrix

(D3~ X Dihor (y))i,f i j=1....d.
k
is strictly positive definite for all |y| < c. Equivalently, Hess 2(y) > 0, that is, & is
(geodesically) strictly convex (see, e.g., Chapter 3 of [57] for a detailed discussion
of convexity on Riemannian manifolds). This characterization fits perfectly with
our interpretation of Lyapunov functions as “submartingale” functions.

2. Unlike in the flat case, where convex functions abound, the very existence
of (geodesically) convex functions depends on geometric properties on M. We
do not go into details, but note that smooth nontrivial global convex functions al-
ways exist on complete, simple-connected Riemannian manifolds of nonpositive
sectional curvature (Cartan—Hadamard manifolds); cf. [41]. In the general case,
one can always find a convex function locally, but it is not hard to see that com-
pact Riemannian manifolds, for example, never admit nonconstant global convex
functions. We refer the reader to [57] for a thorough treatment of geodesic convex-
ity.

3. The condition of double convexity has been imposed in [21] to construct
not-necessarily-Markovian martingales with values in manifolds with connections.
Our construction not only recovers some of the results from [21] in the Markovian
case, but also gives a partial positive answer to Conjecture 7.2, page 1257. Indeed,
Proposition 3.4 does not require My to have doubly convex geometry, that is, does
not assume Conditions 5.1 and 6.1 in [21], Theorem 7.1.

4. Without too much work, Proposition 3.4 can be extended in several direc-
tions. First, the flat Brownian motion W can be replaced by a Brownian motion
on a Riemannian manifold (with metric g); indeed, one simply needs to solve a
modified version of BSDE 3.2 driven by a driftless diffusion whose dispersion
coefficient o relates to the underlying metric as 0o | = g~!. Moreover, under ap-
propriate growth conditions, the linear connection I" can be replaced by a nonlinear
one, of the form ' =T'(y, Z' Z).

5. Seen as a map between manifolds, a function which transforms a Browninan
motion into a martingale is called harmonic. Our BSDE (3.2) corresponds to the
parabolic system introduced by [25] in order to show that, under certain geometric
conditions, harmonic maps exist within each homotopy class (see [2], Chapter 10,
for a detailed treatment of this fascinating problem).
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3.3. A stochastic game with cooperation or hindrance. Our next example con-
cerns a finite-horizon stochastic differential game, which is inspired by a bounded-
domain discounted game treated in [6]. For simplicity of presentation, we assume
there are only 2 players whom we call Player 1 and Player 2. On a d-dimensional
Brownian filtration, these players choose two R?-valued processes, namely g and
v in bmo, as their respective controls. These affect the state X through its drift in
the following way:

dx*V = (b(XV) + py +vi)di +dw XYY =x,

where b : RY — R? is a bounded Lipschitz vector field, and WY = W —
Jo(my +vy) du is a Brownian motion under the probability measure P*-Y) defined
via dP"W-Y) /dP = (f(p, + v.) T dW,)r. Given a constant —which we term the
cooperation penalty—and integrable-enough functions A, g/ :R? - R, i =1,2,
the cost of player i with the initial state x at time ¢t = 0 is defined as

JHO, x, 11, v)
T . 1 .
=E<x’“*“>[/0 (h’(xu)+5|uu|2+0u1vu)dz+g’<xT)], i=1,2,

where the expectation is taken with respect to P& Tt is clear from its form
how large positive values of the parameter 6 incentivize the players to push in
opposing directions, while the large negative values motivate them to cooperate.
A Nash equilibrium between these two players is a pair (jt, ) of controls with the
property that, for any p, v € bmo, we have

(3.3)  JYO,x, j, ) <JNO0,x, m,9) and J(0,x, ft, p) < J2(0, x, i, v),

and (J!, J2)(-, -, ft, ) is called the value of this equilibrium.
We recast the problem as a BSDE system by introducing the Lagrangians of the
two players

1
L'(w,v, p)= §|u|2+9u-l)+pl(u+v) and

2 _l 2 2
L (u,v,p)—zlvl +0u-v+p (n+v),

where p' is ith row vector of p. When 6 # +1, the minimizers are given by

A _ 9 1 2 _ 1 1

o /L(p)——(]Jr@)(1 _9)(17 + p) TP and
| )= (p'+p% Ly
(14+6)(1-0) 1-6"



510 H. XING AND G. ZITKOVIC
Setting L (p) = L ((p), »(p), p) and L = (L', L*) T, we pose the following
BSDE:

dY,=—f(X;, Z)dt + Z,dW;,

Yr=gXr) where f(x,z) =h(x) + L(z2),

with the state process given by d X; = b(X;) dt +d W; on the (augmented) filtration
generated by W. The following result establishes a unique bounded Holderian
solution, which corresponds to a Nash equilibrium.

(3.5)

PROPOSITION 3.6. Assume that h € L and g € C\") N 1L, When —1 #
0 <1/2 or 8 > 1, equation (3.5) admits a unique bounded continuous solution
(v, w). Moreover, the pair (W (Z), V(Z)), where Z = w(-, X), is in bmo and enacts
a Nash equilibrium with the value v.

3.4. Risk-sensitive nonzero-sum stochastic games. Next, we consider a risk-
sensitive stochastic game between 2 players studied in [26]. Let U and V be two
compact metric spaces. Player 1 (resp., player 2) chooses a U-valued (resp., V-
valued) control process p (resp. v), which affects the state X in the following way:

dX" = b(t, X"V i) dt + o (1, X[V dw Y

where b:[0,7] x R? x U x V — R? is a bounded measurable vector field, o
satisfies conditions (2) and (3) after (2.1), and X is understood as the unique weak
solution of the previous stochastic differential equation. Given measurable func-
tions 1’ : [0, T] x R x U x V — R and g’ : RY — R with enough integrability,
the cost of player i with the initial state x at time ¢t = 0 is defined as

. T .
JHO0, x, p, v) = EEH~Y) [exp(/ R (u, Xy, iy, vu)du+g’(XT))}, i=1,2.
0

The problem is to find a Nash equilibrium (ft, v) satisfying (3.3). To solve it, we
define the Hamiltonian function

H'(t,x,p,v) = po " ¢, x)b(t, x, p,v) + h' (t, x, u,v) and
H%(t,x, p,v) =vo (1, )b(t, x, p, v) + h*(t, x, p, v),

and assume the generalized Issac’s condition holds, that is, there exists two mea-
surable functions ji(z, x, z) and p(¢, x, z) such that

Hl(t,x, b i, x, 2), (1, x, 7)) < Hl(t, x, 25w, v (1, x, z)) and
H(t,x, 2%, i, x,2), 9(t, x,2)) < H*(t, x, 2%, j(t, x, 2), v),

for any (¢,x,z,m,v) € [0,T] x RY x R%Xd x U x V. Denote ﬁl(t,x,z) =
H'(t,x, 2", j(t,x,2),9(t, x,z)) and H?(t,x,z) = H>*(t,x,z° it x,2),
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¥(t, x,z)). We consider the following system of BSDE:

. .. 1. . .
ay! = —(H’(t, X, Zy) + —|Z;\2> dt +Z,dw,,
(3.6) 2

Yi=¢'(Xr), i=1,2.

PROPOSITION 3.7. Assume that g' € Cl{gc”} NIL®, ki € L and H' is contin-
uous, for i =1, 2. Moreover, b has at most linear growth in (i, v), and (jt, v) has
at most linear growth in z, both uniformly in (t, x). Then (3.6) admits a unique
bounded continuous solution (v, w). Moreover, (jL(-, -, w), (-, -, w)) is a Nash

equilibrium with value (exp(vl), exp(vz)).

REMARK 3.8. A solution to (3.6) was constructed in [26], Theorem 5.3, in the
case of a bounded b and a bounded (but not necessarily continuous) terminal con-
dition g. When g is locally Holder, our result shows that the solution is also locally
Holder [cf. Remark 2.6 part (2)]. Moreover, when g is of merely subquadratic and
b is bounded, our result still ensures the existence of locally Holderian solution to
(3.6).

The system (3.6) belongs to the diagonally quadratic class studied recently in
[37], whose Theorem 2.7 implies the existence of a unique bounded solution of
(3.6) with the non-Markovian bounded terminal condition.

3.5. A scalar example with unbounded coefficients. Given continuous func-
tions f, g : R? — R, with g € Cl{glc" A IL°°, but f possibly unbounded, we consider
the BSDE

1
(3.7) dY, = —Ef(Xz)thlzdt+szWt, Yr =g(X7).

An equation of this type played a central role in a recent solution [14] of a long-
standing open problem of [54]. Since the “coefficient” f in front of the quadratic
nonlinearity is unbounded, the generator of (3.7) does not satisfy the standard
quadratic growth bound in z (as presented, e.g., in [42]).

Our Theorem 2.8 implies that (3.7) admits a bounded locally Holderian solution.
Indeed, consider a sequence { f™} of bounded Lipschitz approximations of f such
that lim,, , oo f™(x) = f(x) for any x € R?, and the approximating BSDE

1
(3.8) dyy = =2 " X2 Am)di + 27" aw;,

Y;?:g(XT), m e N.

Standard Lipschitz theory implies that (3.8) admits a unique bounded continuous
solution (v™, w™). Moreover, the generator of (3.8) satisfies the condition (BF) of
Definition 2.10 with I = s = k" = 0; the component g™ satisfies the quadratic-
triangular growth condition on each B,, uniformly in m. By Proposition 2.11 above,
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f admits a local {c,}-Lyapunov sequence, for each {c,}. To establish a priori
boundedness, we rewrite (3.8) as

|Z"2 Am

1
dth = Z;n[_ifm(xt) |Zm|2

(zm " dr + th], Y =g(Xr).
Since f™ and g are bounded, a simple measure-change argument implies that
[v™|lLee < ||gllLoe. Therefore, it is enough to pick a local (|| g||y.«)-Lyapunov pair
to establish the existence of a bounded locally Holderian solution by Theorem 2.8.
It is worth noting that our uniqueness results do not apply in this case. In fact, as
far as we know, no general-purpose uniqueness result is known for the BSDE of
this type.

REMARK 3.9. The techniques of the present paper, geared toward systems
of equations, have limited impact in the one-dimensional case where powerful
methods based on comparison principle apply. To illustrate that point, we note
that the existence of a Markovian solution for (3.7) can also be established using a
localization technique of [12] or from a forward point of view, as in [5], as follows.
With f™P(x) =(—p) Vv f(x) Am for m, p € N, the approximating BSDE

1
dy["" =~ fP )| 2 P+ 2 AW v = g(X),

admits a unique bounded continuous solution (v?, w™?); cf. [42], Theorems
2.3 and 3.7. Define the exit time t, = inf{u > 0 : X,, ¢ B,}. Comparison theo-
rem for quadratic BSDE implies v”?+! < v"™P < y™+1.P It then follows from
the monotone stability of quadratic BSDE (cf. [42], Proposition 2.4) that Y. ,"X’Tf =
V"™ P (-, X™) increasingly converges to some process Y,’i,n as m — 00, and Y,’i,n
decreasingly converges to Y. ., = v(-, X*), for some function v, as p — oo. The
convergence of Y.T\’Tf to Y., is also uniform and Z_"}\’ffl also converges to some
Z.r, in bmo; cf. [5], Theorems 4.5 and 4.7. Sending n — oo, we obtain a solution
to (3.7).

4. Proof of Theorem 2.5. Within this proof, all the constants 7', d, N, A, L,
16|l llo I, and functions {A,}, which define the setting or appear in the as-
sumptions of Theorem 2.5 will be thought of as global variables; any function of
them will be treated as a constant, which we call an universal constant. For quan-
tities dependent on additional parameters, we write, for example, C = C(y) to
signal that, in addition to the global variables mentioned above, C also depends
on V. In Hardy’s manner, universal, constants will always be denoted by the letter
C which may change from line to line, and they are always positive. To increase
readability, we use the notation <¢ as follows:

‘a<cb’ standsfor ‘a <Cb’.
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Furthermore, we fix both m and n € N, and removing them almost entirely from
the notation throughout this section. It is important to note, however, that our treat-
ment of m and n will be different. One one hand, since we are after uniform esti-
mates on the entire sequence {v""}, we do not allow any of our constants to depend
on m. (We will see later that the dependence on {k'} is through its L9"-norm
which is assumed to be bounded uniformly in m.) On the other hand, all of our
analysis in this section will be restricted locally to the ball B, (bg). Therefore, n
is be added, temporarily, to the list of universal constants and all the estimates
below will depend on it implicitly. Hence, for the time being, the conditions of
Theorem 2.5 is localized to x € B, (bg) and we simply assume, for the reminder
of this section, that conditions of (1)—(4), with the center by of the ball B, (bg)
and indices m, n removed, are satisfied. In particular, we assume that there exists
constants «, b, ¢, ¢, M > 0and g > 1 + d/2 such that

4.1) lvllLeoqo,rxB,) <¢ and  |gllce(p,) <b-

There exists a Lyapunov pair (4, k) € Ly(f, 2¢) on B, such that
(4.2) IkllLeo.71x8,) <€ and [ f(t,x,y,2)] < M(z* +k(z, x)),

forall (r,x) € [0, T1X By, |y| <c,and z € R¥N*? The o, b, ¢, £, M and ¢ are also
added to the list of universal constants. Throughout this section, the dependence
on bg is only through «, b, ¢, £, M and q.

4.1. A “testing” lemma. As we already mentioned, for each initial condition,
the SDE (2.1) admits a unique strong solution X"* = (X L’x) uels,T]- For notational
convenience in several proofs below, we allow X to start from negative time, that
is, t < 0. Therefore, we extend b and o via

b, x)=b0,x) and o(t,x)=0(0,x) forr <O.

These extended coefficients still satisfy conditions (1)-(3) after (2.1), ensuring
the existence of the unique strong solution, which is still denoted by X'* =
(XIYuerr. 7). Its infinitesimal generator is given by

d d
1
(4.3) L= bi(IDi+ 35 37 al,)Dyj.
i=1 i,j=1

Parametrized by (¢, x), the laws of these solutions constitute a Markov family
(P") (s x)e(—o0.T]xRd Of probability measures on C ([0, T] — R¢). (Even through
the canonical process may start from negative time, we only focus on its trajectory
on [0, T'].) In a minimal notational overload, we use X for the coordinate map on
C([0, T]1 — R?) and set throughout

4.4) Y,=v(u,X,) and Z,=w(u, X,) forueltvO0,T].



514 H. XING AND G. ZITKOVIC

A C-2-function ¢ 10, T] x R? — [0, 1] is said to be testable if its support is
contained in [0, T'] x B, and we have I', < 0o, where

9 1 TN
[,:=  sup —@| + |Dpb| + =|D”¢ :a| + —|Dg|” ).
(t.x)p(t.x)>0\| 07 2 7

LEMMA 4.1. With c as in (4.1), there exists a universal constant C > 0 such
that, for each ¢ € RN with lel <c,allt’ €[tvO0,T], x € R4, and any testable ¢,
we have

T
t,x 5
B [/ﬂ I{W(M,XL,):1}|ZM| du]
t,x r ,
SC FIPE ’ |:/l’ 1{¢(u,xu)e(0’1)}|Yu — cl du]+

T
t, :, 5
i x|:/t’ I{W(“’X”)>O}k(u’ Xu)duj| +E x[l{fﬂ(T,XT)>0} Y7 —cl ],

where the expectation E'* is with respect to P"~.

PROOF. We overload the notation by writing ¢ for both the process ¢(-, X)
and the function ¢; similarly, having fixed ¢ € RV with |¢| < ¢, we write 4 both
for the function 4 (- — ¢) and the process 4 (Y — ¢). We define the product process
F =¢h =¢(-, X)h(Y — ¢) and write down the semimartingale decompositions
(under any P"*):

ad
do = <8—g0 + Ego) du + DpocdW
u

and

1
(4.5) dh¢ = (5021@6 2,2y — Dth> du+ Dh’Zo dW.

Reminding the reader that d F’ Z & means that F — fo o ds is a local martingale,
we conclude that

1 d
@6) dF 2g( 3D (2. 20— DI f ) 150+ Lo ) + (DHZ. D),
u
The C?-regularity of the function / and the fact that 4(0) = D (0) = 0 imply that
there exists a constant C > 0 which depends only on /4 and ¢ such that
@.7) h°(y) <Cly—c|®> and |DrC(y)]* <Cly—c|*>  forall y with |y| <c.

The fact that (h, k) € Ly(f,2c¢) coupled with the boundedness of a and the fact
that |Y — ¢| < 2¢, imply that the right-hand side of (4.6) above is bounded from
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below by

0 1 1
3¢t ﬁﬁﬂ‘ - Z<§<ﬂ(zi1)2 +C—

ZI>—k)—ClY —c|?
¢(|1Z|” —k) - C] | > 2

(Dithl(p)2> 1,50

1 0 1
> Loz —gr—cyy - c|2(\—so + £¢\ + —|D<P|2)1go>o-
2 ou @

It remains take the expectation and use boundedness of F (implied by the
boundedness of ¢ and Y on [0, T] x B, as well as continuity of 4¢) and its
positivity. [J

4.2. First consequences of the regularity of transition densities. It follows
from the conditions imposed on o and b (see [52], Theorem 3.2.1, page 71) that
the Markov family (P"*) admits a family of transition densities

p(t,x; 1, x'), telt, T],x eRY.

Moreover, they satisfy the following fundamental estimate (known as the Aron-
son’s estimate): there exist constants o,o > 0, as well as C, C >0, depending
only on the I.°°- and ellipticity bounds on b and o, such that, forall0 <r <t <T
and all x, x’ € R?, we have

C _r_
G pne TSPl
(4.8) _ )
C _r |x" — x|
<———7e 27 where r = ———.
(r —1)4/2 1 —t

REMARK 4.2. Under our assumptions [cf. conditions (1)—(3) after (2.1)],
the upper bound in (4.8) can be obtained by the parametrix method (see [34],
equation (6.12), page 24). The lower bound was first obtained in the paraboloid
|x" — x|> < const(t’ — t) by [38], equation (4.75), then extended globally by a
standard chaining argument. When b and o are only measurable and £ is in the
divergence form, (4.8) was obtained by [1], Theorem 1.

The first consequence of the estimates (4.8) is the following uniform bounded-
ness result.

LEMMA 4.3. There exists a universal constant C > O such that
T
R [ [ 022+ ki, Xu>)1{xueB,,}du] <.
t

forallt,x €[0,T] x R4,
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PROOF. Let x be a testable function, such that, for all € [0, T'], x(¢,x) =1
for x € B,—1 and x (t, x) =0 for x € B;;. According to Lemma 4.1 and the bound-
edness of v on [0, T'] x B,, there exists a universal constant C = C(x) such that,
uniformly over (¢, x) € [0, T'] x R? we have

T T
| [ 2P | e 14 [kt Xoticen
¢ t

By Holder’s inequality with 1/g + 1/q’ = 1, we have

T
E"* |:/ k(u, Xu)1x,eB,) duj|
t

T
:ft /Bk(u,g)p(z,x,u;g)dudg

T , 1/q'
§||k||Lq([o,T]xBn)<_/; [ ptexuser duds) .

The proof is completed once we use the upper bound in (4.8) and the fact that
q' < 1+2/d to obtain

/IT/BHP(I’X;uvé)q/dudg

T do g _dlE=x?
sc/ (u—r1)~20- >( : (u—1)"2e 2«2<u—r>ds)du
t n

! ~4('~D
<c [ -0tV au
!
1——d
<T %D, O

The uniform bound of Lemma 4.3 helps provide the following fundamental
relation between w and v.

LEMMA 4.4. w is the weak (spatial) Jacobian Dv of v on (0, T) x R4,

PROOF. Given € € (0,7/2) and the testable function x from the proof of
Lemma 4.3, we define
b, x)=v(t, x)x(t,x)  fort,x €[0,T] x R?,

and let the sequence {f)(l)} (with [ > 1/€) of approximations to ¥ be given by
/ t+1/1
(1, x) :1/ E'*[o(u, X,)]du  fort,x €[0,T —e] x RY.
t

The functions (f)(l)) are uniformly bounded (by c, in fact), and, thanks to smooth-

ness of the transition densities of X, each " is c12_differentiable. Moreover, as
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one readily checks, we have

(% + E)f;(l)(t, x) =UE"[0@ 4+ 1/1, Xe41/0)] — 0(, x)).

Having fixed a pair (7, x) € [0, T — €] x R?, we apply It6’s formula to d(-, X*),
use the boundedness of v on [0, 7] x B, in the second inequality below, and recall
the second inequality in (4.2) in the last inequality, to obtain

d u]

d 1+1/1 d
‘(— +£)f)<”(z,x) <c lEf’X[/ 1v<u,xu>|‘<z +£)x<u,xu>
t
1+1/1
+lIE”x[f X, X | f s X, Yu,Zu)|du]
t

dt

Y
+[E" [/ {Dx(u,xu)“Zumu]
t
1+ IE"* e X X, Y, Z)|d
<cl+ X (u, u)’f(u, us ¥y, u)| u
t
t,x /1 2
LB [ [ twxo-alzi] du]
t

t+1/1
<c 1B [ (kX + 120 e,
t
for a universal constant C = C(y ). The Markov property of the family (P"**) now

implies that, with Z, = w(s, X}), where X’ denotes the coordinate process inside
the P*-X«_expectation, we have
d u}

T—e€
E" [/ (i - ﬁ)f)(l)(u, Xu)
t

dt
T—e u+1/1 >
<c 1+ B[ [T B [T 2 ko X)) Mg s
t u

(4.9)
T—e u+1/1 )
:1+Ez,x[/ z/ (1Zs|* + k(s, X)) 1(x,eB,) ds du]
t u

T—¢
<c 1+E”x[/ (1Z,? +k(s,Xs))1{XS€Bn}ds:| <C  forall¥,
t

where the last inequality follows from Lemma 4.3; the constant C obtained above
is also uniform for all 7, x € [0, T — €] x R¥.

Continuity of v implies that 9 is also continuous, and hence, uniformly contin-
uous on compacts. For any € > 0, there exists 6 = §(€, n) € (0, 1) such that

o, x) —o(t', x")| <€ if |(t,x)— (¢, x)|<8and |x —bo| <n+1.

The difference above vanishes if |(¢, x) — (¢', x")| < 8 and |x — by| > n + 1, since,
in that case, x, x" ¢ suppy. Therefore, using the boundedness of ¥ and the upper
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bound in (4.8), for (7, x) € [0, T — €] x R? we have

19D (t, x) — vz, x)|

<l a0 §) = (0. 0)|Ip(e. x: . §) du d
[t,t+1/1]1xR
+// L(je—xi<s,x|<nt1} |0, &) — D(t, 0)|Ip(r, x;u, &) du d§
[t,t4+1/11xRd
1/1 iy 2 _
§clf / u=4/%¢ 2% dE du + €
0 |&|=6

1/1
<ci [ (1= o(s/\omu)) du+é.
0

where @(-) is the distribution function for standard normal. Note that
lim, o ®(6/v &2u) = 1. The last expression is less than 2¢, for sufficiently large [,
uniformly for 7, x € [0, T — €] x R¥. Since the choice of € is arbitrary, the previous
estimates implies the uniform convergence of {f)(l)} to b on [0, T — €] x RY.
~ (1 . A .
Setting Y( ) = v(l)(-, X%y and Y = 9(-, X9¥), we use the uniform convergence
~ .o ~ . . ~ ~ ~(l

of {v(l)} to obtain Y( N Y, uniformly. Applying It6’s formula to |Y — Y( )|2
using (4.9), we obtain

and

~ () ~ ~ () ~
B[P = F),_J<c| swp |7, -F.

uel0,T—e]

Lo’

which converges to 0. This means that

T—e¢
tim [ [ g2, £)p(O, 53, dude =0,
0 B,
where
gi=|(xw+vDy — Dﬁ(l))6|.

By the lower bound in (4.8), the density p(0, x; -, ) is bounded away from 0
on [e,T — €] x B, and o is uniformly elliptic. Therefore, D - xw—+vDy
in L2([e, T — €] x By), as | — oo. Coupled with the fact that P - % also in
L2([e, T — €] x By), this implies that xw + v Dy is the weak Jacobian of vy. The
statement follows by noting that for each compact K € R?, yw + vDy = w and

vx =von [0, T] x K, for large enough n, and the choice of € is arbitrary. [

4.3. Uniform local estimates. We now choose and fix R € (0, 1/4] and a pair
(tg, x0) € [0, T] x By—_1. It is important to note that none of the constants in the
sequence of lemmas in the next two subsections depends on the choice of (#g, xo)
and R.
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We will use the point (#g, xg) (or only xg) as the origin throughout the proof and
dilate the coordinate system around it with the change of variables (¢, x) — (7, &),
given by

x=x0+ Rf and t=to+R21.

Most balls, cylinders, etc. in the sequel will be centered around (g, xg) (or xg)
and their dimensions (radius, etc.) will have much nicer expressions in the (z, £)-
coordinates, so we introduce the following notation:

B(p) =[x eR?:|x —xo| <pR} and
y@;p)={(t,x) €0, TIxR¥: 19 <t <ty +6OR> |x —xo| < pR},

for the ball 8 and the parabolic cylinder y .
Typically, a function @ : R x RY — R will be defined in (z, &)-coordinates, and
then its counterpart

@.10) o(t, x) =¢(I o ﬂ)

R2’ R
restricted to [0, 7] x R9, is used in computations. A similar notation will be used
for functions of x only or for subsets of [0, T] x R4 or R4 (identified with their
indicators). In the same spirit, we set T = (T —19)/ (R?).

Within this proof, [ denotes the integral over R¢, while [/ stands for the integral
over [tg, T] x RY. If the domain of integration is notationally further restricted, as
for example, in [/}, the integral is taken over ([, T'] X RN D (or RN D in the
spatial case). Similarly, in order to avoid repeated explicit minimization with 7', we
assume that temporal variables cannot take values above T, so that, for example,
the interval [79, fo + 4R?] coincides with [z, T'], when 7o + 4R? > T. Meanwhile,
as we mentioned before, 7 in P’ is allowed to be negative.

We continue with some consequences of (4.8) which will be used in the sequel.
Given the origin (#p, xo) and the radius R fixed above, we introduce the following
shortcut:

4.11) pe(t, x) = p(to — eR*, x0;1,x)  fore >0,
for the transition density, and state several useful estimates where the functions
Ay, 8y are given by
[ —d/2
4.12) Ay (e) =exp —Fe and 6,(e)=¢ Ay (),
o

and extended to € =0, ¢ = +o00 by continuity. We also define the positive (univer-
sal) constant &g by

(4.13) g0 =inf{e > 0: 85(¢) = 1/2} Amin(1, (a2d) ).

Note that §z(€) is increasing on [0, (@%d)~'] and decreasing on [@2d)~!, 00)
with §7(0) = 0. Therefore, the definition of ¢y implies §7(€) < d5(€g) < 1/2 for
€ € [0, eo]. The role of ¢y will be clear in Proposition 4.16 below.
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LEMMA 4.5. There exists a universal constant C > 0 such that, for all (¢, x) €
y(4,4) and ¢ € (0, gy/2], we have
(4.14) pe(t,x)<c R™  when (t.x) ¢ y(1/4;1/2),
(4.15) pe(t,x) >c R™965/4(20/2+&)  whent > 19+ eyR?/2,
(4.16) pq(t,x) <c R_d(Sg(so/z + &) whent <ty + 8()R2/2 and x ¢ B(1).
PROOF. WesetT=¢+ (t — to)/R2 >0,§=((x—x9)/Rand r = f/l";‘lz €

(0, o], and note that the bounds in the density estimates (4.8) can be represented
in two forms (with the outer one holding only for & # 0):

_ __d __d —
@17) 151780 (r) =772 A0 (1) <c RYpelt. ) <c T2 A5 (r) = €7 85(r),
which will be used throughout the proof.

— Inequality (4.14): Both 6, and A, are bounded by a constant C on [0, co],
s0, by the right-hand side of (4.17), we have

R p.(t,x) <¢ max(|&], \/%)_d,

which, in turn, implies (4.14) since max(|&|, V7) > 1/20n y(1/4;1/2)¢.
— Inequality (4.15): Under the conditions of (4.15), we have r > 7/16, and so,
by monotonicity of A, and (4.17), we have

Ripe(t,x) >c T2 Ay (r) = 85(T/16) = 85 /4(F).

The function §, /4 attains it maximum at 16(c%d)~ !, and is nondecreasing to the
left of it and nonincreasing and positive to the right. Since &9/2 + ¢ < 7, in the
case that T < 16(a>d) ™!, we have 8, /4(F) > 85 /4(g0/2 + €). On the other hand, if
T € (16(cd)~!, 411, we have

_ 1 _
Suae0/2+ €) = baja(16(2%d) ") Zc basa (43 ) = 8usa(@).

Both alternatives lead to (4.15).

— Inequality (4.16): The conditions of (4.16) translate into T < gp/2 + ¢ <
(Ezd)_l, as well as r < 7 (since || > 1). The function 8z is nondecreasing on
[0, (G2d) '], so the (4.17) implies

RYpe(t,x) <¢ 85(r) < 85(20/2 + &), 0
An operational form of Lemma 4.1, stated in Proposition 4.7 below, employs a

particular testing function ¢, obtained via (4.10) from a function ¢ : R x R? —
[0, 1] in the class C1?(R x RY) satisfying

@(r,€)=1  whent <land|§| <1,
@(r,§)=0 when v >4 or |§] > 2,
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and ¢(z, &) € (0, 1) otherwise. By making sure that the ¢ decreases fast enough
(e.g., quadratically) toward its O-level set, one can also guarantee the boundedness
of |D@|?/¢. For the corresponding function ¢, expressed in the original coordi-
nates [as defined in (4.10)], we easily check that, relative to the set [#, 7] x R4,

lp=1}=y1:1) and {p=0}=y(4 2),

and that the quantity Iy, is independent of the choice of (79, xo). Due to R < 1/4,
we have |Dopb| <¢ %|D(])b|. Therefore, I, satisfies

1

(4.18) Ly <c 25T

Finally, the support of ¢(z,-) is a subset of B,. This follows from xo € B,_1,
supp ¢(t,-) = Bz, and R < 1/4.

LEMMA 4.6. For pe defined in (4.11), there exists a universal constant C > 0

such that, with % =1- é we have

2+d
(4.19) // kpe <c QR AT 4
y(4:2)

PROOF. By (4.8), withz, =19 — eR?, we have

/1. 2
// p? <c/ (t—te)_%(q/_l)(/ (t—te)_%e_g%(_ri?l) dx) dt
y@2) 5 T . r+4R? B2)

d, 1 d, 1
Sc/ (t—te)‘f(‘f‘“dtsf t—to) 2 Var
[to,t0+4R?] [to,t0+4R?]

d
<c QR ANT)? a1,

The previous inequality, combined with Holder’s inequality in the form [ kp. <
Iklle (/] p2 )1/, establishes the statement. []

Reminding the reader that the constant c is defined in (4.1), we state the follow-
ing result which is a combination of Lemma 4.1, applied with the testing function
@ introduced above, and Lemmas 4.4, 4.6, together with (4.18).

PROPOSITION 4.7. There exists a universal constant C > 0 such that for all
e >0 and all ¢ with |c| < ¢, we have

// \Dvp, <¢ R~ // v —cl?pe
y(1;1) y(&2D)\y(1;1)
24d

(4.20)
17y /ﬂ(z) g — c|?pe(T. )+ QRANT) 70 .
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4.4. A weighted Poincaré inequality and Struwe’s lemma. Next, we state a
weighted Poincaré inequality in Lemma 4.8 below. Let D be a Lipschitz domain
(nonempty open connected set) in R?, and let D be its translate/dilate as described
around (4.10). Similarly, let y be a weight function, that is, such that x € L°°(D)
and [5 x > 0, and let x be its translated/dilated version. Given a function u €
LY(D), we define its x-average

1
wh=—" ux.
) DX *
The special case x = 1 is denoted simply by up. For a vector-valued function u,
the same notation is used, but with averaging is applied component-wise. When
the domain D is omitted, it is assumed that D = Intsupp x.

In keeping with the notational philosophy of the proof, D and ¥ are thought
of as prototypes, and D and x as the family of their homothetic copies, indexed
by f9, xg9, and R. As above, the main message behind our results below is that
estimates can be made independently (or explicitly dependently) of those indices.
Here, | - || denotes the I.>-norm on D and H'(D) the Sobolev space Wb2Zon D.

L~EMMA 4.8. Given D and X as above, there exists a universal constant C =
C (D, %) such that for all u € H' (D) we have

—x 12
lu—ah|” <c R Dull”.
PROOF. For w € L2(D), by the Cauchy—Schwarz inequality, we have

>

A= =i [ [

:‘/[)X W —Wp.

If, additionally, w € H'(D), then combining the previous inequality and
Poincaré’s inequality, we have

” IDI IDI

— 72 — _5\2 _ _
|w—wh|" <2(wp —wh)" + 2w —wsl° < Clw —wp|* < ClIVw|?,
with C depending only on D and X . It remains to set w(§) = u(xg + RE). O
Next, let us pick a (weight function) & R4 — [0, 1] such that
~ 1 ~
4.21) ¢(E)=0  for ISISEOY €] > 4, v(E) =1 for 1 <|§] <2,

and 1}(‘;‘ ) € (0, 1), otherwise, and consider its version i in the x-coordinates.
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LEMMA 4.9. When d > 2, there exists a universal constant C = C (1}) such
that, for any u € Hll)c (RY) we have

/ u—u’* <¢ R2/ |Du/?.
BO\B() BANB(1/2)

The same inequality holds when the domain of the left integral is replaced by $(2)
and that of right one is replaced by B(4), but d is allowed to be 1 in this case.

PROOF. With D such that D = B4\ B(1/2), we observe that suppyr € D
and that 8(2) \ B(1) € D. Therefore, applying Lemma 4.8, we have

f |u—ﬁ'ﬁ|2§f u—u|* <c RZ/ |Du/?.
BO\B() D D

The proof is the same when $(2) \ (1) is replaced by 8(2) and D = 8(4). O

REMARK 4.10. When d = 1, the set B(4) \ B(1/2) = [-4, -3 U [1,4] is
not connected and, in fact, the statement of Lemma 4.9 does not hold. To see
that, it is enough to consider u = 1 on [—4, —%] and u = 2 on [4, %]. Then
Jpanpay |Dul>=0,but 1 <@’ <2 implies [\ g1 [u —u" > > 0.

On the other hand, let us argue that we can assume, without loss of generality,
that d > 2 in Theorem 2.5. Indeed, suppose that we have established Theorem 2.5
for d > 2, but we are facing a situation where d = 1. In this case, we simply em-
bed our one-dimensional problem into a two-dimensional one. More precisely, we
define the new state process, perhaps on an enlarged probability space, as X =
(X, B), where B is a Brownian motion independent of W. The so-obtained coef-
ficients b = (b,0) and 6 = diag(o, 1) satisfy all the necessary assumptions. Fur-
thermore, the functions ™ (¢, x, x’) = v (¢, x) and "' (¢, x, x") = (W™ (¢, x), 0)
is a Markovian solution to the system (2.5) on the enlarged probability space. The
similarly defined }m and g" satisfy the assumptions of Theorem 2.5. In particular,
for the Lyapunov pair in condition (4), inequality (2.4) (with f and k, replaced by
S™ and k', resp.) is satisfied for all z = (z,0) € RN %2 Therefore, Theorem 2.5
implies that {#"'} is uniformly locally Hé6lderian in its first two variables. As a
result, Theorem 2.8 produces a locally Holderian solution (9, w) on the extended
space. It remains to use locally uniform convergence and Lemma 4.4 to conclude
that v does not depend on the additional coordinate x” and that the second column
of w vanishes. Therefore, Y = 9(-, X,0) and Z = ﬁ)l(-, X, 0) are adapted to the
original filtration and solves the original system.

We consider v as a global variable for the remainder of the proof. Consequently,
the dependence of universal constants on it will be suppressed in sequel. The
following lemma generalizes an important result of Struwe (see [53], Lemma 4,
page 134).
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LEMMA 4.11. There exists a universal constant C such that

_2+d
Y v P <c R—d// IDv? + R>,
Y (62,4)\(y (01,4)Uy (02,1/2))

forall0 <6y <6, <4, wheret; =to+6;R>, i =1,2.

’v(lQ’ )

PROOF. We fix ¢ € (0, 1], and, reminding the reader that p, = p(t9 — eR2,
X0, +» *), set 1 = W/ p.. [td’s formula and Lemma 4.4, applied to the product F; =

n(t, X' (t, X;) (with X = X0~¢Rx0) yields

- Y
d(nv') = —nf' +v’<—

5" +£n> +(Dv', Dn),.

Therefore, with L = Ef[F,, — F;,]1 = (Vi (tz, .)'/f — vi(f, .)‘”)fw and the un-
derstanding that all space-time integrals [/ in the rest of the proof are over
y(62,4) \ v(61,4) we have

(422) L=- fffw//(ps < n+£n>+pe<Dvi’Dn)a>-

Since o is bounded and globally Lipschitz, so is a, and the infinitesimal generator
L can be written in a divergence form

L= ZkaH LY D@D,
]k

where by = by — % 3 i Djajr) is bounded and Dj(a ) is the weak derivative of
aji. Another consequence of the (regularity and ellipticity) assumptions imposed
on o is the fact that the transition density p. is smooth for ¢ > g and satisfies the
forward Kolmogorov equation

0
(4.23) Epe =L'pe = Z Dk(bkpe) +3 Z Dy (ajk Dk pe)-
] k

Furthermore, since ¥ does not depend on ¢, we have pg%n + 7)% pe =0, and so,

(4.24) //pgv 5= // nvi%pez—//nviﬁ*pg.

Using the divergence form of £* in (4.23) and the fact that n(¢, -) is supported in
B(4), we conclude that

. 1 .
(4.25) —/ n'L*p =—/ bpe+ = D(nv'), Dpe) .
) ‘ B(4) D) 2 ﬁ(4)< (). Dpel,

Similarly,

. L 1 .
(4.26) / peV' L7 =/ Dnbv' pe — —/ (D(psv'), Dn),.
B4 B4 2 Jp@
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Finally, we integrate both (4.25) and (4.26) over t € [t, t>], and combine them
with (4.24), to conclude that

// (psvi (%n + En) + pe(DV', Dn>a)
= [[ (3106, Do), = 3{D(pev'), P,
+ pg(Dvi, Dn), — D(nvi)l;pe + Dnl;vipe>

_ //G(Dvi, Dy, — wm"é).

Next, we multiply both sides of (4.22) by —L and use (4.27) together with the
uniform ellipticity of o and the fact that | f/| < C(|Dv|? + k) to obtain

L2sC(|L|//|w||Dv|2+|L|//|w|k+//(|LDw|+|Lw5|)1Dv"l)-

Holder’s inequality, applied to the third term on the right-hand side above, and use
the fact that |L| < C||v|| R for the first term yield

1
L% < CRd<// 1y-0lDv[? + // 1¢>0k> 5L

+ %ff(mw + 1B [[ 1m0l DV P,

To complete the proof, we use the first inequality in (4.2), apply Holder’s inequality
to the integral [/ 1, -0k, and use the boundedness of b and R < 1/4 to obtain

[[¥?b)? <c R and

4.27)

[ 10y =r"2 [ 1Dy

so that
[[10uP <@ —o0r? [ D3P <c R .

Coming back to (4.20), we will estimate different terms on the right-hand side
using Lemmas 4.9 and 4.11, together with a specific choice of c.

LEMMA 4.12. There exists universal constant C such that, for all ¢ €
(0, e0/2] we have

— 2
sup  RYu(t, " — ¢ pe
y@&H\y (L1

S 2 2w
< // |Dv|2< Pe n a(8+deo/ ))+R i
Y &4)\y @4:1/2) 8q/4(e +€0/2) R

1 o 2 v
where ¢ =v(to + (560 ANT)R=, ") .
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PROOF. We fix (r,x) e y(4;4) \ y(1,1), segf: (r— to)/R2 and define 6; =
min(7, (g9/2) A T), and 6, = max(7, (g9/2) A T), so that 0 < 6 < 6, < 4, and
Lemma 4.11 can be applied. We distinguish the following two cases:

Case 1: g9/2 <. In this case, 8; = €p/2 and the estimate (4.15) of Lemma 4.5
applies. Lemma 4.11, with (4.14) applied to the p, outside the integral in the sec-
ond inequality, yields

d

—y 2 2 R p,
R, )" —c|*pe <c p // |Dv|" —————
| P “ Iy @\ 140y @:172) 8 /4(e +€0/2)

_24d
4RI

<c Rip —ff |Dv[*p
“85/a(e +20/2) My @any @2 ’

_24d
+ p R

2+d

1 5 2td
ic—// |Dv|2p +R™ a .
8o /a(e +20/2) JJy@any @12 ‘

Case 2: g9/2 > t. Since g9 < 1, we have f < 1/2. Therefore, (¢, x) € y(1/2,4)\
y(1/2,1), and so x ¢ B(1). Now that its conditions are met, inequality (4.16) of
Lemma 4.5, together with the fact that §7 is bounded from above and Lemma 4.11,
implies that

— _24d
R v, -)w—c|p8 <c 85(8+80/2)R*d// IDv|> + R* 4. 0
y(4,H\y(4,1/2)

LEMMA 4.13. There exists universal constant C such that, for all € €
(0, £0/2], and all t € [tg, to + 4R?], we have

Y—oa )P 2 N Pe 80(8+eo/2))
/D|”(t» )—v(t,) | pe <c R /D/|Dv(t, )| <6g/4(8+80/2) + = ,
where either (D, D') = (B(2) \ B(1), B(4) \ B(1/2)), or (D, D') = (B(2), B(4)).

PROOF. We omit the details, since the same strategy as in the proof of
Lemma 4.12, namely separating the cases 7 < g9/2 and 7 > gy/2, where 7 =
(t — tp)/R?, and using the corresponding estimates from Lemma 4.5, but this time
together with Lemma 4.9, can be applied. U

LEMMA 4.14. Set o/ = min(a, 1 — %(1 + %)) > 0. There exists a universal
constant C such that, for each ¢ € (0, g9/2] we have

, S5 2
y@H\y(1,1/2) 8g/4(€ +€0/2) R
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= 14
PROOF. With ¢ =v(fg + %eo AT)R?,.) , as in Lemma 4.12, we start from
the inequality:
429 |ot.x) —c[*pe <2Jo(t.x) — 0@ ) Ppe + 2[00 )" — ¢ pe.

With 7 = (¢t — to)/Rz, we integrate (4.29) over D(t) = B(2) \ B(1) when 7 € [0, 1]
and over D(t) = B(2) when 7 € (1, 4]. Thanks to Lemmas 4.12 and 4.13 we get,
for 1 € [, to + 4R?],

R |, —clpe
D(t)

Dot - 2( pe(t,-) )
=c fpd e, )| Spae 1 e0/2) | RA

5o 2
+R_2// |Dv|2< pe G +d80/ ))
Y &H\y(151/2) g /4(e +€0/2) R

2+d

+R a,

(4.30)

where D'(t) = B(4) \ B(1/2) for f € [0, 1] and D’(t) = B(4), for € (1,4]. Then
we integrate (4.30) over ¢ € [ty, o + 4R?] to obtain

R // v — 2 pe
y(@2)\y(1,1)

“31) <[ Do (5L 4 )
y&H\y(151/2) 8g/4(e +€0/2) R

Consider, now, the case when T <4, that,to>T — 4R?. Since g is a-Holder

and supp ¥ C B(4), we have supgy) |g — 87| < max, vepw) lg(x) — g(x)| <c
R*. This inequality and Lemma 4.11 combined, together with R < 1/4 together
with (4.15) in Lemma 4.5 applied to the last inequality, imply that

/ |g—c|2p8<r,->s/ g — 8" Ppe(T, ) +2[g" — ¢
B(2) B(2)

<c R* + (T, 3 - v(fo + e0R?/2, -)wl2
4.32) <c R* 4 R~ f f Dol?
[to+e0R%/2,T1x (B(4)\B(1/2))
_d+2
+ R
20’

<cR |D|? pe.

1
S N — f f
8o /a(e +20/2) JJy@any@.1/2)



528 H. XING AND G. ZITKOVIC

Finally, we combine the estimates (4.31) and (4.32) with (4.20) (shrinking and
extending the domains of integration appropriately) and use R < 1/4 to obtain
4.28). O

4.5. Hole-filling. The following technique is so called “hole-filling,” which
was first applied to parabolic systems by [53]. In the previous subsections, (fy, xg)
and R are fixed. Now they will be varied in [0, T] x B,,_1 and (0, 1/4]. However,
the center of the ball B,,_ is still fixed at bg. It is important to note that none of
constants C below depends on (#p, xo) and R.

LEMMA 4.15. There exists an universal constant C such that
sup [ Do 2p,
e€(0,e0/41Y Vv (1/4;1/2)

<ceo) s [[ DoPpot R
£'€(0,16g9] Y 7 v (16;4)

(4.33)

where o' =min(a, 1 — 2(1+ %)) > 0, and ic(e) = (1 + 385/4(€)) /(1 + 85a(e)).

PROOF. Inequality (4.15) of Lemma 4.5 yields pg, >¢ R4 on y (4; 4). Given
€ € (0, g9/2], this inequality, combined with (4.28), yields

/ 1
DoPpe < B+ —— [ Dv2p
//;/(1;1/2) : 8o /a(e +€0/2) JJy@ar\y,1/2) ’

tosteteo [[ | 1D0Pp,

Let Cp denote the constant C from (4.34); we assume, without loss of general-
ity, that Cop > 1. Adding s——0— /4(8+80/2) ff (1:1/2) |Dv|? p, to both sides of (4.34) and

(4.34)

dividing throughout by 1 + W yields

|Dv|? pe
y(1;1/2)

EC0R2“/+K/(8+80/2)<// Dol + [[ |Dv|2pgo),
y(4,4) y(4:4)

where () = (1484 /485)/(Co+ 84 /4). Our choice of the constant & implies that
k'(e) < k(g), for e < gy. Moreover, k is strictly decreasing on [0, g1, s0 k (g9/2) >
k(e+e0/2), for e € (0, 9/2]. Therefore, extending domains on the right-hand side
and shrink domains on the left-hand side, we obtain

f f IDvlp f f \Dvpe
y(1/4;1/2) y(1;1/2)

< CoR™ +x(eo/2) sup // |Dv|%p,.
&'€(0, 1680] y(16;4)

(4.35)

Maximizing over ¢ € (0, g9/4] on the left-hand side completes the argument. [J
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PROPOSITION 4.16. There exists universal constants C, cg > 0 such that

sup R472x0 // |Dv|*> < C.
Re(0,1/4] y(L;1)

PROOF. In this proof, we need to vary R and do not consider it fixed, while
we still keep (fp, xo) fixed. Hence, we include explicit dependence on R in the
notation as in, for example, Yz (1, 1). Given g € (0, «’], with & as in Lemma 4.15,
we define

Aao(R) = sup R_Zo‘of/ |Dv*p(to — eR?, x0, -, -).
ye(l,1)

£€(0,&0]

Lemma 4.15 implies that there exists a universal constant Co > 0 such that
1
(4.36) Aag (5 R) < Co+v(ap)ryy(4R) for R € (0, 1/4],

where, with ¥ < 1 as in Lemma 4.15, we have v(ag) = 8%« (¢0). Choosing 0 <
ao < o’ small enough so that vy = v(ag) < 1, we obtain

1
(4.37) Aag <5R> < Co + vore(4R) for R € (0, 1/4].
On the other hand, Proposition 4.7 together with the boundedness of v imply that

Aag (+) 1s bounded on compact segments of (0, 00). This and (4.37) combined yield

(4.38) sup Aqy(R) < Cy,
R<1/4

for some universal constant C1. The statement then follows from specializing the
supremum in the definition of ¢ to &€ = gy and estimating pg, using (4.14) of
Lemma4.5. U

The following result completes the proof of Theorem 2.5.

COROLLARY 4.17 (Uniform C%*-bounds). There exist universal constants C
and agy > 0 such that

[v]ao;Bn_l S C

PROOF. Keeping (79, x9) € [0, T] x B,—1 and R < 1/4 fixed, we set

1 [to+R? "
c= ﬁ/ v(t,-)" dt,
1o

so that

(4.39) / |v(t,~)—c|2§C/ v(t, ) — 2@ P+ R, 0" — .
B(1) B(1)
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Applying Lemmas 4.9 and 4.11 to the two terms on the right-hand side respec-
tively, we obtain

/ lo(, ) — v(t, -)w|2 <c RZ/ |Dv(t, -)|2 and
B() Bé)

- _24d
RY|v(, 3 - cl* <¢ // |Dv> + R4
y(1;4)

so that, an integration of (4.39) over [#, g + R?] yields

// lv—c|® <c R? // |Dv|? + Rp2Hd+-4h)
y(1;1) y(1:4)

Dividing both sides by R?T22%_ where o is from Proposition 4.16, and using
the same proposition on the right-hand side, we obtain a universal constant C such
that [f, 1.1y v — ¢|? <¢ R4T2+2%0 for all R < 1/4. Finally, ¢ = v, (1.1) minimizes
the integral [/, . v — c|?, and thus, we have

(4.40) sup R472720 // lv—v,0.* < C.
Re(0,1/4] Y1)

The constant C of (4.40) above does not depend on (#g, xo) € [0,T] x B,_1, so

v belongs to the ball of radius V/C in the Campanato space C* ([0, T] x B,—1),

where

C*([0, T] x B,—1)

= {v el?: sup R—47272x0
(0,%0)€[0, T1x By—1,RE(0,1/4]

= 2
x // |v_vVio,x0,R(1;l)| <OO}'
Vi R(1:1)

The (topological) equivalence of the Campanato space C* ([0, T] x B,_1) with
the natural metric, and the Holder spaces C* ([0, T'] x B,—1) (see, e.g., [47], Chap-
ter IV, Section 2, page 49) implies that [v]y,; , , admits a universal bound. []

5. Additional proofs.

5.1. Proof of Theorem 2.8. Thanks to our notational convention at the be-
ginning of Section 4, the index m was suppressed in the statement of Corol-
lary 4.17. The dependence on k' is through its L9-norm on [0, T'] x B, (bo),
which is assumed to be bounded uniformly in m. With the conditions (1)—(4) of
Theorem 2.5 holding uniformly in m, we have a universal constant C such that
[V ])ag: B, (by) < C, for all m. Combining this uniform Holder estimate and the uni-
form bound in condition (2) of Theorem 2.5, we apply the Arzeld—Ascoli theorem
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on [0, T'] x B, (bg) to extract a subsequence of {v™}, which converges uniformly.
A diagonal procedure then produces another subsequence—still denoted by {v™},
as well as a continuous function v : [0, 7] x R? — R¥ such that v — v, locally
uniformly. Thanks to the preservation of Holder continuity under uniform conver-
gence, the function v belongs to the local Holder space Cl{gé ZO,
{o,} in (O, 1].

Having picked and fixed n € N and the initial condition (¢, x) € [0, T] x R?, we
set X = X" and define the exit time

for some sequence

1, =influ >1: X, ¢ By(bo)},
as well as the following two sequences of processes:
Y =" (u, X) and ZU =w"(u, X)ly<g,,  uelt, TI.

Since (v, w™) is a Markovian solution to the system (2.5), the process Y is a
semimartingale whose finite-variation part is given by

[ XY 2
t

Condition (3) in Theorem 2.5 and Lemma 4.3 imply that these, finite-variation,
parts admit a uniform bound in total variation, that is,

T
Et’x/t [|fm(”’ X, Ylsm)’ Zim))u{usrn}d“]
(5.1)
T
<cm E™ [/t (128 P + k(. X)X, €, 00)) du} < C(n).

Moreover, the uniform convergence of v on Bj,(bo) implies that the convergence
Y 5 ¥" = (-, X™) is also uniform.
Uniform ellipticity of o and Itd’s formula applied to |Y ") — ¥ ") |2 yjeld

[ [T z0m _ o2
E 1Z0m — 2012 du
t

(52) <c ¥ -y
/ T !
I LR e M VAEAVAP
uel0,7,] L t

where f7' = f"(u, X, Y&m), thm))l{ufrn} for all m, m’ € N. The uniform bound
in (5.1) implies now that the sequence {Z"} is Cauchy in L? uniformly for
(t,x) €10, T] x B,(bg), with limit Z". A subsequence, still labeled {(Z"™)}, con-
verges Leb ® P-a.e. toward the same limit,

wm(ua Xu)l{ufrn} - ZZ’
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uniformly for (¢, x) € [0, T] x B, (bg). So it follows that
Z,=7Z,1<,, Leb ® P-a.s.,
where
Z,=w(u,X,) and w(',x)= limminfw'" (', x") componentwise.

Therefore, by It6’s isometry, for almost all ' > ¢ we have

T At T At
/ z,gm>o(u,xu)dwu—>/ Zyou, X,)dW,, a.s.
t t

Next, we show that

LAY

T,,/\t
(5.3) / (u, X, Y, Z20™) du—>/ fu, Xy, Yy, Zy) du, a.s.

as m — 0o, for almost all ¢ > ¢. For that, we first observe that, thanks to the
assumptions placed on the convergence f” — f, we have

Fmw, X, Y, 2"V ey — @, X, Yoo Zi) <, ) A P-ae.

This is, however, enough to ensure the A ® P-convergence, which in turn, implies
(5.3). Indeed, we have

|, X, YO, Z0) — fu, X, YU Zo) V<o)
<c (12" +1Z1% + kn(t, X)) Lju<sy)»

with the right-hand side Leb ® P-uniformly integrable, thanks to the > (Leb ® P)-
convergence of Z".

It is straightforward now to let n — oo and conclude that the pair (v, w) is a
Markovian solution to (2.7). To show that w = Dv in the weak sense, we simply
note that the proof of Lemma 4.4 applies verbatim.

5.2. Proof of Theorem 2.9. We start with a uniform bmo estimate, which will
also be used in the proof of uniqueness. For a Borel function w : [0, 7] x RY —
RV >4 and a constant 8 > 0, we define its bmo(§)-norm by

.

,[/Tt{w(u, Xu)|2du}

where t is any stopping time taking value in [ — §, ¢]. We say that w € uBMOj¢
if lims~ 0 ||w]lpmo(s) = 05 this, stronger, notion of bmo-regularity will play a role
in the uniqueness proof below. We start with a well-known estimate whose proof
we include for the reader’s convenience.

||W||bm0(5) = Sup  Sup
tel8,T]t—6<t=<t
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LEMMA 5.1. For any t € [§,T] and any stopping time t taking value in
[t —6,t], and a € (0, 1], we have

(5.4) E.[|1X; — X.[*] < C5%/2,

where C depends only on o, d, ||b|| .~ and || |-

PROOF. Using the Burkholder—Davis—Gundy inequality, we obtain

' ' 5 3
/b(u,Xu)du}—i—Ef[(/ o G, X du) ]5C 5172,

The inequality (5.4) now follows from the fact that E.[|X; — X|¥] <
E [1X; — X (1% O

Er[|xt - Xr|] =c Er|:

PROPOSITION 5.2. Suppose that, for some c > 0, there exists (h,k) €
Ly(f,c) with k € L°°. Then w € uBMO\q. for any locally Hélderian solution

(v, w) f0 (2.2) with v € C%" and ||v]| .~ < c.

PROOF. Given (h,k) e Ly(f,c) and t — § <t <t, we apply It6’s formula
to h(Y,), where Y, = v(u, X,). With the boundedness of v and a localization
argument guaranteeing that the expectations of the local-martingale parts vanish,
we obtain

E.[h(v(, X)) — h(v(z, X1))] > E; |:/t|w(u, Xu)|2du} — M,

where M is an upper bound for k.

To derive a uBMOjo.-estimate, let L be the Lipschitz constant of the function 4

{on }

on B.. Since v € C| "', for any given n, there exists a constant C, such that

[0(t,) = 0(t's )] < Cymax{lx — [, |1 — o[,

for any 7,¢' € [0,T] and |x — x’| < n. The Markov inequality coupled with
Lemma 5.1 then imply that

E [h(v(r, X)) — h(v(t, X7))]
< LE.[|v(t, X;) — v(t, Xo)|]
<c E[|v(t, X1) = v(t, Xo)|1x,—x, <n] + 200 llpo P [| X; — X | > 1]
<c Be[max(IX; — X, t = D))+ ¢ —1)!/? <¢ 6972,
The statement then follows from combining above displayed estimates. [
The uniqueness part of the proof is based on a result ([32], Proposition 2.1) of

Frei, which in turn extends ([56], Proposition 1) from BSDE whose generator does
not depend on y and the terminal condition is small in L.°°-norm, to those whose



534 H. XING AND G. ZITKOVIC

terminal condition is small in the BMO-norm (see, also, [43], Theorem A.1, for
a similar result). We now work with f which does not depend on y and derive a
consequence of Proposition 5.2 above.

COROLLARY 5.3. Let F:[0,T] x RY > RY be continuous and bounded,

and let g € Cl{gc”} N IL%°. The linear system

(5.5 dY,=—F(t, X,)dt + Z;0;,dW;, Yr=g(Xr),

admits a solution (v, w), which is unique in the class of bounded solutions. Fur-
thermore, v € Cl{:c”} and w € uBMOj.

PROOF. Let { f™, g™} be a sequence of smooth approximations obtained by
mollification of the functions F and g, respectively. This sequence of approx-
imation does not depend on (y, z) and can be constructed so that || f™ |~ +
1g™ [l < 14 [ F | + | gl for all m, with {g™} bounded in C[¢") (cf. Propo-
sition 5.4 below).

Thanks to their boundedness and independence of z, these functions are eas-
ily seen to satisfy the conditions of Theorem 2.5. In fact, they admit a common
c-Lyapunov pair for any c—indeed, it is enough to choose a quadratic 4 and large-
enough constant k. Thanks to the Lipschitz continuity of its coefficients, the equa-
tion

(5.6) dY,=—f"(, X;)dt + Z,0; dW;, Yr=g"(X7),

admits a continuous Markovian solution (v, w™) for each m, with {v"*} uniformly
bounded. Therefore, by Theorem 2.8, there exists a locally Holderian solution to

(5.5), that is, a Markovian solution (v, w) with v € Cl{:c’/io, for some by € RY.
Moreover, since a (global) Lyapunov pair (4, k) exists with k bounded, and the
Holder norm of g does not depend on by, the last statement of Theorem 2.5 implies

that the Holder norm of v does not depend on by, that is, v € Cl{gg’}.
It is straightforward to see that this solution is unique in the class of all bounded
solutions. Moreover, thanks to the existence of a Lyapunov pair mentioned above,

the conditions of Proposition 5.2 are satisfied, and so, w € uBMOj,.. [

To complete the proof of Theorem 2.9, we pick that we pick two bounded-v
continuous solutions (v, w) and (v’, w’). By Remark 2.6 part (2), both of them are
locally Holderian. Since a (global) Lyapunov pair (%, k) exists with £ bounded, and
the Holder norm of g does not depend on by, the last statement of Theorem 2.5
implies that the Holder norms of v and v” do not depend on by, that is, v, v’ € C 1{&"}.
{on}

(We can assume, without loss of generality, that they both belong to some C} ",

with the same exponent sequence {«,,}.) We define ¢ty € [0, T'] by

to=inf{t € [0, T]: v(u,x) = v'(u, x) forall x e RY, u € [1, T]}.
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Let us assume—contrary to the conclusion of the theorem—that 7o > 0. When
restricted to [0, fp], both (v, w) and (v', w’) are bounded Markovian solutions to
(2.2) with the terminal condition g = v(fo, -) = v'(¢9, -). They differ, however, on
each interval of the form [y — 3§, 79], 6 > O.

Letbe (v, w ), be the unique bounded solution to the auxiliary equation (5.5)
on [0, f9] with F = f(-,-,0) and g = v(#y, -). The conditions of Corollary 5.3
above are satisfied, so we have

(5.7) lim su E
LAY to—BgIr)gzo ‘

Io )
[f ‘wf(u,Xu)] du” =0.
T oo
At this point, everything is ready for the application of the aforementioned local
uniqueness result of Frei, which we summarize for the reader’s convenience: when
the quantity

sup
ty—06<t<fy

Io )
E,[f |wf(u,Xu)| du]
T L

which is the BMO norm of the terminal condition g on [fg — §, fp], is small, so-
lution (v, w) to (2.2) is unique in a class C of (9, w) with the bmo-norm of w on
[to — 8, to], that is, the quantity

sup
to—8<t <ty

E. [/to |, X))o (u, Xu)|2du]
T L

is sufficiently small.

Thanks to (5.7), Frei’s result applies when ¢ € [0, #p) is chosen close enough
to 7o. By making it even closer, if necessary, we can use Proposition 5.2 to make
sure that both of our solutions (v, w) and (v’, w’) belong to the class C. Therefore,
thanks to the fact that X, has a full support under P"-* for r < u < fy, we conclude
that v(u, -) = v'(u, -) for each ¢ < u < tp—a contradiction with our definition of
fo. To show that w = w’, a.e., we simply appeal to Lemma 4.4 above.

5.3. Proof of Theorem 2.14. Our proof of Theorem 2.14 proceeds in two steps.
In the first step, we construct a sequence of Lipschitz approximations to the gen-
erator f and the terminal condition g, making sure there is enough uniformity for
the construction of a uniform Lyapunov pair. Next, we observe that those approxi-
mation satisfy the condition (AB) or (wAB), producing a uniform, a priori bound
in IL°°. Lastly, we apply the approximation Theorem 2.5.

5.3.1. Lipschitz approximations. We start by outlining a Lipschitz-
approximation procedure that will be used in the sequel. We extend slightly the no-
tation for the class of functions satisfying the condition (BF) from Definition 2.10,
by including a general, but small, quadratic term; its significance is explained in
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Remark 2.15 and the additional term corresponds to the “error” in (2.11). If a func-
tion f: [0, T] x R x xRN x RV*4 — RN admits the following decomposition:

f(t, x,y,z)=diag(zl(t,x, y,2)) +q(t,x, y,2)

(5.8)
+s(t,x,y,2)+e(, x,y,z)+k(,x),

where |, q, s, k satisfy the conditions of Definition 2.10, and for each n € N we
have

le(t, x, y,2)| < en(1+121?)
for some €, > 0 and all (7, x, z) € [0, T] X By (bg) x RN x RNV*4,

then we say that f satisfies the approximate condition (BF), and write f €
BF.({Cy}, {«n}, {qn}, {en]).

As Proposition 5.4 below shows, a pleasant feature of the condition (BF) (and its
approximate version) is that it allows for approximation by more regular functions,
in a uniform way. More precisely, f can be approximated by a sequence of regular
functions { f™}, such that, even though the functions I, q, s, k and e in the decom-
position of f™ may depend on m, the constant sequences ({Cy}, {kn}, {gn}, {en})
do not. This uniformity is essential to construct a sequence of universal Lyapunov
functions {h,,} for the approximation sequence { f™}.

PROPOSITION 5.4 [Approximations preserving the approximate condition
(BF)].

1. For each g € Cl{(‘)xc"}, then there exists a sequence {g™}, bounded in Cl{gc"},

such that each g™ is Lipschitz (globally in all arguments) and g™ — g every-
where.

2. There exists a constant M, which depends only on d and N such that for each
f eBF.({C,}, {kn}, {gn}, {en)), there exists a sequence { f™} and a subquadratic
sequence {k}} (as in Definition 2.10) such that:

(@) f™ €eBF.(MCy,«,,qn, Mey,) and is globally Lipschitz in all of its argu-
ments,

(b) f™ — f pointwise, locally uniformly in z, and

©) "G, 0)lpam ([0.T]x By (b)) 1S bounded uniformly in m, for each n € N.

PROOF. The idea is to mollify using smooth kernels with a compact support
and linearize the tails of the quadratic parts. In this spirit, we define the C*°(R?)-
function

1
n(x) = Celx-1 1|x\<1a

with the C is chosen so that [ n(x)dx = 1. We use the same notation 1 (and the
same formula) for its C*®°(R) and C*®°(RY*?) versions.
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For each m € N, we set 7™ (x) = m?n(mx) and n"(t,x,z) = m T4tNxd

n(mt)n(mx)n(mz), and use the standard notation for mollification, namely,

(g * () =/g<x — D@ di.

as well as for its n(¢, x, z)-version. We refer the reader to [30], Appendix C.4,
Theorem 6, for standard properties of mollification.

We also define the partial-truncation function IT"(w) = “”HTAlmw, with
I1"(0) = 0; clearly, IT™ is Lipschitz and |IT"(w)| = |w| A m. Most of the ap-
proximations in this proof will be of the form

g"(x) = (g*n")(I1"(x))
in the R case and

(5.9) S x, )= (f ") (e, T (x), 1" (z))

in the R1t4+N*d_cage after extending the domain of f via f (¢, x,z) = £(0, x, 2)
fort <0, and f(t,x,z) = f(T, x,z) when t > T. The same, superscript-m, nota-
tion will be used without explicit mention, when this operation is applied to other
functions below.

(1) For g € Cf&’,i@, one easily checks that each g™ is Lipschitz, bounded, the

sequence (g) is bounded in Cl{(fi:’io, and the convergence g — g follows from

the standard properties of mollification.

(2) Given a function f satisfying the assumptions in part (2), since the convo-
lution f * 1™ is smooth, and I1" is Lipschitz and bounded, each approximation
S™ is globally Lipschitz in all of its variables. Furthermore, when z" — z, we
have 1" (z™) = " for sufficiently large m and, so, using the properties that mol-
lifications of a continuous function converge locally uniformly, we have f™ — f
locally uniformly in z.

To verify the condition BF, for f, we fix n € N, and start with the quadratic-
triangular component g. Thanks to the fact that 5 is of compact support, all com-
ponents q"* of the approximation ¢” have the following property:

lq™i(t, x,2)| < Cy (2 +> |zj|2>

j=1

i

< 2c,,(1 + Z|zf|2) on [0, T] x B, x RV*4,
j=1

Therefore, g™ is quadratic-triangular as well, with C}, =2C,,. A similar argument

can be applied to e. For k, it follows from [30], Appendix C.4, Theorem 6(iv),
that k™ converges to k in L9 ([0, T'] x B,) for each n; in particular, the sequence
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1K™ lan ([0, 7% B,)> Which differs from || f™ (-, -, 0)llLan (0.71x5,) Only by a con-
stant, is bounded in m.

For I, a direct approximation of d(¢, x, z) = diag(zl(¢, x, z)) does not produce
the function in the same class; it needs an adjustment by a subquadratic term. To
see that, we note that

d”(, x, z) = diag(zI" (1, x, 2)) — L" (¢, x, 2),

where d" (¢, x, z) = (d * n™)(t, 1" (x), I1"(z)) and

d
(L)t %, 2) = D (1 # ) (7, 1" (x), 1™ (2))  and
j=1

(™), (¢, x,2) = zijn" (¢, x, 2).

The function I grows at most linearly, with the constant C, bounded from above
by C, multiplied by a constant which depends only on d and N. On the other hand,
the components of L™ are mollifications of linearly-growing functions by kernels
ﬁ?}, all of which are dominated by 5™ in absolute value. Therefore, the functions
L™ are of subquadratic growth, uniformly in m.

The subquadratic growth of s ensures the same property for s, uniformly in
m, perhaps with a different growth bound «;,. Therefore, each f admits a decom-
position as in (5.8) into the functions d”* + L™, ¢, s™ — L™, €™ and k™, which
have all the required properties. [

5.3.2. Existence of Lyapunov pairs. Proposition 5.5 below confirms Proposi-
tion 2.11 and Remark 2.15 part (1). Its proof is partially based on a construction in
[7], Proposition 3.1, page 174.

PROPOSITION 5.5. Let {f™} be a sequence in BF.({C,}, {kn}, {gn}, {en})
with || f™ (-, -, O)lLan (0. 71x B, (by)) POUNded, for each n € N. Then, for each se-
quence {c,} of positive numbers, there exists a sequence {&,} in (0,00) such
that if €, < &, for all n, there exist families {h,} and {k)'} such that, for
each m, ({hy},{k'}) is a local {cn}-Lyapunov pair for f™. In particular, when
{C}, {kn}, {gn} and {&,} are constants in n, there exists a c-Lyapunov pair for f,
for any ¢ > 0.

PROOF. We restrict the spatial domain to B, (bg) and suppress the subscript n
throughout the proof. When {C,}, {x,,}, {gn} and {e,} are constants in n, the spatial
domain is R?. Since { f™} satisfies the approximate condition (BF) with uniform
growth sequences {C,}, {«,}, {g.} and {e, }, we suppress the superscript m as well.
Fory=(y1,...,yn) eRNandk=1,..., N, we define

Gr(y) =cosh(agyr) and Si(y) = sinh(ayk),
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with a, ..., oy > 0 to be determined later. Recursively, we set
Hyi1=0 and Hyp=exp(G+ Hiy1) fork=1,..., N,

as well as
P=1, PA=[[H. k=1,....N,

noting that 1 < P} < P, <.-- < Py. The (linear combinations) of functions G
and Sy play the role of 8, and Hy, the role X, in the notation of [7], equation (3.6),
page 174. With A; = «; S; P;, we compute

DiHi = Ai P gy,

where D; stands for =% a ==, so that
i iN]
DiPi=PY (H) 'DjHi=PA; > (P)~".
k=1 k=1

Setting h = H; and Ai = ocl.zGi P;,for1 <i, j <N, we obtain
_ inj
(5.10) D;h=A; and Dijh:Ail{i:j}+AiAjZPk_]-
k=1
To prove (2.4), we pick an N x d-matrix z and set ¢ =z'o where 7' is the ith
row of z, so that +|z'|> < [¢7|? < A|z|%. Thanks to (5.10), we obtain

D’h:(z,2)a=Y Dijh¢'(g ZA ¢ +ZP i),

ij

where 9/ (¢) = Z;\’:i A

To deal with the Dh f-part in (2.4), we consider various constituents in (2.8)
separately. We reuse the letter C for any constant—possibly differing from place
to place—which depends only on the sequences {C,} and (k) from statement, or
the universal constants.

— The Quadratic-Linear part: Let A denote the ith row of the matrix 170!,
so that

. T
diag(zl); = (zl)i; = Cl(ll) .

If we extend the definition of # = (&) and A by setting " ! = A% =0, “summa-
tion by parts” implies that

N ' N + X T
ZAzé'l( Z z+1 ) :an(kl —XZ_I) )
i=1 i=1 i=1
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The fact that |I] < C(1 4 |z]) and Young’s inequality yield

N N
Dhdiag(zh) =Y u'(A' = A=) < 3" Cly’|(1+1¢))
i=1 i=1
1 N

Z P @)

N
<Y CcP(1+1¢)
i=1

l\) |

— The Quadratic-Triangular part:

=

N

N
Dhq = ZA,q<CZl+|C’ ) > 1A < Z (L+18717) D144

i=1 i=j i=j

— Choosing constants ay, ...,oy: The inequality ijl P < NZ;-V:i Pj is
valid for each i, so

1
5D2h (2, 2)a — Dh(diag(zl) + q)

zi(% iP +|A|)|c|—cZP +14;1)

J=l

1. .
<§A,-—CZ(P,-+|AJ-|))}Z’] —CY (Pj+14j)).
Jj=i Jj=i
The choice ay > 2C + 1, together with Gy > 1 and |Sy| < Gy yields 1Ay >
C(Py + |Apn]). Fori <N — 1, we have
1. al 1, N
~A = CY (P +14)) = [5“" _C(1+05i)i|GiPi_ > (Pi+14j).

2 j=i j=i+1
Next, we observe the fact that Z _i+1(Pj +1A;|) depends only ONn ®jy1,...,0N,

and is bounded on the set [— ]N as a function of yH'1 ..., yN. Therefore, we
can choose a sufficiently large Ot, so that the left-hand side of the previous inequal-
ity is positive, and continue this process recursively down to i = 1. This way, we
obtain a constant Co, depending on C, ¢ and the universal constants, so that

1
E1)2h : (2, 2)a — Dh(diag(z)) + q) > Co|z|* — Co.

— The Subquadratic part: With a1, ..., oy now fixed, Y, |A;| is bounded on
[—c, c]V, as a function of y. Therefore, g9 = Co/ SUP[_¢ ¢V Qi 1Ai]) > 0. With ¢
as in (2.11) assumed to be smaller than &g, we pick &’ < &g — ¢ and set

k™ =sup(k (1) — &'t).

>0



GLOBALLY SOLVABLE BSDE SYSTEMS 541

The sublinear growth of « ensures that «* is well-defined in [0, c0) and

Coe C
Dhs_ZAs<Z|A|K|z| (K +&'l2%) = ||+ K

Lastly, we combine all of the above estimates to obtain

1 1 .
51)2h :(z,2)a — Dh f > E1)2h 1 (2,2)a — Dh(diag(zl) + q+s +k) — | Dh||z|?

.
> (Cogosog —8|Dh|>|z|2—C()—C()S()K*—th.

Since €| Dh| < eCy/ ey, it suffices to define k = Cy + Coeox™ + Ci|k|, for some
C| > | Dh|, and, if necessary, scale both 4 and g (yielding €) to make the coeffi-
cient in front of |z|? equal to 1. [J

5.3.3. Conclusion of the Proof of Theorem 2.14. Let g and f be two func-
tions which satisfy the conditions of Theorem 2.14, namely g is in C10 ) , and of
subquadratic growth, f satisfies the conditions (AB) and the approx1mate condi-
tion (BF). We start by picking a sequence (f™, g") of Lipschitz approximations
constructed in Proposition 5.4. Thanks to the Lipschitz property of all ingredients,
each approximate system (2.5) admits a continuous Markovian solution (v, w™)
(see, e.g., [27], Theorem 4.1 and Corollary 4.1). Moreover, the Lipschitz approxi-
mations f™ satisfy the condition (AB), of Definition 2.12, possibly with the same
positively-spanning set @y, ..., ag, and a possibly different, but m-independent,
LL!'-function /. The existence of the latter—as the supremum of a family of finer
and finer mollifications of an integrable function—is guaranteed by the Hardy—
Littlewood maximal theorem. Similarly, the approximations g” of the terminal
condition g satisfy the inequality |g™ (x)| < ¢(x) uniformly in m, for some smooth
function ¢ with lim|y | o0 c(x)/1x]>=0

Let us first show that each v is bounded. Let ay, ..., ax be a positive span-
ning set from condition (AB). Given k € {1, ..., K}, we consider the following
quadratic BSDE:

_ L 7 v
ayf" = _[z(z) + 5|Zf’ml2] di+2;" dW,, ¥

M =al1yg" (XT),

where 1y denotes the vector of 1s in RV, Since g” is bounded by its construction
in Proposition 5.4, the previous BSDE admits a bounded solution (}_’k”", Zk’m).
Recall that (v, w™) is a Markovian solution to a Lipschitz BSDE. The com-
parison theorem for Lipschitz BSDEs (see, e.g., [27], Theorem 2.2, whose proof
only needs one generator to be Lipschitz) implies that a;—vm(-, X) < Yk™ hence
akTvm(-, X) is bounded from above. It remains to use the following fact: a se-
quence {v™} in RN for which the sequence {aTv™} is bounded from above
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for each a in some positive spanning set of R, is itself bounded in RV . In-
deed, since the ith canonical base ¢; for RV can be positively spanned by ¢; =
)\’ia 1+ 4+ )\"Ka k> we have that the ith component of v has the decomposition
e/ v = Aalv" + - + ALagv™, which is bounded from above. Similarly, the
argument applied to —e; also shows that the ith component of v is bounded from
below.

We now show {v™} is bounded uniformly in compacts of [0, T'] x RV Given

kef{l,..., K}, we define

T
ey (t,x) = exp(a,jvm(t,x) — /t l(s)ds).

A direct computation yields that for each (z,x), the drift term in the P'*-
semimartingale decomposition of the process ¢} (-, X) is given as the integral of

1
er (s, XS)<—a,;rfm (s, X5, Z") +1(s) + E\akTZ?l\z)-

Therefore, by the condition (AB), the process e}" (-, X) is a nonnegative local sub-
martingale. Thanks to the boundedness of v™, it is, in fact, a uniformly bounded
submartigale and we can use the Markov property to conclude that

el(t,x) <é(t,x)  where & (t, x) :=E"*[exp(a] Ins(X7))].

Smoothness and the subquadratic growth of ¢ imply that the function ey is smooth
(see [34], Theorem 12, page 25). We then conclude that the sequence {e;" }—and,
therefore, also, {a;vm}—is bounded from above on compact subsets of [0, T'] x
R, uniformly in m. Since {a;} positively span RY {v"} is uniformly bounded on
the same compact subset as well.

When g is bounded, but only the weaker version (wAB) of the condition (AB)
is satisfied, we have from the construction of f™ that

1
al f"(t,x,y,2) <I1(t)+ 5|a,jz|2

+a] LY (1, x.2) —a] (L 7") (6, 1" (x), 11" (2)),
foranym e N, (t,x) € [0, T] x R? and 7 € RV*4 Here, L}! is defined similarly
as in (5.9), 0" (t, x,z) = zn™(t, x, z). Since the supp n”™ C Bi/, and Lj has at
most linear growth, there exists a constant C such that

1
lal (Li* 3™)(t, 1™ (x), 1" (2))| <c —(1+m Alz]) < C for all m.
m
Combining the previous two estimates, we have

1
al f"(t.x,y.2) <I1(t) + 5|asz|2 +al Lt x, 7).,

for a different [ € L'[0, T'].
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Argue as before that the drift of the process ¢;" (-, X) is given as the integral of
e (u, Xu) (P (u, Xu) — a Zyy LY (u, X, Z7)),

for some functions p}" > 0, while its martingale-part admits the d W-integrand of
the form

e(u, X,)al Zm.

Boundedness of e}’ and Lj' allows us to conclude that ¢}’ (-, X) is a submartin-
gale under an equivalent measure (given as the Girsanov transformation with drift
—L}"), with the terminal value bounded uniformly in m. The rest is as before, and
leads to a similar conclusion, except that now the boundedness is uniform in (¢, x).

Moreover, using only the function / and the positive spanning set ay, ..., ag
of condition (wAB), we well as the IL°°-bounds on g, one can produce an a pri-
ori bound ¢ on {v"}. This way we obtain a sequence—namely {c,} with each
¢, = c—independently of the other constants {C,}, {g,,} and {«, } appearing in the
approximate condition (BF). This way, we can avoid circularity in the definition
the sequence {&,} of Proposition 5.5, that enforces the “smallness” condition on
the “error” term in the (BF)-decomposition of f.

Whether g is bounded or unbounded, we have produced a sequence {c,,} of a pri-
ori bounds that can be used together with the sequences { f™} and {g"} in Propo-
sition 5.5 to construct local {c,}-Lyapunov pairs {h,, k)}'} for f" with uniformly
LL9"-bounded k-parts. By Theorem 2.8, this is enough to guarantee the existence
of locally Holderian solution (v, w).

To establish uniqueness, we note that the sequence {k]'} from Proposition 5.5
will be constant (both in # and m) under the condition (a) of Theorem 2.14. More-
over, due to the absence of dependence on 7 in (b), a c-Lyapunov pair (4, k) with
constant k can be constructed for any c. The fact that any bounded continuous so-
lution is a priori bounded by the constant ¢ constructed above, together with the
local Lipschitz condition in (c), is enough to apply the abstract uniqueness result
Theorem 2.9, part (2).

5.4. Proofs for examples.

5.4.1. Proof of Theorem 3.1. Consider the following system of BSDE:
(5.11) dY: = [t Xy, Zydt + Zio (1, X)dW,,  Yr =g(X1),
where

f(t,x,2)= f(Zo(t,x)) and

1 1
f(Z)=—§V2+§A[IL]2—A[IL]/L with z = (i, v).

We will use Theorem 2.14 to establish the existence of a Holdearian solution
(v, w). Then (v, wo) is a Holdearian solution of (3.1).
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Let us first verify the condition (AB). Let 0;, i = 1, 2, be the ith column vector
of o. Denote i = Zo| and v = Zo». Then

~ 1. 1. .
f==59+ SAR) - Alilj.
2 2
Let (eq, ..., ey) be the standard Euclidean basis of RV and a1 = (ozl, el aN)

where the sequence of constants {a!) appears after (3.1). Then the set (—eq, ...,
—en, @n+1) positively span RY. Moreover,

(;li)2+ —(f)i)2 forl<i<N and

ap  f= —1A[i52] — %A[[L]z <0.

In order to verify the condition (BF), let us introduce an invertible linear transfor-
mation on R" via

(5.12) Y =vi—yN, i=1,... . N—1, Y =7V,

and g, v and g in a similar manner. A simple calculation reveals the dynamics of
Y as

dY, =, dB, +v,dB- — f(&,,v,)dt,  Yr=g(Br, Wr),

where f is given by

_ 1. . (N
fl:—EU’(V’+2§N)—ﬁ’(2afﬁf+ﬁ]v), i=1,...,N—1, and
Jj=1

N 1 , 1 N-1 2 N-1
e dep (i 10) (K o).
j=1

j=1

Using this explicit expression, one easily checks that f satisfies the condition
(BF) of Definition 2.10. On the other hand, since ]” already satisfies the con-
dition (AB), after the linear transformation of RY, T satisfies (AB) as well (cf.
Remark 2.13). Therefore, the existence and uniqueness of a bounded continuous
solution to (5.12) [hence (5.11) and (3.1)] follows from Theorem 2.14. Finally,
when the terminal condition is bounded, combining Theorem 2.9 part (1) and [40],
Theorem 1.6(2)— (1), we confirm the existence of an equilibrium. Conversely, any
equilibrium with continuous certainty equivalence functions corresponds to a con-
tinuous Markovian solution of (3.1), which is already proven to be unique.
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5.4.2. Proof of Proposition 3.4. We define the approximated driver f™ by

(f"(y. 2)) ZF ()" " (2)),; for y e RV, z e RV*9,

where I1"(z) = |Z||/\|mz for m € N. Also, we construct a sequence (g") of Lips-
chitz approximation of g as in Proposition 5.4. Mollification does not increase the
IL°°-norm and the set sub-level set My = ¢_1((—oo, 0]) is convex; therefore, the
images of all g”* remain inside My, that is, ¢_1(g’” (x)) <0, for all x and m.

The globally-Lipschitz structure of its ingredients implies that the approximated
system

dyl =—f"(Yy, 27" dt + Z;"dW:, Y7 =g"(Wr),

admits a unique Holderian solution (v™, w™). To show that the sequence {v™} is
uniformly bounded, more precisely, that v € M for all m, we define the stopping
time T =inf{s > ¢:¢p(Y) <e} AT, for given t € [0, T] and ¢ > 0. By Ito’s
formula, we obtain

E o (Y™ (0)] - o(Y}")
=B | [ D% @) 2

— 3 Do) <YM>nm<ZT>Tnm<Z?>ds}

= 5IE, [/tt (Hessqb(l'lm(zsm), n"(zy))

1|Zs| —|Zs| A
4 P B D) 22) 2 ) ds
s

where the local martingale term can be dealt with by stopping, using the fact that
D¢ is bounded on compacts and Z™ € H?. Double convexity of ¢ implies that
both terms inside the expectation above are nonnegative, so that

oY) <E/[o(Y7)], a.s.

Since ¢ (Y7) < 0 < ¢ the stopping time T gets realized strictly before T'. There-
fore, the right-hand side above is bounded from above by ¢, immediately implying
that ¢ (Y") <e¢, a.s., and establishing the claim about boundedness of v".

Once the a priori boundedness of the approximating sequence {v"} is estab-
lished, we can use the strict geodesic convexity of ¢ on some neighborhood of My
to conclude that ¢ can be suitably redefined on a complement of a neighborhood
of My to serve, together with k = 0, as a c-Lyapunov pair, for large enough c. Then
the existence of a locally Holderian solution to (3.2), with Y7 = g(Wr), readily
follows from Theorem 2.8.
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5.4.3. Proof of Proposition 3.6. Let us first argue that a solution (Y, Z) with
(n(Z),v(2)) e bmo? to (3.5) corresponds to a Nash equilibrium. For a given u €
bmo, we consider the process

T 1 R
7 = E"U (h‘(xu) Sl + eulvu) du+ gl(XT)]-

Thanks to the fact that 4! and g1 are both bounded and ut, » € bmo, Y! is bounded.
Since X generates the same filtration as W, the martingale representation implies

. 51
the existence of a process Z & P2 such that

. T 1 R L s
v/ =g1(XT)+f (h1<Xu>+5|uu|2+6quu)du—f Z,dw,;".
t t

If we subtract the corresponding component Y of the solution Y of (3.5) from it,
we obtain
- T T .4 .
Yo — Yo :/0 (LY(y, Dus Z4) — L (fy, Dur Z2)) du —/0 (Z,— ZyawH?,

Since fi is the minimizer of L!(-, », Z), and both Y! and Y! are bounded, a local-
ization argument yields 1701 > 1?01, confirming the first inequality in (3.3). A similar
argument applies to the cost of the second player as well.

For the existence and uniqueness of (Y, Z), we verify all conditions in Theo-
rem 2.14 and introduce an invertible linear transformation on R? via 3! = y! — y2
and y2 = y2. Define Z, g similarly, and consider the BSDE

(5.13) dY,=—f(X;, Z)dt + Z, dW;, Yr=g(Xr),

where
Al s il S B B, N 2 2 _
f(x,2)= (' +2z°)+h'(x) —h*(x) and f*=f".

20+0)(1-6)°

Using this explicit expression, one easily checks that f satisfies the condition (BF).
Next, we show that f satisfies the condition (WAB), hence f satisfies the same
condition as well. To this end, calculation shows that

92

1 _ 1 2,2
L@ == g _gp *7|
120
5.14 - L (1 —0)7! +272
(5.14) Y, (1 =6)z" +2z°)
129

_ L (1 — 0ol 19,2
= 001 10)" (1 =0)z" +227).

A similar inequality holds for L?(z). Therefore, using the fact that h is bounded,
we obtain functions L; such that ein <h'+ el.TzL,- fori=1,2.
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When 0 < 1/2, using the first identity above, we obtain

02 +60—1 1-26
Ll L2 — 1 212 112 212
() + L*(z) (1+9)2(1_0)2|z +z7| +72(1_0)2({z I”+ |z°])
= dvora—epl *¥ 1
Hence, for a3 = (—1, —1), we have
02 +6—1
al f <2|n" + A+ — 2P

(1+6)2(1 —6)?

As a result, f satisfies the condition (wAB) with the positively spanning set

(e1,e2,a3).
When 6 > 1, consider a3 = (—0, 1) and a4 = (1, —60). We have from (3.4) that

A 1 2 1 1 T
h=0oa70 0 2= gonare @t
.~ 1 N S S -
= aTaaret Y T gonare s

On the other hand, for 0 > 1, we have

o . . 1 R (. 042,
a3TL=—9L1+L2=—§|IL+VI2+(5—9>|v|2+(20—l)vT<;L+ 5 v>

20 — 1 AT(0+2 T
5( (a3 )T< as —|—a4> z.

6 —1)2(1+6)2 2

A similar inequality holds for aIL. Combining the previous two estimates to-
gether with boundedness of k, we confirm that f satisfies the condition (wAB)
with the set of vectors (e, ¢2, @3, a4), which positively span R2 when 6 > 1.

Finally, we conclude from Theorem 2.14 that the system (5.13) [hence (3.5)]
admits a unique bounded continuous solution.

5.4.4. Proof of Proposition 3.7. 1t is clear that the generator of system (3.6)
satisfies the condition (BF) and (wAB) when g is bounded [(AB) when g is un-
bounded]. Then the existence (and uniqueness for bounded g) readily follows
from Theorem 2.14. Given the bounded continuous solution, Z = w(-, X) € bmo,
hence [26], Proposition 5.1, concludes that (ft, v) is a Nash equilibrium with value

[exp(v!), exp(v?)].
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