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ABSTRACT: Two discretizations of a class of locally Lipschitz Markovian backward stochastic
differential equations (BSDEs) are studied. The first is the classical Euler scheme which
approximates a projection of the processes Z, and the second a novel scheme based on
Malliavin weights which approximates the marginals of the process Z directly. Extending
the representation theorem of Ma and Zhang [MZ02] leads to advanced a priori estimates and
stability results for this class of BSDEs. These estimates are then used to obtain competitive
convergence rates for both schemes with respect to the number of points in the time-grid.
The class of BSDEs considered includes Lipschitz BSDEs with fractionally smooth terminal
condition, thus extending the results of [GMI10], quadratic BSDEs with bounded, Holder
continuous terminal condition (for bounded, differentiable volatility), and BSDEs related to
proxy methods in numerical analysis.

KEYWORDS: Backward stochastic differential equation, approximation schemes, Malliavin calcu-
lus, representation theorem, a priori estimates.

MSC 2010: 60H35, 65C30, 60HO7, 60H10.

1 Introduction

» Framework. Backward stochastic differential equations play an important role in the theory of
mathematical finance, stochastic optimal control, and partial differential equations. In this paper,
we study two discrete-time approximations of the for the so-called locally Lipchitz Markovian
backward stochastic differential equation (BSDE). The purpose is to determine the error induced
by these approximations under suitable norms. The first is the well-established Euler scheme for
BSDEs, and the second is a novel scheme we call the Malliavin weights scheme for BSDEs. Let T' >
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0 be a fixed terminal time and (2, Fr,{F:},P) a filtered probability space, where {F; : 0 <t < T}
is the filtration generated by a g-dimensional (¢ > 1) Brownian motion W and satisfying the usual
conditions of right-continuity and completeness. We look to approximate the R x (R?)"-valued,
predictable process (Y, Z) solving the BSDE

T T
Y, =®(Xp)+ | f(s,Xs,Ys, Zy)ds — / ZdW,. (1.1)
t t

Here, (R?) " is the space of g-dimensional, real valued row vectors; X is an R%valued (1 < d < q)
diffusion; and ® : R — R and f : [0,7) x R? x R x (R?)" — R are deterministic functions that
are termed the terminal condition and driver, respectively. We focus on the setting in which the
terminal condition @ is in the space of fractionally smooth functions Ly ,, for parameter o € (0, 1]
- see (Ag) in Section[L.2]for details - and the driver is locally Lipschitz continuous in (z,y, 2)
and locally bounded at 0 in the sense that there exist exponents 61, 0x, 6. € (0,1], finite
constants Ly, Lx,Cy > 0, such that, for all t € [0,7) and (z,y, 2), (z/,y',2') € R? x R x (R?)T

roorr ly—y'|+ |z =2 |z — 2’|
|f(t,z,y,2) — f(t. 2"y, 2")| < Ly (T — t)(—0)/2 + Lx (T — t)1-0x/2’
Cy
t,2,0,0)] < ——=—. 1.2
0.0 < -y 12)

Furthermore, X solves a time-inhomogeneous stochastic differential equation (SDE) with suitable
coefficients; see (Ap ) in Section The existence and uniqueness of this class of BSDEs —
given in Section 2.3~ follows from [FJ12, Theorem 3.2]. Below, we show that this class of BSDEs
includes a section of the important quadratic BSDEs, and also BSDEs related to so-called proxy
schemes used for numerical methods, so it is of interest to find good discrete-time approximations
for such BSDEs. We note that fully implementable algorithms — admitting the full generality of
the assumptions considered in this paper — based on the Euler and Malliavin weights schemes have
been studied in detail in [GT13b][GT13a] respectively, but, to the best of our knowledge, this is
the first paper considering the discretization error under the full generality of the local conditions.

» Summary of results. In the spirit of [GMI10], we make use of non-uniform time-grids {w]((?) =
{0 = téN) < ... < t%v) =T} : N > 1} whose parameter 3 € (0,1] determines the time-points
tEN) =T —-T(1 —i/N)"/8.  As in [GMI0], the use of these time-grids appears to substantially
reduce the error due to disctretization.

The first approximation, studied in Section [3] is the so-called Euler scheme for BSDEs:

1

N N N
Y1£/v ) = (I)(XT)7 Zz( ) = WE[Kil)(Wtffi (N)) |]:(N)]
i+1
i = E[Yfﬁ) P X0 VY 2D 5 - 617 (13)
for each i € {0, .. —1}. The random variable Zi N is a discretization of the projection (tg +1)

N ))Z =E| (1;,31 Zsds|F, (m] This approximation has been frequently studied: [Zha04][BT04][GLOT]

?

among others, in the settlng where the terminal condition ® and the driver are uniformly Lipschitz
continuous (i.e. 8 = 1); [GMI0] in the setting of the fractionally smooth ® but uniformly Lipschitz
continuous driver; [[DRI0][RicII] in the setting of bounded Lipschitz (resp. Hoélder) continuous
® and quadratic driver; and [Ric12] in the setting of possibly unbounded (locally) Lipschitz con-
tinuous ® and (super-)quadratic driver. Typically, the discretization error of the Euler scheme is
measured by

N—-1 )
— (N) 2 1“ (N2
E(N) := max E[[Y — Y™ + ; /tm E[|Z — 2™ 2)dt. (1.4)



We show in Theorem [3.3| that if 3 < (27) A «, where v := ($ A 0. + %) A 6., then
E(N) < ON"Mpg(a+601) + CN™M 1o 1y (a +61).

The optimal error bound O(N 1) is obtained if a+6y, > 1. This rate is optimal in the sense that it
is the same as the rate of convergence obtained in [GM10, Theorem 3.2] in the uniformly Lipschitz
driver setting (f;, = 1). This result can be complimented under the additional assumption that the
terminal condition ® is fg-Holder continuous: in Theorem we show that if 8 < (2v) AaAfr,
then

E(N) < CN'11 4y(00 + B+ 2v) + CN~*1 g 1) (00 + B + 27).

Now fg + B + 2y > 1 is sufficient to obtain the optimal convergence rate O(N~!). Although
the complex relationship between 0¢, o and v make it difficult to compare the two results in full
generality, the latter result relaxes the constraint o+ 6y, > 1 in order to obtain the optimal error
bound O(N~1) if 6. > 1/2 — see to recall the definition of ..

The second approximation, studied in Section [5] is the so-called Malliavin weights scheme.
Rather than approximating the projections of the process Z, this algorithm is used to approximate
the version of Z, determined by the Malliavin integration-by-parts formula of Theorem [2.16] at
the points of the time grid directly: for each N > 1, set

v = e(Xr), ¥ = E@(Xr) + Z P X0, VL Z W)~ t)1F ),
ZMN) = R[®(Xr)HY + Z £ X(M,YH),Z(N))H% ) —t (N))|]-‘<N>] (1.5)
Jj=i+1
fori e {0,...,N—1}, where (H;)” is a suitable random variable. Due to the connection between

BSDEs and quasilinear partial differential equations (PDEs) — see [Ric12][CDI12] and references
therein — it may be of interest to approximate the marginals of the process Z rather than the
projections. Other schemes that make use of Malliavin calculus are available [BLI3|[HNSTI], but
this is, to the best of our knowledge, the first scheme which makes use of the Malliavin integration-
by-parts formula (Theorem . Convergence results are given — for weaker norms than those
used in E(N) for the Euler scheme — in Theorem Although one is able to prove results under
stronger norms than for the Euler scheme, there are several disadvantages (regardless of the norm
used to measure the error) of the Malliavin weights scheme over the Euler scheme. Our results are
proven under stronger conditions than for the Euler scheme because the use of stronger a priori
estimates — Proposition[4.2]— is essential in the proof: one requires that either the terminal condition
has exponential moments or that it is Holder continuous. We have not yet been able to weaken the
conditions on these a priori estimates. One also requires a greater constraint § < yAfp Aa (where
vi= (5 N0+ %) AB.) on the time-grid than for the Euler scheme. The rate of convergence again
depends on the parameters (a,0r,0.,5). In the more general setting of exponential moments on
the terminal condition, 3+ 27 > 1 is required for the optimal error bounds O(N 1), whereas in the
setting of - Holder continuous terminal condition, 8 4 0¢ + 2y > 1 is sufficient. One may ask,
given the additional constraints, why it is of interest to study the Malliavin weights scheme over the
Euler scheme? The reason has to do with the approximation of the conditional expectation. It is
shown in [GT13al that, using Monte Carlo least-squares regression to approximate the conditional
expectation, one can theoretically gain an order one improvement with respect to the number of
time-steps IV on the algorithm complexity using the Malliavin weights scheme compared to the
multi-step forward implementation of the Euler scheme [GT13b]. Such a complexity reduction is
substantial, given that N may be very large.



In order to obtain the results on discretization, we extend some basic tools from the literature
of BSDEs. These results are interesting in their own right.  Firstly, we extend stability estimates
for Lipschitz BSDEs to the class of BSDEs satisfying local Lipschitz continuity and boundedness
conditions ([1.2)). This enables us to make estimates on the basis of constructing approximating
sequences, a key technique used throughout the paper. A natural consequence of stability estimates
are a priori estimates, which we also frequently require. These results are contained in Section
24  Secondly, we obtain dynamical representations of the process Z; in the form of the product
Uio(t, X¢), where (U, V) is the solution of a linear BSDE. Such representations are very valuable for
making estimates on the increments E[|Z; — Z,|?], because one can make use of a priori estimates
on the linear BSDE and the process X. In fact, it is not possible to obtain the results for Z
directly, but for a suitable sequence {Zt(g) : & > 0} of approximating BSDEs. A priori estimates
for the approximation are computed and play an important role in the overall convergence rate
of the numerical schemes. To obtain this result, we extend the method and results of [GMI0,
Section 2], who consider the setting with 8, = 6. = 1 only, to our more general setting. The
key results are contained in Lemma Thirdly, we extend the classical representation theorem
of Ma and Zhang [MZ02, Theorem 4.2] for the Z process to our class of BSDEs. This theorem
is proved in Section [2.5] and is a key result in this paper. One the one hand, it is the basis for
the Malliavin weights scheme. On the other hand, we use the representation theorem to obtain
stability estimates directly on the marginals of the process Z — see Proposition [2.12| — which are
key to the analysis. These stability estimates lead in turn to a priori estimates of the form

|Z] < CV(T — ) TE[|®(X7) — By[®(X7)][2] + C(T — )72 4 CR,[®(X 7)Y 2(T — t)%:/2

for all t € [0,T) almost surely. Such estimates are, to the best of our knowledge, novel and
allow us to study the impact of the regularity of the terminal condition on a priori estimates —
see Proposition 2.13]  Finally, in Proposition [1.2] we obtain a priori estimates for the process
V(E) — the solution (U(E) V(E)) to the linear BSDE such that the approximating BSDE solution
satisfies Zt( 9 = Ut(g) (t, Xt) — under additional regularity conditions on the terminal condition.
These estimates are essential to analyse the error due to the Malliavin weight scheme. Rather than
considering a second Malliavin derivative of the process Y;, as for example do [CD12|, we make use
of a functional representation that comes from the Markov property of X and determine regularity
properties of the said functional representation. A consequence of this is the Lipschitz continuity
of the functional representation of the process Z; under suitable conditions — see Corollary To
our knowledge, this result is novel. Since regularity properties are very useful for the calibration
of numerical schemes — see for example [GT13b, Section 4.4] — this result may have some impact
on reducing the cost of fully implementable algorithms.
» Contributions to quadratic BSDEs and proxy methods. We consider the setting where
® is a bounded, fg-Holder continuous function. To make the contributions of the numerical results
in this paper clearer, we consider two important examples. Note that these examples have also
been given some attention in [GT13bl Section 2]. We emphasize that the forward process X is a
diffusion with bounded, twice continuously differentiable coefficients, whose partial derivatives are
bounded and Holder continuous; this assumption stands throughout this paper — see (Ap,o).
Quadratic BSDEs have powerful applications in financial mathematics, for example to solve
utility optimization problems in incomplete markets [REKO00][HIMO5]. Let ¢ = d and the measur-
able function F : [0,T) x R? x R x R? — R satisfy

[F(t2,y,2)| < e (1+ [yl +[2),
[F(t,z,y,2) = F(t, 2,y 2) < ¢ (L+ [z + ')y = ¢/ + |z = Z')).



It is known [DGOG] that the solution (Y,Z) of the BSDE with terminal condition ® and driver
F(t,z,y, z) exists and is unique and that there is a constant 6 € (0,1] and finite C\, > 0 such
that |Z;] < Cu(T — t)®=1/2 for all t € [0,T) almost surely. This implies that (Y, Z) also
solves the BSDE under local conditions with terminal condition ® and driver f(¢,z,y,z) =
F(t,z,y, Te, (r—tye-n/2(2)), where Tp(2) := (=L V 21 AL,...,—LV 24 A L). Indeed, Cy = ¢,
0. =1, Ly = ¢(T*=9/2 1 21/dC,), and 0;, = 6. The terminal condition is fractionally smooth
with parameter « at least as large as 63 - see Remark @ It is shown in Corollary that
|Zi| < O(T — t)e=1/2 50 is at least as large as 0g. Therefore, the error £(N) of the Euler
scheme is bounded above by CgN*11[1,4] (30 + 5) + CN’%@’I(O,U(SQ@ + 3) for any 8 < 0g. In
[Ric11], the Euler scheme for bounded, Hélder continuous is also considered, but with a different
non-uniform time-grid and a transformation of the terminal condition; there is a further modelling
difference in that the author requires no uniform elliptic condition, but sacrifices state-dependence
in the volatility matrix. The author obtains a rate of convergence C, N n=% for any 1 > 0, so we
have obtained an improvement in this work; This improvement is likely due to the use of the time-
grids 71%3) in our scheme — indeed, [GM10] show a rate of convergence O(N~%) in the uniformly
Lipschitz continuous driver setting if only a uniform time-grid is used. It is important to remark
that this work is a complement to the recent papers [Ric12][CR14], in which the authors consider
weaker assumptions on the drift and the volatility of the SDE — only Lipschitz continuity and
linear growth are required — however stronger assumptions are required on the terminal function
®, which must be locally Lipschitz continuous.

Next we consider a particular instance of the proxy method. Let F(¢,z,y, ) satisfy with
exponents 0y, p < 1, 0x p =1 and 0. p = 1, and constants Lp, Ly x and Cp. Let (), Z) satisfy
the BSDE with terminal condition ® and driver F(t,z,y,2). Let the function F(t,,y, z) satisfies
[1.2) with exponents 0, p = Oy = 0.5 = 1, and constants Ly, Ly x and Cf, and ®(z) is
fs-Holder continuous and suppose that the parabolic PDE

0=0w+ L0+ F(t,z,v(t,x), Vou(t,z)o(t,z)), v(T,z) = ®(x)

has a unique strong solution v, and, for every ¢ € [0,T), the k-th order (k < 3) partial derivatives

in z of v are bounded by C,(T — t)(eq’*k)/Q. We assume also that the parabolic operator Zt,m
satisfies the property that, for any i € {1,...,d}, |02, {Li.s — Ltz }v(t,")]|oo < Cu(T — t)02=2/2
where L; , is the parabolic operator given by

1< 02 d 0
Lt pu(t,x) = 5Z(U(t,x)a(t,z)T)MW+Zbi(t7x)a— u(t, z);
i,7=1 Ti 7Ty i=1 T

this is stronger than the previous assumption on the third order partial derivatives of v(t, -), which
asks for the upper bound C,, (T —t)=3)/2. Then (Y, Z;) := (Vi—v(t, X1), Zi—Vo(t, X;)o(t, X;))
solves a BSDE with terminal condition ®(z) — ®(z) and driver

ft,z,y,2) == F(t,z,0(t,x)+y, Voo(t,z)o(t,x)+2)—F(t,x,v(t,x), Voolt,x)o(t, ) + (Lix — Lio)v(t, ).

The driver f(t,x,y, z) satisfies with exponents 0, = 01, g, Ox = 01, + 03 — 1, 6. = 0, and
constants Ly = Ly, Lx := LpCy+vdC, T =)/2(1+ L), and C; = Vd(Lp+Lz)Cy+Cr+Cp.
The idea is that it may be numerically advantageous to simulate the BSDE (Y, Z) as opposed to
the original BSDE (), Z). A simple example of a proxy is given by ®(x) = ®(z), F = 0, and
Ly zu(t,z) = Ly u(t,r); see Lemma for the gradient bounds. We show in Corollary that
the process (Y, Z) brought about by this proxy may lead to some regularity improvements for the

process Z compared with the original process Z. This may lead to an improvement of the numerical



complexity for fully implementable algorithms that approximate the conditional expectation, where
regularity is extremely important; moreover, [GT13b][GT13a] both demonstrate that there will
an improvement in the constants for the error estimates when using Monte Carlo least-squares
regression on this proxy compared to the same algorithm on the original BSDE (Y, Z).

» Remarks on extensions. In this paper, we work with one of the simplest time-inhomogeneous
SDE models with stochastic volatility, which, in particular, allows us to make use of results from
the theory of parabolic PDEs [Fri64] — see Lemma The representation theorem for Z in
Theorem [2.16] also makes use of the uniform ellipticity condition. Our application to quadratic
BSDEs requires these conditions, and additionally that ® is Holder continuous and bounded, be-
cause we make use of the results of [DGO6] to introduce local Lipschitz continuity. There are
already several directions that may help us to avoid the uniformly elliptic condition. The results
of [Kus03][CD12] [Neell], offer suitable PDE results under UFG conditions. Also, a representation
theorem beyond the uniformly elliptic setting has been found by [Zha05] and |[GM™05] (although
only for the zero driver case in the second reference). Another interesting aspect of our general
results is that we require neither BMO results nor (local)-Lipschitz continuity of ®. Combined
with the connection to quadratic BSDEs already discussed here, this suggests the results of this
paper may be an important stepping-stone to obtain novel representation theorems, a priori esti-
mates, existence and uniqueness results for (super-)quadratic BSDEs with possibly unbounded and
discontinuous terminal conditions. It would also be interesting to combine the results of this paper
with those of [RicI2] to handle the setting of unbounded, state-dependent o with non-Lipschitz
continuous terminal condition. Unfortunately, all of these extensions are beyond the scope of this

paper.

1.1 Notation and conventions

» Time-grids. Since each result is given for a fixed number of time-points N, we denote the points
{tEN)} of the time-grid simply by {t;}. Let A; := t;41 — t; and AW, := W, , — W;,. We also
suppress the superscript (N) in the Euler and Malliavin weights scheme.

» Expectations and norms. For p > 1, we denote by | - ||, the norms (E[| - [?])}/?; in particular,
we make use of the norm /E[| - |?] denoted by || - ||2-

» Conditional expectations. The conditional expectation E[-|F] is denoted by E.[-], and Ey,[]
is denoted E;[-]. We make use of a conditional version of Fubini’s theorem, stated in Lemma
We slightly abuse notation by writing fOT E[fs]ds = fOT Fy(-,s)ds, (likewise fOTg(Et[fs])ds =
fOT g(Fi(+,s))ds for any measurable function g) where F; is the process defined in Lemma
because we believe this notation to be somewhat clearer — in particular, this formal definition

it1

indicates more clearly that the inner integral comes from a conditional expectation than strictly
mathematically correct version using the process Fi(:, s).

» Lebesgue measure For any Euclidean space E, B(E) denotes the Borel measurable sets in F,
and the Lebesgue measure on the measurable space (E, B(E)) is denoted by m.

» Processes and spaces. For two processes X and Y in L ([0, T] x O;R*), Y is said to be a
version of X if X =Y m x P-a.e. P C B([0,T]) ® Fr is the predictable o-algebra, generated
by the continuous, adapted processes, and H? is the subspace of Ly([0,T] x Q) containing only
predictable processes. For p > 2, SP is the subspace of H? of continuous processes Y such that
1Y ]lsr := (E[supg< <t |YS|P])% is finite for all Y € SP; || - ||s» is @ norm for this space.

» Linear algebr;l We identify the space of k x n dimensional, real valued matrices with R**", 2T
denotes the transpose of the vector z. I,, denotes the identity matrix in R"*". For any A € RF*™,
let A; denote the j-th column vector of A. For any vector x € R”, |z| is the vector 2-norm, defined



by (30, |2;/?)/2, and for any matrix A, |A] is the matrix 2-norm, defined by max|,|—1 |Az|, where
|Az| is the vector 2-norm of the vector Ax.

» Functions and regularity. Let v € (0,1] and A(-) be a function in the domain [0,7) x R!
taking values in R¥*™ (resp. RF). We say that A(t,-) is y-Hélder continuous uniformly in ¢ with
Holder constant L4 if, for all (z,y) € (RY)? and t € [0,T), |A(t,z) — A(t,y)| < Lalx —y|7; in the
case that v = 1, we say that A(¢,-) is Lipschitz continuous uniformly in ¢ with Lipschitz constant
La. Likewise, we say that A(-,z) is y-Holder continuous uniformly in z with Holder constant
Ly if, for every (t1,t2) € [0,T)? and x € RY, |A(t1,z) — A(tz,x)| < Lalt; — t2|7. For a given
multi-index o = (i1,...,%4) With no zero entries, we define by dy A(t,-) the multiple derivative
Oz, ...(%Eiwfl(t7 ). If A(t,-) takes values in R¥ and is differentiable, we define by V,A(t,-) the
R**! valued function whose (u,v)-th component is 8., A, (t,-). If A(t,-) takes values in (R¥)T
and is differentiable, we define by V,A(t,-) the R™*_valued function whose (u,v)-th component
is 0z, Ay (t, ). Define by ||A||o the infinity norm

max sup |Ayu(t, )| (resp. max sup | Ay (t, x)]).
WY (t,x)€[0,T) xR Y (t,w)€[0,T)xR!

» Mollifiers. The following definitions will come in handy.

Definition 1.1. Letn be a non-zero integer. A mollifier is a smooth function ¢ : R™ — [0, c0) with
compact support on {x :€ R" : |x| < 1} such that [g, ¢(x)de =1 andlimp_, R"¢(Rx) = 0(x) for
all z € R™, where §(x) is the Dirac delta function. For R > 0, define the function ¢g : R™ — [0, 00)
be the function x — R"¢(Rzx).

An example of a mollifier is ¢(x) = e_l/(1_|’”|)1|$‘<1/ flxl<1 e~ 1/=lvDdy. The following lemma,
which is standard, shows how a mollifier can be used to generate a smooth function from a con-
tinuous one.

Lemma 1.2. Let F : R® — R be continuous, and define the function Fr(x) = [p. F(x —
y)Or(y)dy. Then the function Fr(x) is smooth and img_o Fr(z) = F(x) for all x € R™.

1.2 Assumptions
The following assumptions will hold throughout this paper.

(Ap,,) X is a solution to the stochastic differential equation (SDE)
¢ ¢
Xo=x9, Xi=2x9 +/ b(s, Xs)ds +/ o(s, Xs)dWs t>0, (1.6)
0 0

where z¢ € R? is fixed and b and o satisfy

(a) (t,z) € [0, T]xR% > b(t, ) is R%valued, measurable and uniformly bounded. Moreover,
b(t, -) is twice continuously differentiable with uniformly bounded derivatives and Hélder
continuous second derivative, and b(-,x) is 1/2-Holder continuous uniformly in x.

(b) (t,x) € [0,T] xR% — o(t,z) is R¥*4-valued, measurable and uniformly bounded. More-
over, o(t,-) is twice continuously differentiable with uniformly bounded derivatives and
Holder continuous second derivative, and o(-, ) is 1/2-Holder continuous uniformly in
x.

(c) o(-) satisfies a uniformly elliptic condition: there exists some finite 3 > 0 such that, for
any ¢ € R4, (To(t,x)o(t,x)T¢ > B|¢|? for all (t,x) € [0,T] x R™



(As) The terminal condition ® : R? — R is a measurable function and there exists a constant
a € (0,1] such that K*(®) < oo, where

« Vi (®)?
K*(®)* =E[|®(X7)[*] +supg<icr (}T_(t)l

(1.7)
for Vir(9)? = E[[8(X7) — E,[(X7)]2).

We say that ® is fractionally smooth, and that it belongs to the space Ly . We refer to
[GMI0] for further discussion of and references for the space Lo .

(A¢) The driver f:[0,T) x R? x R x (R?)T — R satisfies (T.2).

The following condition will be required for both the Fuler scheme and the Malliavin weights
scheme convergence results; this is a standard assumption for BSDE approximation schemes in
order to obtain a convergence bounded from above by O(N~1).

Ag) The driver f(t,z,y,2) is 1-Holder continuous in its ¢ uniformly in (z,y, z) with Holder con-
t 2
stant L.

Our convergence results for the Malliavin weights scheme require stronger conditions than those
of the Euler scheme; one of the following assumptions will be necessary to obtain the main result,

Theorem of Section

(Aexpa) The terminal condition has exponential bounds in the sense that there is a finite C¢ > 0 such
that E[el®(X0)l] < C¢.

(Ane) The function ® is Holder continuous: there exists a finite constants K¢ and fg € (0, 1] such
that |®(z1) — ®(z2)| < Kg|z1 — 22|%% for any z1, 22 € RY.

The following assumptions will be needed for partial results only. They will hold only when
specifically stated.

(Ape) The driver (t,z,y,2) — f(t,z,y, z) is continuously differentiable with respect (z,y, z) for all
t € [0,T). The partial derivatives in (y, z) are bounded by L;(T — t)2=1/2 and the partial
derivatives in z are bounded above by Ly (T — t)'~=9x/2,

(Ape) The function ® is uniformly bounded: || @[ o < 0.

Remark 1.3. Due to (Ap,), (Ans) implies (Aexpa) and (As). Note that it is possible that
Os < a: see [GGGI12, page 2086, e.g. (i)].

In the proofs below, it will be necessary to compute a right-inverse to the matrix o(-), i.e., for
every (t,z) € [0,T) x R, it will be necessary to find a (g, d)-dimensional matrix o~1(¢,z) such
that o(t,r)o"1(t,x) = I5. In the case where the dimensions d and ¢ are equal, this is uniquely
defined by usual matrix inverse of o(t, ), whose existence is guaranteed by the uniform ellipticity
condition (A..). If the dimensions d and g are not equal, 0~ (¢, z) is defined by the pseudoinverse
a(t,x)T(a(t,x)a(t,x)T)_l; this is well defined because the uniform ellipticity condition (A...)

guarantees the existence of the inverse of oo .



2 Key preliminary results

2.1 Malliavin calculus

We recall briefly some properties and definitions of Malliavin calculus. For details, we refer the
reader to [Nua06].

For any m > 1, define Cp°(R™) to be the space of functions taking values in R which
are infinitely differentiable such that all partial derivatives have at most polynomial growth,
and denote by W(h) = fOT hydW, the Tt6 integral of the (R?)T-valued, deterministic function
h € Ly([0,7);(R9)T). Let R C Lo(Fr) be the subspace containing all random variables F of
the form f(W(h1),...,W(hn)) for h; € Lo([0,T);R?) and any finite m. Define the derivative
operator D : R +— Lo([0,T] x Q) by DiF = > 8; f(W(h1),...,W(hy,))hi(t). The derivative
operator is extended to DV? C Ly(Fr), the closure of R in Ly(Fr) under the norm [|F||3, =
|FII3 + E[fOT | Dy F|%dt]. Define by D%2(R¥) (resp. DV2((R¥)T)) by the space of random variables
F = (F,....,F)" (tesp. F = (Fy,...,F})) such that F; € DY2 for each i € {0,...,k}. The
Mallivin derivative DF is denoted by the R¥*4- (resp. R7<¥-) valued process whose i-th row (resp.
column) is DF; (vesp. (DF;)T).

The following lemma, termed the chain rule of Malliavin calculus, is proved in [Nua06, Propo-
sition 1.2.3].

Lemma 2.1 (Chain rule). Let (Fy,...,F,,) € (DY2)™. For any continuously differentiable func-
tion f : R™ — R with bounded partial derivatives, and F = f(F,...,Fy) € DY2, the random
variable f(F) € DY2 and Df(F) =Y1", 0;f(F)DF;, =V, f(F)DF.

Remark. In the case that F takes values in (R™)T, the result of Lemma hold with Df(F) =
V.f(F)(DF)T. In the case that f takes values in (R¥)T, applying Lemma component-wise
yields that f(F) is in DY2((R*)T) and Df(F) = (DF) "V, f(F).

For the space
T
dom(d) := {u € Ly([0,T] x & (R) ") : Ic € R 5.t VF € D'2 |E[/ (us - DF)ds]| < ¢||F||% }
0

define the Skorohod integral operator ¢ : dom(d) — La(Q2) as the dual operator to the Malliavin
derivative in the sense that ]E[fOT(us - DsF)ds] = E[Fd(u)]. Below are the key properties of the
Skorohod integral used in this paper.

Lemma 2.2 (Integration-by-parts). Suppose that u € dom(8) and F € DY2 are such that E[F? fOT lus|?ds] <
oo. Then, the integration by parts formula holds: fOT(us - DyF)ds = Fé(u) — 0(Fu).

Remark 2.3. Suppose that the process u takes values in R?7*¥ is such that u, is in dom(d) for
each i € {0,...,k}, where w; is the i-th column of u. The Skorohod integral of u, denoted by §(u),
is defined by

S(u) = (0(uy )", .., 0(ug) 7). (2.1)

The integration by parts formula, Lemma [2.2] is applied column-wise in the case of matrix valued
u. where DyFu, is understood as a matrix-matrix multiplication, and the Skorohod integrals are
defined in the multidimensional sense of equation (2.1)).



2.2 SDEs and Malliavin calculus

Fix t € [0,7) and = € R?. We recall some standard properties on the Malliavin calculus applied
to SDEs X (%) of the form

S S
th,w) =z +/ b(r, Xﬁv‘”))l(t,T] (r)dr —|—/ o(r, Xr(t’””))l(t,T] (r)dW,.. (2.2)
t t

Observe that the SDE X defined in (1.6)) is equal to X (%*0). First, we recall the flow VX ®#) and
its inverse VX %=1 which are respectively defined as the solutions to the SDEs

r q r
VXD =1, + / be(u,qut’””))VXy“)du—kZ / V.0 (u, XNV XEDdW;
t 0
T q
vxte—t :Id+/ VXD (S (Va0 (u, X)) = Vab(u, X)) du
t i=1

q T
-3 / VXTIV 05 (u, X)W,

where o0; is the j-th column of 0. These processes are linear SDEs, and we list some standard
properties used throughout this paper in the following Lemma.

Lemma 2.4. For every p > 1, VX&) and VX2~ gre in SP, and there is a constant Cp
depending only on ||0]|co, [|Vzblloo; [V20jlleo, T and p such that

IVX“D 5o + VX"V ]s0 < G

Moreover,
IV = VXSS 4+ | VX5 - VXT3 < Colr —

for all (t,s) € [0,T)?,
VX,,(‘t7m)vX7(,t7m’_l) _ Id

for allr € [t,T) almost surely, and, for any r < u < s,
E.[|[vXtDvx et - gxtoyx =112 < Oy(s —u) P— a.s.

The Malliavin derivative of the marginals of X (%) is strongly related to the flow and its inverse,
as shown in the following Lemma. The proof of the estimates follows directly from Lemma[2:4]

Lemma 2.5. For all r € [0,T], x5 s in DY2(R?) and there is a version DX satisfying
the SDE

DsXﬁt’m)l[s,T](T) :{ (s, X(ta:) / Vb(r ))D th dT+Z/ v J] T, X(tx))D X(ta:)dW }

Moreover, for all 0 < s,r <T,
DX = vXEIVX Do (s, XN (1)L r(s)  as.

whence there ezists a constant Cp, depending only on ||0||oc, ||Vablloso; |V20jlleo, T and p such that
Es[|DSXT(t’x)|”] < Cyp, and sup, E[sup,,.<p |D5Xﬁ’w)|z]1/2 < Cy; moreover, for any r1,z2 € RY,
E[|D, X" — D X)) < Cplay — 20fP and, for any r < u < s, E,[| D, X" — D, x {2 <
Ca(s —u).
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2.3 Existence, uniqueness, approximation and decomposition of the BSDE

Since the class of BSDEs under local conditions has, to the best of our knowledge, not been studied
in full generality, we now include a proof of the existence and uniqueness of solutions. We remark
that the existence and uniqueness follows also from [FJ12, Theorem 3.2]. The proof below is
simpler, since a simpler class of BSDEs is considered, and different, so we include for the interest
of the reader.

Theorem 2.6. There exists a unique pair of process (Y, Z) in 8? x H? solving the BSDE (1.1))
with terminal condition ®(Xr) € Lo(Fr) and driver f satisfiying the locally Lipschitz continuous

and boundedness of (1.2).

Proof. Let (¢,9) be in H? x H?, and define the random function f(r,y,z) = f(r) =
f(r, Xy, ¢r,10,). We show that there exists a unique solution (Y (#%), Z(¢:¥)) to the BSDE

T q T
V) = &(X7) + / Frydr =3 / Z0V aw;,.
t =17t

in H? x H? (in fact, Y (%) is in S?). This will imply the function Z : #2 x H? — H? x H? mapping
(6,%) to (V%) Z(¥)) is well defined. For this, we use [BDHT03, Theorem 4.2]. The function
f is predictably measurable; we must show that f satisfies assumptions (H1)-(H5) of [BDH™03,
Section 4]. Since f takes no argument in (y, z), it is only necessary to check (H1), which follows
readily the local Lipschitz continuity and local boundedness of the driver . Therefore, from
[BDHT03, Theorem 4.2], (V%) Z(®¥)) exists and is unique.  As in the proof of [EKPQY7,
Theorem 2.1], we prove that = is a contraction. For k € {1,2}, let (¢x, ) € H? x H? and define
the BSDE (Yx, Zx) := E(Pk, ). Define the differences 6Y = Y7 —Ys, 072 = Z1 — Zs, 0 = ¢1 — o
and 6t = 11 — 9. It then follows from Holder’s inequality that

T T
|6Y; |2 +/ 162, ||2dr < II/ |f(r, Xy, b1y 010) — F(1, X, by 2,0)|dr||3
t t
T
< LT 1) / (166,13 + 169,12} dr

for all t € [0,T). Setting tqg = (T — 1/(4L§)1/9L A1) V0 ensures, on the one hand, that L} (T —
tg)?t < 1/4, and, on the other hand, that T — t, < 1. Integrating the above inequality on the
. . T T

interval t € [tg,T) then yields 4ft0 {16V )3+ (|62, ||3}dr < fto {1|6¢]13 + ||690,-||3 }dr and 4||0Y;]]3 <

fi{”éqﬁr||§+||5¢7.||§}dr for all ¢ € [tp, T). On the interval [0, o), the function f(¢,x, ) is Lipschitz
continuous with a uniform Lipschitz constant for all (¢, z), so we proceed as in the proof of Theorem
[EKPQ97, Theorem 2.1] to show that, for sufficiently large n > 0,

to 1 to
| VeI + 152, Bydr < ¥ + 5 [ e {160nl + hows har
Combining this with the above estimates on ftf{HéY,«H% +16Z,||3}dr and |6y, ||3 then yields

where 1, = n(r A tg). This is sufficient to prove that Z is a contraction. O

660 |13 + (16313 }dr

T
5V, [3 + 162, 2)dr < = [ em
2 2 2 0

We now introduce an approximation procedure that will be used repeatedly in this paper; we
introduce intermediate BSDEs by “cutting” the tail of the driver close to the time horizon T,
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prove our results for these BSDEs, then extend the result to the BSDE we’re interested by limiting
procedures. This technique was used extensively in [GMI10], and we shall frequently take advantage
of it throughout this work.

Definition 2.7. Let (t,¢) € [0,T)? and define f©)(t,z,y,z) :== f(t,z,y,2) L r—e)(t). Let (Y, ZE)
be the solution of the BSDE

T T
Yt(s) = &(X7) +/ f(a)(S,X57YS(E), ZS(E))dS _/ Zga)dWS. (2.3)
t t

Additionally, let (y,z) be the solution of the BSDE with zero driver y, = ®(Xp) — ftT zsdWs and
(y'®), 2(9)) the solution of the BSDE with zero terminal condition

T T
yt(e) = / f(g)(s, Xe,ys + ygg), zs + zge))ds - / zga)dWQ. (2.4)
t t

Since f©)(t,x,y,z) is Lipschitz continuous uniformly in ¢ with Lipschitz constant Lfe(eb’l)m,
the solutions of the BSDEs in Definition exists in S? x H? and are unique for all € € [0,7T)
[EKPQ97, Theorem 2.1]. We shall also make use of the decomposition (Y(%), Z()) = (y 4 (&), 2 +
2(#)), which is standard in BSDE literature [GMI0)].

We first treat the linear BSDE (y, z). The following Lemma relates the linear BSDE (y, z) to
the PDE in (2.5) and gives some boundedness properties for the function u and its derivatives;
these bounds will be used throughout this paper.

Lemma 2.8. Let (Aps) be in force and consider the PDE

d 2 d
0= du+ % Zi,j:l(oaT)m aw?awj U+ b ai U, }

u(T,z) = ®(x).
Then, for all (t,x) € [0,T] x R,
u(t,z) = E[®(X1)| X; = 2]

is a classical solution of the PDE (2.5)) (the so-called Feynman-Kac representation). The deriva-
tives 0%u (la| < 3), Oru, OVyu exist and are continuous. There is a constant C depending only
on the bound on b and it’s derivatives, the bound on o and it’s derivatives, and B such that

182 u(t, Yoo < C||®|lo(T — )~ 112

for all (t,x) € [0,T) x R%. Moreover, (u(t, Xy), (Vau(t, X¢)o(t, X¢)) ") is the solution to the linear

BSDE (y,z). For any z,,z5 € R%, t € [0,T) recall from [2.2) the SDEs X*1) and X®*2) | and

for a, B € [0,1] define X := aX®=1) 4 X 172) - then

CE,[|®(Xr) — E[®(X7)]|?]
(T—r)

CE,[|®(X7) — E,.[®(X7)]|?]
(T —r)?

|V u(r, X,)|* < and |Viu(r, X,)|*> <

for allr €10,T).

Proof. The Feynman-Kac representation of the solution is well known, see |[GM™05] among
others. To obtain the gradient bounds, recall that X is a Markov process and denote its transition
density by p(t,x; s,£). For some Cq and S finite, the following gradient bounds hold on p(t, ; s, £):

o CyePle—¢l*/(s—1)
|0z p(t, @3 5,€)] < (5 — f)(@Flab/2.
Cleﬁlw—ﬁ\z/(s—t)
(s — t)(d+2+lal)/2

for |af < 3,

10,05 p(t, 55,€)| < for |a| < 1.
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We obtained these bounds from [GL10, Appendix A], who provide references for proofs. The
bounds on the derivatives of u(t,-) then follow from Lebesgue’s differentiation theorem (differenti-
ation with respect to ¢ and x) applied to

o ogutt.a) =000y [ @@l T. ) = [ SO Ot i T e

for multiindices oy and «; we apply the gradient bounds on the transition density above and the
boundedness of ® to obtain the result on |9;°9%u(t, z)|.

To show the bound on |V, u(r, X,.)|, let us recall first that the result in the case a = 1 and
B =0 is given in [GMI0, Lemma 1.1]. The authors use the tools of [GM™05, Lemma 2.9] to show
that, for every 7 € [0,T) and = € R?, there is a Fr-measurable random variable H,., such that

V:vu(r> Xﬁt,x)) = Er[((D(XT) - Er[q)(XT)])Hr,m]'

This result follows largely from the integration-by-parts formula of Malliavin calculus — Lemma
— and martingale arguments; see the proof of [GM™05, Lemma 2.9] for details. H, , satisfies
E.[H., = 0] and E.[|H,,|?] < C(T —r)~.  The result for (o, 3) = (1,0) then follows by
the Cauchy-Schwarz inequality. (Note that we in fact don’t need (Apg) to obtain this result.)
One can follow the proof method of [GM™05, Lemma 2.9], using additionally the linearity of the
Malliavin derivative, to show that

Vau(r, Xr) = Er[q)(XT)Hr]a

where H,. := aH, ., + 8H, .,, whence the result follows. The proof for the bound on |VZu(r, X, )|
is similar. 0

We move onto the non-linear BSDE (y(e),z(a)). The following representations and a priori
estimates will be critical throughout this paper.

Lemma 2.9. Let (Ape) and (Apa) hold. Recall the function u : [0,T] x R? — R solving the PDE
(2.5) and that it is differentiable (Lemma , define ©, = (r, XT,YT(E), Zﬁe)), and set

=V.f&(0,) + V,fE0,)V,u(r, X,) + V.f&©,)U X,)7,
bg":) = Vyf(s) (r, X, YT(E), Zﬁs)), cﬁs) = sz(s)(r, XT,YT(E), ZT(E)) (2.6)

where the gradients Ve f(©,) is given by Ve f(r, 2,9, 2)|(r.z,y,2)=0, for Vef(r,z,y,2) defined as in
Section[1.1], and U(r,x) is defined by

d
U(t,z) := V2u( +Z );(t,2)Vao] (t,), (2.7)

Then there a finite constant C depending only on T, d, K*(®), the bounds on b and o and their
derivatives, Ly, and 0y, such that

laf |2 < CLig o) (r)(T — r)(@+0e =972 (2.8)

There exists a unique solution (U®), V) € 8% x H? of the BSDE

T q
Ul = / 0l + U Iy + Vob(r, X)) + > el )V,05(r, X,) Jdr
t

j=1

T 4
+/ STV 10+ Voo (r, X, }dr—Z/ VihTaw;,  (2.9)
-
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where 0;(-) is the j-th column of o (-), cﬁ? is the j-th component ofcgg), and VJ(? is the j-th column

of VT(E). There is a (possibly different) constant C such that, for any 0 <t <T and e > 0,
T ) T—¢ ) C
B s WOR+ [ VOB <0l [ o0l < g (210

Let us consider (Vy®),V2)) solving the BSDE

vy = / Vo f(0)VX, + Y, fO(0,){Vou(r, X,)VX, + Vyi }dr

- / VLSOO X)TVX, + 37 .19(0,)(V29) Tdr - Z / Vi) AW,
t

j=1
(2.11)
The processes z\€) and V&) satisfy the representations
29 =U90(t, X)) mxP—ae. (2.12)
(VT = (Vi) To Mt X,) — U Voo (8, X0) m x P — ace. (2.13)

where Vz](ft) is the j-th column of Vzt(g)

Proof. In what follows, C' may change from line to line. From [GMI0, Lemma 1.1], ||V u(t, X¢)||2 <

C(T — t)@=D/2 and ||V2u(t, X,)|l2 < C(T — )(@=2/2 Therefore, ||a\” ||, < C(T — r)r+a=3)/2
for all » € [0,T — €], which is the bound (2.8)), whence

T—e 5 C

This is the second inequality in (2.10). Additionally, for all ¢ € [0,T), |b7§5)| + max; |c§€t)\ <
C(T—1)®=1/2 almost surely. The first inequality in (2.10) follows. Let (¢, 1) be a (R%) T x R4*9—
valued process in H?, and define the random function

g(ry.2) = g(r) i= al? + ¢ (0 Ly + Vub(r, X,) + ZC Vao;(r, Xr))
Jj=1
q
D Wy) (0 + Vs (r, X)).
j=1
The function g is progressively measurable and satisfies assumptions (H1)-(H5) of [BDH™03, Sec-
tion 4]. Since f takes no argument in (y, z), it is only necessary to validate (H1): using the triangle

inequality, Jensen’s inequality, the Cauchy-Schwarz inequality, and assumptions (Ag¢) and (Ap o),
it follows that

B[ lolar 172 < B[ a®lan? 2+ o[ Bl Pnt [ g

T
+C’Z/ Efj; 2 dr)l/Q(/o (T_d:)le)l/2<oo.

Thanks to [BDHT03, Theorem 4.2], there exists a unique solution (u,v) to the BSDE
T . T '
up = / g(r)dr — Z/ vj AW} te[0,7).
t =t
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in S? x H2. The remainder of the proof of existence and uniqueness follows exactly as the proof
of Theorem To prove the first inequality in (2.10]), observe that the driver g(r) satisfies
from Proposition with f, = |a!¥| and A, = p, = C(T — r)(6=D/2,

The proofs of and are given in [GM10, Theorem 2.1]. The inclussion of the local
Lipschitz continuity assumptions make no difference, because the driver f(t,z,y, 2)1jo,r—e)(t)
is Lipschitz continuous uniformly in ¢ in (z,y, z) with Lipschitz coefficient Lfs(aL_l)/Q. (Il

2.4 A priori estimates

For 0 < s <r < T, we define the Malliavin weights by

e (/r(a_l(tXt)Dth)Tth)T (2.14)

r—s

where D¢ X is the Malliavin derivative of X; at s defined in Section It was shown in Lemma
that |o~1(¢, z)| is uniformly bounded in (¢,). The following constant appears throughout this
paper

Curi= o I, sup sup BL[ID,X,f?]. (215)
s€[0,T) te(s,T)

It is known from Lemmathat SUP,¢(0,7) SUPse (s, ) Es[|DsX;|?] is bounded. The following result
is used in the proof of [GM10, Lemma 1.1]; we include it here for completeness.

Lemma 2.10. For any0 <s<r <T,

Cwum

E(H:) < 2L

almost surely.

Moreover, for every p > 2, there is a finite C, > 0 depending only on p, ||0llcc, [[Vblco,
max; |V,0;lo, and T such that |Hg|l, < Cp(r — )~P/2.

Proof. Observe, using Lemma [2.5{and the fact that (s — r)?|HZ|? — [ |01 (t, X;) D X, [?dt is
a (local) martingale, that

lo™ oo
(r—s)?
One then applies the conditional Fubini’s lemma, Lemma and the uniform bound on E,[| Ds X;|?]

from Lemmal[2.5|to complete the proof. The bound on || H£]|, is proved using the Burkholder-Davis-
Gundy inequality on the continuous local martingale (t — s)H;. O

E[|H:?] = (r—s)_QES[/ lo ™ (t, X;) Do X4 )?dt] < ES[/ | D, X |dt].

The Malliavin weight is a critical element of this work. We use it to obtain a priori estimates
in this section, to obtain the representation theorem in Section 2.5 and for the Malliavin weights
scheme of Section[p] The following elementary corollary indicates an important technique in which
we make use of the Cauchy-Schwarz inequality in conditional form in order to obtain upper bounds:

Corollary 2.11. Let G € Lo(Fr) and g € Lo([0,T] x ). Then

11 < VOREGP) . T s
BiGH)| < SAACD— (Bl [ (autas) < VO [ s

where g € Ly([0,7] x Q) is a version of ((Et[|gs|2})1/2)se[o )

Remark. We leave the implementation of the conditional Fubini theorem, Lemma in its
full form in the above lemma, without using the notation given in Section We do this to be
absolutely clear about how the conditional Fubini theorem is used in this paper, before returning
to the — in our opinion — much more clear, if slightly abusive, notation | tT(IEt [9s])Y/2ds.
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Proof. The first inequality follows from application of the conditional Cauchy-Schwarz inequal-
ity [E¢[GHL]| < (Be[|G[?])Y/2(Ee[|HL|])'/2, then using Lemmamm upper bound the conditional
expectation (E[|H4|])'/2. The second inequality is a little more intricate to obtain due to the
Lebesgue integral. First, apply the conditional Fubini theorem, Lemma to obtain

T T
E/| / 9. H!|ds] = / $ods
t t

where $) € Ly ([0, T] x Q) is a version of (E.[|gsH|])sc[o,r)- Now, applying the conditional Cauchy-
Schwarz inequality and Lemma to E¢[|gs HE]], it follows that

Js
vVs—t

as required. O

We now state and prove a priori results on the solutions of BSDEs with drivers satisfying .
These estimates are in the spirit of [EKPQ97, Proposition 2.1] with two extensions: firstly, we
allow the drivers of the BSDEs to satisfy locally Lipschitz continuity like condition (Ag); secondly,
we prove point-wise (in time) a priori estimates on the Z processes assuming the existence of a
representation formula. The latter estimates will be extremely useful, as we shall prove the this
representation formula for our BSDEs in Section [2.5 and use the below proposition extensively in
subsequent sections.

ﬁsécM

for almost all s € [0,7) P — a.s.

Proposition 2.12. Let x — ®1,P3 € Lo(Fr)and (w,t,y,2z) — fi(w,t,y,z2), f2(w,t,y,2z) be
P ® B(R) @ B((R?)")-measurable functions for which there are constants (61,,02.1) € (0,1]?
and (Ly,,Ly,) € (0,00)? such that

Li{ly—9y'|+ 12 =2}
(T _ t)(lfei,L)/Q

|filw,t,y,2) — filw, t,y, 2")| < m X P — almost everywhere,

and fi(w,t,0,0) € H? for i € {1,2}. Let (Y;,Z;) be a solution to the FBSDE with terminal
condition ®; and driver f;i(t,y,z) (i = 1,2 respectively).
Define
AY, ==Y — Yo, AZy = Zyy — Zoy,
Afpi= 1t Y16, Z14) — f2(6, Y16, Z1s), AP =Dy — Oy,

Then there is a finite constant C' > 0 depending only onI', Ly, and 03 1, such that, for alls <t < T,
T T )
E[AY?] +]ES[/ |AZ,|?ds] < CE,[A®?] + C(/ E[Af2)12dr) (2.16)
t t

Moreover, suppose that Z; 4 := Et[@i(XT)HP}—FftT filr, X0, Y50, Zi )HEdr] for allt € [0,T) almost
surely (i = 1,2). Then there is a (possibly different) finite constant C > 0 depending only on T,
Cwn, Ly,, and 02,1 such that,

(Es[lAZ ) < C

N

dr + C(E,[A®2))Y/2(T — +)0r/2
T it r+ C(Es[A®7])/%( )

(2.17)

for allt € [0, T) almost surely.
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Proof. In what follows, C' may change from line to line. We start by proving the result
for s = 0; the general case is proved analogously, the only difference is that one must use the
conditional version of the Minkowski, Cauchy-Schwarz (Corollary, and Holder inequalities in
the place of the usual version of these with the regular expectation. Using the definition of the

BSDE (T71),
T T T
AY; + / AZ,dW, = A® + / Af,ds + / F2(5, Vi, Z1.s) — fols, Yaw, Zo.s)ds.
t t t

Using (1.2)) and Hélder’s inequality,

T T T
tll2 s[[208 > 2 saS||2 2(8, Y1,5,41,s) — J2(8, Y2,5, £2,5)AS||3
IAYiI3+ [ 1AZJ3ds < 31AGI3+ 31 [ AfdslZ 31 [ fals Vi Zus) — Fals, Vs, Za.)dsl3
t
|AY|+|AZ |
<3||A<I>||2+3||/ \Afslds||2+3L22H/ T 07 5724513
2 2 2 r 1 2 2
< 303 + 3| / A sl +383, [ s / (IAY |2 + [ AZ,[3}ds

T T
<31A0E +3] [ ALIdsIE +3L5,(T - 0% [ {IAY.IE + [AZ[B)ds (218)
t t

Setting to = (T — 1/(6L?2)1/92L) V 0 ensures that 3L, (T — t9)%>~ < 1/2, and, on the other hand,
that T'— tg < 1. Integrating (2.18) over (tg9,T), we obtain

T T
/t IAY[2 + [IAZ,|2ds < 6] A3 + 622, | / INATAE (2.19)
) to
Substituting (2.19)) into (2.18)) then yields

T
sup Y[ < 61A®[3+ 6] [ ALlaslE
to<t<T to
and this gives the result in the interval [to, T.

In the interval [0,%g), the function (y,z) — fa(w,t,y,2) is m x P Lipschitz continuous with
Lipschitz constant L := L (T — tg)(@2.2=1)/2 Tt then follows from [EKPQ97, Proposition 2.1] that

T to
sup [[AY;|Z + / |AZ,|2ds < C|AY,, |2+ C| / A f|ds]2
0

0<t<to
and the proof of (2.16) is complete by substituting the bounds on ||AY;, ||3 from above.

Next, we prove (2.17). Recall that E;[H!] = 0 for all (¢,s), which implies that E;[®;H%] =
E.[(®; —E[®;])HY]. Using the representation Z; ; := E; [@iH%—Fj;T fi(r,Yir, Zi ,)HLdr], it follows
from Minkowski’s inequality, the Cauchy-Schwarz inequality (i.e. Corollary[2.11)), and Lemma
that

CVir(AQ) g ”A.f'r”Q [AY: |2 + |AZ |2
||AZt||2 F C/ d +C/ 771 (1 05 L)/2\/7td'r. (220)

where we define V; 7(A®) by E[| A® —E;[A®]|?]'/2. Defining O, := ||AY;|2+|AZ,|]2 and recalling
(2.18)), it follows that

Oy < C|A®[]2 +

T
Cir40) , o (A0 O 4 e
t

T
d C
VT —t VT — + [5 (T—r)(1—92,L)/2m

17



Applying Lemma with u; := ©; and

wy == C||AD5 +

Vr0) ,  [7 1L,
t

v —t Vr—t

it follows that

T
GTSth—l—C/t =)= 02L) dr—i—C/ - 02L)/ dr

whence it follows from Lemma that

T T
O
/ r dr < C/ Wr dr
¢ (T —r)A=020)/2 /p —¢ ¢ (T —r)d=020)/2 /r —¢
Substituting this into (2.20]) and applying Lemma leads to

CVir(AQ) \AfTHz w,
||AZtH2 T C/ d +C/ _'r- (1 92L)/2ﬁdr
CVtT(A‘I’ T HAfer Ve (AD)
T C’/ d —1-0/ )2 Tftdr

IAfsll2 sfr) 1/2ds
+C/ L T— )t " "+ C|AR|o(T — 1)’/

CWﬂA® A% V, 7(AD)
?—k /t d+C/ _rzezL)/zmdr
+C [ 1AL 6= ) 7 s + CADIAT - )%
The proof is completed by observing that V,.7(A®) is non-increasing in r. O

The estimates ([2.17)) allow us to determine a priori estimates on the conditional second moments
of the solution of the BSDE (Y, Z).

Corollary 2.13. Assume that Z; = E®(X7p)HL + ftT f(r,X,.,Y,, Z.)HLdr] for all t € [0,T)
almost surely. Then there is a constant C' depending only on Ly, 0y, Cy, 0., K“(®) and T such
that, for allt € [0,T) and s € [0,t], we have

ittlgT(Es[lYtV])m < O(1+ (Es[le(Xr) — Es[@(X7)]I])1?),
C(Es[|2(X7) — Es[@(X7)]*)"/? c

21y1/2
(Es[|Zt| ]) < T _¢ + (T _ t)(l*ZHC)/Q

+ C(Es[|2(X7) ) V(T — )/,

In particular, ||Yi||2 < C and ||Z||l2 < C(T — 5)((20)70a=1/2 for all t € [0,T), and

C C
||f(8’X571/S7Z8)H2 <

- (T — 8)17((29c)/\a+01,)/2 + (T — 8)1*06. (2.22)

If (Anwa) is in force, we have additionally that | Z;| < CKg(T — s)((20)M0=1)/2 for gl t € [0,T)
almost surely.

Proof. In what follows, C may change from line to line. As in Proposition we only prove
the result for s = 0; the general case is proved using the conditional version of the Minkowski,
Cauchy-Schwarz (Corollary [2.11)), and Holder inequalities in the place of the usual version of these
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with the regular expectation. Recalling V, 7(®) from (As), apply (2.17) from Proposition m
with (Y1, Z1) := (0,0) and (Y3, Z2) := (Y, Z) to obtain (for all ¢t € [0,T))

LtT( / ||f r, X, 0, 0)H2 0L/2
Z C 7 2 dr + C||®||o(T — t)F

0
< T opas a/2+0/ +C(T — 1) /2.

r—t
Combining the local Llpschltz continuity and boundedness of f in leads to the required
bound on the conditional second moments of Z;. The estimate on the conditional moments of
Y; is obtained similarly starting from (2.16). The remaining bounds are obtained by taking into
account and the regularity of the terminal condition ((Ag) or (Ans))- O

Recall (Y, Z()) from Deﬁnition in Section the BSDE with terminal condition ¢ and
driver f)(t,x,y, 2) := f(t,z,y, 2)110,7—¢)(t). The following corollary of Proposition will be
used extensively throughout this paper; it provides a stability results between the BSDEs (Y, Z)
and (Y(®), Z(9)) that are controlled by ¢.

Corollary 2.14. Lety = (0.A%$+%)A0. and assume that Z = IEt[fb(XT)Hl}—I—f;T f(s,Xs,Ys, Zs)H'ds]
and Z\F = B[®(Xr)H} + ftT O (s, X, YA, ZEVHEds) for all t € [0,T) almost surely. Then
there is a constant C' such that

T
sup 1Y~ YU+ [ 12 - 20 1ar < e, (2.23)
0<t< 0
T
ds
12~ 29 s < C / (2.24)
t ¢ t\/(T,S) (T — 8)177\/ s—t
for allt € [0,T). In particular, (Y, ZE)) = (Y, Z) as € — 0 in S x H2.
Proof. In what follows, C may change from line to line.
It follows from ([2.16]) in Proposition that
T T 2
sup [V =Y+ [z 20as <o [ e XYL Z)hds) . 2
0<t<T T—e

2
Substituting (2.22) into (2.25) combined with ( f;—s (T_j%) < Ce?Y completes the proof of
(2.23). Next, it follows from (2.17)) that

12— 28|, < C £ (s, Xs, Yes Z6) |2

ds forallte€0,T).

tV(T—¢) Vs—t
Substituting (2.22)) above proves ([2.24)). O

To end this section, we present a mollification procedure that will be used frequently to allow
us to extend results under the assumptions (Apf) and (Apg) to the same results without these
assumptions. The following corollary is a trivial consequence of Proposition and the properties
of mollifiers.

Corollary 2.15. Let M > 0 be finite, and M +— R(M) > 1 be increasing w.r.t. M. Define
Ppr(z) := —M V ®(x) A M and, recalling the mollifier ¢ of Definition[1.1]

fM(tvxaya Z) = / f(t,I - x/uy - ylv z = Z/)¢R(M) (1'/, y/a Z/)d(ilil,y/, Z/)a
R4 xRx (R?)

Let (Yar, Zar) be the solution of the BSDE with terminal condition ®p; and driver fu(t,x,y, z).
Then @)y satisfies (Apa), fur satisfies (Aag), and (Yar, Zy) — (Y, Z) as M — oo in 82 x H2.
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2.5 Representation theorem

In this section, we prove that BSDEs satisfying the local Lipschitz continuity and local boundedness
conditions (Af) also satisfy the a representation theorem in the spirit of [MZ02, Theorem 3.1].
Following on from Section [2.4] we see that this representation is very valuable, as it gives us
additional access to a priori results. We use these a priori results in the sections that follow, so it
is essential that we also establish the representation result. Unlike in the proof of [MZ02, Theorem
3.1], we do not prove the representation result on Z directly. The strategy is rather to take the
approximative BSDE (Y (¢), Z(¥)), for which we already know that Z(®) satisfies the representation
from [MZ02, Theorem 3.1], then to prove it converges in H? to the process that we claim is a
version of Z as e converges to 0 by classical (g, d)—arguments, and to finally conclude using the
fact that Z(®) also converges to Z in H? and because Z is unique.

Theorem 2.16. Recall Ly from (As), suppose that ® € Lo, and (t,x,y,2) — f(t,z,y,2)
satisfies (Ag). Then, there is a predictable version Z of Z which satisfies

T
Z;p = By[®(Xp)HE + / f(s, X, Ys, Z)Hlds]  for allt € [0,T) P—a.s. (2.26)
t

where H' are the Malliavin weights given in (2.14)).

Proof. In the following, C' is a constant whose value may change from line to line.

To start with, let assume (Agr) and (Apa) be in force. We prove the representation theorem
first under these conditions, and then extend to the general result by means of mollification. Recall
the BSDEs (Y(®), Z(#)), (y, 2) and (y(), 2(*)) from Section[2.3] and the decomposition (Y(), Z(¢)) =
(y+ 9, 2+ 20). We first prove the that there is a predictable version of Z() equalling

T
E+[®(X7)HE +/ fOr, X, v 2 HEdr] for allt € [0,T) P —a.s. (2.27)
t
In fact, this is an application of [MZ02, Theorem 4.2]; this is not immediately clear, so we make
the calculations explicit for the benefit of the reader.  Definition [2.7]and Lemma [2.8| give us that
(y), 2(9)) solves the BSDE with terminal condition 0 and driver

F(t,z,y,2) == fO(t,z,ult,z) + y, Voult,x)o(t,z) + 2)

on the time interval [0, T — €]. Due to the bounds on u and its derivatives given in Lemma the
Lipschitz constant of (x,y,z) — F(t,z,y,z) is bounded from above (for all t € [0,T — €]) by

Lf ¢ < 087(3*9L)/2 =: Lp.

2
m{l + [Vault, oo + [[VZut, )} < (T — B2 =

Using this Lipschitz constant, we also show that F(t, x, 0,0) is bounded (for all (¢, z) € [0, T—¢] xR?
by

C (1 (1
e LUt o+ IVt ) < g0 4 Lpe™0000/2 =2 O

Therefore, the driver F' is uniformly Lipschitz continuous in (z,y, z) and uniformly bounded at
(y,z) = (0,0), i.e. it satisfies (A¢) with 0, p = 1, Oc,p = 1, and constants Lp and Cp (given
above). F' is also continuous in ¢t. Therefore, [MZ02, Theorem 4.2] applies to the BSDE in the
interval [0, T — €], i.e. there is a version of 2(*) equalling

T—e¢
E, [/ F(r, X,y 2VHtdr] for all t € [0, —e] almost surely.
t
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On the other hand, zte) and F(t,z,y,z) are 0 for all t € (T — ¢,T] almost surely, so the repre-
sentation holds trivially in the interval (T — e, T, whence it follows that there is a version of z(¢)
equalling

T—e
E, [/ F(r, X,y 2VHtdr] for all t € [0,T] almost surely.
t

Now, it is well known — see for example [GM10, Page 1116], where our H’. is given by Ht(’lz)wa(t7 Xt)
in their notation — that there is predictable version of (zt):eo, 1) equalling

E,[®(X7)H%] for all t € [0,T) almost surely,

and this implies the version of Z(¢) given by thanks to the the decomposition (Y(E), Z(E)) =
(y+9y9, 2+ 2).

Define by Z the predictable projection [JS03| Theorem 2.28] of the process (X; := ®(Xr)HE: +
ftT f(r, X0, Yo, Z)Hdr)cpo,ry- In what follows, we show that ||Zt(€) — Zi]2 = 0ase — 0 for
almost all ¢ € [0,7). This implies, by the dominated convergence theorem, that Z(&) — Z in H?2.
Since Z(8) — Z in H? was determined in Corollary this implies that Z; = Z; m x P — a.e.,
which completes the proof under the assumptions (Age) and (Aps).

We first need some intermediate upper bounds. Analogously to Corollary we have that

C

(&) 7(e) D
||f(T7XT’7Yr ’Zr )”2S (T_T)l—v

for all » € [0,T). (2.28)

Fix t € [0,7) and n > 0. Using the representation formula (2.27), it follows from Minkowski’s
inequality, the conditional Cauchy-Schwarz inequality (Corollary , and Lemma that

T
126 = 2l = B | (7O X0 Y, Z0) = 0. X, Y, 20)) Hidr] .
t

T
< IIEt[/ (fOr, X, Y9, 29) = f(r, X, YO, Z09)) Hydr]|»
t

2 4. (2.29)

eRs / T X, Y 27) — [, X, Y, Z)
M t r—t

Taking € < (T'—t)/2 and using (2.28), it follows that

1, X, i ZE)
T—¢ vr—t
ci? T c [T dr Ce

<M X, Y ZEhdr < = .
> /7T—t—€ T—g”f( r r )||2 =T =1 _ (T*T)lf'y T

Taking ¢ < n'/7(T — )"/ /C, where C is the last constant in the inequality above, is sufficient
to bound the above term by 7. On the other hand, letting § < (T — t)/2,

dr

T
B[ / (FO(r, X, Y9, Z9) — f(r. X, YO, 2&)) Hldr|, < CLf
t

/T ||f(r7 X’I’7YT(€)7 Z'E‘E)> - f(T? X’I‘7Yr7 Z’I‘)HQdT
t VT —t
2 Jos 1 X YO ZE) — f(r. X0, Y, Z,) odr
=G NG
t+9 (e) (o)
X, V9. 2~ f(r, X, Yy, 2,
+ C]]\.4/2 t ||f(r7 T 2 — .tf(r s )H2 dr (230)
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To bound the first integral term on the right hand side above, we apply Holder’s inequality and
the Lipschitz continuity of f(¢,-) to obtain

T
Orf* [ 15 X0 Y19, 200) = £, X Ve 2, oy
t+

T T
dr 1/2 1/2
<L (/ 7) ( Y, — Y32 / 7z, — 70 Z‘d)
=Ypm Hf o (T—T)l_eL 021512TH s s ||2+ 0 ” 7“ T ”2 r

Using that (Y, Z()) — (Y,Z) in S x H? as ¢ — 0 (Corollary [2. , set ¢ sufficiently small so
that the above is bounded above by v/67. To bound the second 1ntegral term on the right hand
side of ([2.30)), we use (2.22)) and ( m ) combined with the triangle inequality to show that

vz [0 Xn YD 2) — 0 X Yo 22y
t Vi
_ C R )
“(T—-t—-0)"), Vr—t— (T—-t)
and set ¢ sufficiently small so that the above is bounded above by 7. Therefore, we have shown that
for almost every ¢ € [0,T') and every n > 0, there is a sufficiently small  such that HZt(S) —Z|2 < 3n.
In other words, E[|Zt(5) — Z|?] = 0 as € — 0 for every t, as required.

Cy

To prove the result without (Ass) and (Ape ), recall the mollified BSDE (Yas, Zas) from Corol-
lary [2.15] Since @), satisfies (Ape) and fM satisfies (Apg), there is a predictable version Zj; of
Zy satistying Znry = E[@p (Xp)HE + ft I (ry X, Yage, Zogr)HEdr] for all ¢ € [0,T) almost
surely. Thanks to the point-wise convergence of fi; to f and ®,; to ®, and the convergence of
(Yar, Zar) to (Y, Z) in 82 x H? from Corollary we can use analogous limit arguments as above
to complete the proof. O

3 Convergence rate of the Euler scheme for BSDEs

Throughout this section, the assumption (Ag,) is in force. Let us recall now the Euler scheme for
BSDEs:

N N 1 N
Y( ) = ®(X7), Zi( = t-',-li—t]Ei[Yz‘(—&—l)(WtHl - Wti)TL
Y =B Y + £t X0, Y 20t — ).

We determine error estimates on the error of the Euler scheme, which is given by

i+1
E(N) := max E[|Y;, — N)| 1+ Z/ E[|Z; — ;N)F]dt

0<i<N

The following proposition serves as the starting point of our analysis; it allows us to estimate the
error £(N) using estimates for the so called La-regularity, which we will do subsequently.

Proposition 3.1. Let 5 < 0y,. For the Euler scheme for BSDEs defined on the time-grids {w](\?)
N > 1}, there is a constant C' depending only on Ly, Lx, 01, 0x, B, and T, but not on N, such
that, for all N > 1,

tit1 N
E(N)<CN~ +CZ/ |2, — Zy,||2dt
where Zti = A%Ez[ftt“ tht].
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The proof is analogous to the proof of [GLO6, Theorem 1], one must only use the result Ag /(T —
)70 < T (BN)~! for B < 6, (see Lemma in order to compensate for the local Lipschtz
constant of the driver.

The sum Zﬁgl tt:“ 12, — Zi,
[ZhaO4]. Since (Z;, := A%El [ ftt;“ Z,dt]); is the projection of Z onto the space of adapted discrete

processes with nodes on 7 under the scalar product (u,v) = IEfOT(uS - vg)ds, it follows that

N-1 otia ~ N-1 i
> [z zgae< Y [ 120~ 2 (3.1)
i=0 “li i=0 i

To bound E(N), it follows from Proposition that it is sufficient to bound the term on the
right-hand side of . However, as in the proof of the Representation Theorem in Section
it is not possible to do so directly for the BSDE (Y, Z), so we use an approximation procedure via
the BSDE (Y'(*), Z(9)), which we recall from Definition [2.7]in Section

Throughout the remainder of this section, we work with the version of Z and Z(¢) given by
Theorem [2.16] i.e

2dt is called the Lo-regularity; it’s study was initiated by

T
Z; = 4| ®(X7)HE +/ f(s,Xs,Ys, Z)Hlds] forallt €[0,T) P—a.s.,
t

T
7\ = E,[®(X7)HL + / fOr X, Y, ZEVHEdr] for all t € [0,T) P — a.s.
t

This version empowers us with the additional a priori estimates estimates developed in Section
we use these estimates frequently in the analysis of this section.

The following lemma decomposes the Lo-regularity of Z — the left hand side of equation
— into the Lg-regularity of Z() and a small correction term controlled by .

Lemma 3.2. Let 5 € (0,1]. Then there is a constant C' depending only on Lg, Cy, 01, 6., f,
Cy, K%(®), and T, such that for all N > 1

N-1 oty B N1 oty N
S [z zuas<e Y [ 120 - 20 s+ o
i=0 Yt i=0 Yt

where Zti = A%IEi[ftt;“ tht], Zt(f) = &Ei[ﬁ:“ Zt(e)dt] ,and vy = (0. N § + %) AG..

Proof. In what follows, C' may change in value from line to line. Using the Cauchy inequality
and the orthogonality of the projections, %Zi\:ol :7“ |Zs — Zy,||3ds < fOT |Zs — Z‘gs)Hgds +

N-1,5 _ )2 N—1 ptig1 (e) _ (e)2 ' T .
Yoico 2o —Zy 1300+ 2220 f, T 1 Zs Z;’||3ds. Recall from Corollary [2.14) that [ [|Z,

7© |2ds < Ce?7. Moreover, using Jensen’s inequality,

N—-1 ~ ~
N2, -2
1=0

N—1 1 tit1 T
Ba= Y I El [ - 2algai < [ 12 - 20130 < oo
A ti 0

and this completes the proof. (|

We now come to our first and most general estimate on the £(IV). Later, in Theorem we
augment this result with stronger assumptions.

Theorem 3.3. Let 0 < 8 < (2y) A and vy := (0. AN G + %) AB.. There is a constant C' depending
only on Ly, Car, 01, 8., B, C¢, K*(®), and T', but not on N, such that for all N > 1,

E(N) <CON "1y o(a+6L)+ CN" 1 1 (a+06L)
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Proof. In what follows, C' may change in value from line to line. From Proposition [3.1} it is
sufficient to bound ZZN:_OI :j“ | Z, — Z,,||3dt. To start with, assume (Ap¢) and (Apg). Recall the
BSDEs (y(®), 2(5)) from Definition and (U, V) from in Section In the proof of
[GM10, Theorem 3.1], the authors show that for any ¢ and s € [t;,t;11),

24 - 27

S S
b<C / 10 ladr + C / IV ladr + CAY2, (3.2)
ti ti

Using (foT Ha5~6)||2d7")2 + fOT ||Vr€)||%d7“ < Ce Ot from ([2.10) in Lemma and (3.1), it

follows from Jensen’s inequality that

= c  c <n-1 A
3 [ 1 - < 4 CEE S ot iy
i=0 Yt

where max; A; < CN ! follows from (B.1]) in Lemma Combining this estimate with SN 1 [1+1 ||z, —

i=0 Ji
2, ||3ds < CN~1, shown in [GMI0, Theorem 1.3], Z(5) = 2z + 2() and the results of Lemma

(3.1) it follows that
N—-1 tit1 B
> / 1Zs — Zy,||3ds < ON~2/B 4 Ce? + ON7H(1 4 elfrtoni=1y, (33)
i=0 Yt

To complete the proof under (Ag¢) and (Apg ), let € := N0 in the estimate (3.3)), take § := 1/(27)
if a+60; >1 and § := 1 otherwise, and notice that 2v < a + 0.

In order to prove the general result, recall the BSDE (Y, Z5) from Corollary its terminal
condition satisfies (Apg) and its driver satisfies (Apg). Moreover, [GMI10, Lemma 3.1] proves
K%(®)) < K%(®). Therefore, working with the version of Z,; given by the representation formula
Zny = By[®p(Xr)HE + ftT (s, Xs, Yars, Zar,s)HLds] from Theorem @ it follows from the
triangle inequality and the results obtained above that

T N-1 ;44 B
E(N) < 2/ 1Zs = Znrsll3ds +2 > / | Zats — Zars, | 3ds
0 i=0 Yt

and letting M — oo with Corollary yields the result. (]

4 A priori estimates under (Apg) and (Apg)

At the end this section, we give a complementary result to Theorem under stronger the condi-
tions on the terminal condition (Ape) and (Aps), i.e. where the function ® is bounded (and/)or
Holder continuous, respectively. This is achieved using the an additional a priori estimates on
||Vt(a)||2, given in Proposition below. Moreover, these a priori estimates will be critical in
Section [5] where one requires more structure than in Section The result is proved, roughly
speaking, by using a functional representation of the intermediate process z() and show Lipschitz
continuity of the said functional representation. This adds an additional layer of interest under
(Apa) for the parameters g + 07, > 1, where we can demonstrate that limit of the process zS)
in H2, i.e. the process Z, — V,u(s, Xs)o(s, X,), has a functional representation and that function
is Lipschitz continuous; see Corollary Regularity results are important for numerical schemes
as they allow one to build algorithms with lower numerical complexity — see for example [GT13al,
Section 3.5] — and this regularity result has such implications for the proxy scheme described in
the introduction of this paper.
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First, we state the result that x — o~ (¢, ) is uniformly Lipschitz continuous, and t — o~ 1(¢, x)
is uniformly 1/2-Holder continuous. This elementary result will also be useful in Section [5| below.
The proof is to be found in Appendix

Lemma 4.1. The right inverse matriz o(t,-) ! is Lipschitz continuous uniformly int and o=1(-, z)
is 1/2-Hélder continuous uniformly in x. Its Lipschitz (resp. Hélder) constant depends ||o]|oo,
|V.0lloo and B only, but not on (t,z). Moreover, |0~ |so < ||0]l00/B-

We now state the main result of this section, the a priori estimates on the process V(€.

Proposition 4.2. Suppose that (Agg) is in force and ®(x) is not zero everywhere in RY. If (Apa)
is in force, there exists version of V) and a finite constant C depending only on Ly, the bounds
on b and o and their partial derivatives, 8, Car, 01, 0., Cy, and T such that for any ¢ € (0,7
and every t € [0,T), H‘/;(E)HQ < Co(t,e,0L), where

T—e
dr
¢( € L) || H /f (T_T)(g—eL)/Zm

(4.1)

If (Ana) is in force, there exists a version of V), such that for any ¢ € (0,T) and everyt € [0,T),
IV, < Co(t,e, 01, 05), where

T—¢
dr

¢(t75a0La9‘P) = K‘I’/t (T_T)(S—GL—ch)/Q\/r,Tt. <42)
Remark. The integrals in (4.14.2) exist and are bounded by Ce=(1=0£)/2(T — ¢)(e=1)/2,
Proof. In what follows, C' may change from line to line.
Step 1. Functional and BSDE setup. For all (t,x) € [0,T) x R¢, consider the FBSDE

T T

et = [P X et s - [, senn), 43)

where F(t,2,y,2) = fOt,z,u(t,z) +y, (Viut,z)o(t,x))T + z) and X is the solution of the
SDE (2:2)). Note that the BSDE (y®), 2(2)) from Sectionis equal to (y(&:0:%0) »(£.0:20)) hecause,
thanks to Lemma (y,2) is equal to (u(-, X.),Vyu(-, X.)o(-, X.)) and X is equal to X (0:20),
Since f(®)(t,-) is Lipschitz continuous for all t € [0,T], F(t,-) is also Lipschitz continuous, with
Lipschitz constant Cl[OVT_s)(t)E(HL_B)/a for all t € [0,T); see the first paragraph of the proof of
Theorem for detailed computations. Now, letting

pee = Lents) / T, XY D, X ) Taw,) T
r—s J,
where Dy X (%) is the Malliavin derivative of th’x), it follows from [MZ02, Theorem 4.2], because
the terminal condition of the BSDE satisfied by (y(s’t’x),z(g’t’x)) is zero, that z,(og’t’w) is equal
to 2 (r, X)) m x P-almost everywhere, where 2() : [0,T) x R¢ — (R?)T is a continuous,
deterministic function given by

T
2E(t,x) = E[/ F(r, Xt yleta) ety gtat) gp). (4.4)
t

we work with this version of z(5%%) from hereon. Additionally, we show in Step 3 below that the
process
(VXN TV, (5, X0 o< sar
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(the derivative here is in the weak sense) is a version of the process (Vzﬁg’t’””))ogsg, which is a
part of the solution (Vy(&4®) Vz(42)) of the BSDE

T
Yyt = [ Ve fOO) VX £V, fO O {Voulr, X[ VX + Uyt ydr

T

T q q T
+ [ VOOV X TUXD 4 3V fO OV ) Tar = 3 [ (Ve Taw,

j=1 j=1

(4.5)

where ©,. = (r, Xﬁt’m),Yr(E’t’g[")7 Zﬁs’t"z)); the function U(t,x) is defined
d
U(t,z) = Vau(t,z)o(t,z) + Y _(Vou);(t,2) Va0, (t, )
j=1

for the function u defined in Lemma Note that the BSDE (4.5 is a generalization to the
BSDE (2.11) - solved by (Vy(®), Vz(5)) — which we recall for convenience:

T
vy = / Vo f(0,)VX, + V, [ (0,)(Voulr, X,)VX, + Vy)dr
t

T . -
4 [ VOO X)X+ Y VLA @A) Tdr = Y [ () Taws
t p ;

j=1
indeed, in (2.11)), set ¢t =0 and z = xo.

Step 2. Proof assuming z(%)(t,-) is Lipschitz continuous with |V,z(5)(t,-)| < Co(t ,-) and
(VXS(t’x))TVM(E)(s,Xs(t’x)) is a version of V2", The hypothesis |V,2)(t,-)] < Co(t,-)
implies that

V2|2 = (VX)) T Va2l (1, X))z < VX2 Var Ot ) oo < Colt, ) for all s,
Now, using Lemma [2.9]

©) e Tt
| UP<C [ <0 [ S < Cts),
and (VJ(?)—r = (Vz§i))T0*1(t, Xt)—Ut(s)Vzaj(t, Xt), therefore we conclude that ||V;(E) ll2 < Co(s,-)
as required.

Step 3. Proving that (VX(t’z))TV 2(&) (s, X(t’x)) is a version of Vzgs’t’m) We make use of
Malliavin calculus — see Section 2.1} By taking the Malliavin derivative on both the BSDE solution
(y), 2(2)) and on the functional representation Z(E)(S,th x))
that is equal for both.

» BSDE arguments. There is a version (see [GMI10, Lemma 2.2] for the proof) of the
processes (Dsygs t:2) Dszf’t’z))sgrgT, the Malliavin derivatives of the processes (y(%), 2(?)), solving

the BSDE

, we obtain an intermediate version

T
Dsy-(r&t’m) = vwf(a) (Gr)Der(tx) + vyf(e)(@T)(vzu(T7 XT)DsXﬁt’x) + Dsyﬁg’tﬁ))dr

T

T q
+ [ VOO U, XENT DX + 3, £19(0,) (D) Tdr
t =1
q T
-3 / (D) Taw,. (4.6)
j=171
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We multiply (4.6]) on the right by o1 (s, th’z))VXs(t’I) and apply Lemma to obtain
T
Doyt o1 (s, X(B2)) v X (h0) = / V.0, VX v, f£(0,)(Vulr, X)W X)) dr
TT
+ [ DI OO D e 5, X)X
TT
+ / V.f9©,)U(r, XEN TV XD dr

q T
n Z/ vzfj(s)(@r)(@_—l(&Xs(t,x))VXS(t,x))TDSzJ(_?t,z))TdT
g=1"7
q T T
-3 / (07 (s, XE)WX D) ' Dz T aw,; (4.7)
Jj=1

comparing the BSDE (4.7) to to (4.5) term by term, it is clear that

(Dsy-(rat’x)aﬁl (57 X§t7m))VX£t,z)7 (071 (57 X(nm))VXS’E))TDSZ(E’t’z))SSTSTa

S T

a version of the solution to , is a version of (Vy&s’t’z), Vz&s’t’z))ngST, the solution to ,
for all s € [0,T].

» Functional arguments. We start by assuming that z()(¢,-) is smooth (or by taking a
mollification). The chain-rule of Malliavin calculus — Lemma — yields Dy (r, Xim)) equals
(DSXg’x))Tsz(E)(T, XW’), and, applying Lemma 2.5, (0~ !(s, Xs(t’m))Vth’r))TDsz(E) (T, Xit"r))

is equal to (VXg’x))Tsz(E) (, Xﬁt’x)). The result follows for (%) (7, -) only Lipschitz continuous by

standard limiting arguments. Since (z(5)(r, Xﬁt’m)))ogTST is a version of (z&s’t’z))ogTST, it follows

that (DSZ(E)(T, Xﬁt’m))))nggT is a version of (Dszf’t’r))ngSp and therefore that
(07 (s, X)X ED) T D200 o = (VX)) TV, (7, X)) o

is a version of ((U‘l(s,Xﬁt’x))Vth’m))TDszgs’t’m))ngST for all s € [0, 7).

We now combine the BSDE arguments and the functional arguments from above. Thanks to
the intermediate version ((o~!(s, Xﬁt’x))VXﬁt’”)TDSzS’t’m))OSTST, it follows that

(VX T2 (r, X))o
is a version of (sz*t’“"))ogg.

Step 4. Proving z(°)(t,-) is Lipschitz continuous. Fix s € [t,T). Using the representation
[@-4) of 2(=12) it follows that

T
Hzgat,wl) _ Zga,t,w2)||2 < ||Es[/ F(T, X£t7w1),y£€’t’wl),Zﬁa’t’ml))Hﬁt’whs)d?"]
’ T
SB[ F X0 et et )

T
SB[ Pl X002 et (et o) s ),

= A; + As.
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We start with an estimate for As. Using the Cauchy-Schwarz inequality, it follows that

T
Ao = / 1B, X[072) () (b)) ||y | H {00 — H{E02) |y (4.8)

S

» Bounding ||H,(t’$1’s) - H,gt’xr“’s)Hz;. Using the same techniques as in the proof of Lemma
[2.10] one shows that

o= (s, X)) = 071 (s, XE) |5 Bfsup, <o | Do X791/
Vs
o™ oo Elsup, << [ Do X8 — D)8/
Vr—t '
where Cj is the constant coming from the BDG inequality. Thanks to [RY99, Theorem IX.2.4],
we have that

|H o) — H b, < Cy

+Cy

(4.9)

||Xs(t,w1) — X§t7I2)H$8 < C'|5171 - LL’2| (410)

The function o~!(t,-) is Lipschitz continuous uniformly in ¢ with Lipschitz constant as given in
Lemma for all s € [t,T). Moreover, Lemma gives that

E[ sup |[D XY <C and E[ sup |DoX®) — D XB72) 1818 < Olay — o).
s<u<T s<u<T

Combining these estimates, it follows that |[H\"""" — H"*29 |, < Olay — 2o /v — L.

» Bounding ||F(r, X" y{&h72) &022)))  We take advantage of the local Lipschitz con-
tinuity and boundedness (1.2)) of f, and the uniform bounds on u and its partial derivatives from
Lemma [2:8] in order to show that

r, X)) 4 || 0] oo |V, X£072)
(T _ T)(1—9L)/2

;s CB,(®) B,()

< <

ST T T oo S C(T —p)i=0enE

(B (r, X07,0,0)] < |£(r, X572, 0,0)] + L1

(4.11)

where

B, (@) = VI —t+C if ® is constant,
T EAIe(XE ) — B e(XETNPVZ 4O else.

Without loss of generality, we will consider the setting where ® is not constant, because, for
constant ®, the arguments will be analogous to the arguments under (Ape) with 6 = 1. It
follows from the triangle inequality, the local Lipschitz continuity (1.2 and the inequality (4.11)
that

(e,t,z2

| (r, X002 yfo:te2) g{obm2)| < |F(r, X972),0,0)| + Ly ur

e,t,x2) |

|+ 128
(T — r)(1-61)/2

But yﬁg’t’“) and 2552 are bounded in L4: applying Proposition with (Y1, Z1) = (0,0) and
(Ya, Zo) = (y&te2) 2(5:622)) " combined with inequality (#.11)) and Lemma to obtain that

T—e
Jyst2)| < C/ E[|F(u, X2,0,0)P]2du < CB(®)(T — )% /2,

or
2

T—¢
|z(et22)| < C/ B, [|F(u, X% 0,0) 212 (u — r)~Y2du < CB.(®)(T — r)?"F =3 (4.12)
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for all r € [t,T). Therefore, || F(r, x(twa) glete) zﬁs’m?))ﬂzl is bounded above by C(T—r)‘gcAQTL*1
Now, both (Aps) and (Ape)imply that || B, (®)||4 is bounded above uniformly in r by C. Substi-
tuting this and the bound on ||H,(«t’x1’t) — gbrh |l4 into (4.8)

dr < CBy(®?)|z1 — 2|

6

) A T T (T — s) 50N E
Now, we estimate A;. Using Corollary (with H"****) in the place of H?), it follows that

T
Ay < CBy(®)|ar — ] /

T—e
A < ||/ (E[|F(r, Xr(t,x1)7yﬁe,t,x1)7zﬁe,t,x1)) — F(r, Xﬁtﬂh)’ygsvtvxz)’Zﬁe,t,xz))|2])1/2(E8[|Hr(t,3217s)‘2])1/2dr“2
S

Analogously to Lemma (IES[|I1T7@’9["1’S)|2])1/2 < Cy(r — s)~1/2, therefore

T_e (t,x1) (et,xr) _(e,t,x1) (tx2) | (etx2) (et,x2)y(21\1/2
E [|F(r, X; Y yr ) 2 —F(r, Xe" yr ) 21
A< CH/ ( s“ ( Y )T _i Y )| ]) d’l“”g
<c/ T NEF O X5, ™) 520 — B, X502y g D) P2l
s rTr—S

dr

I S N T ]
Vr—s

where we have used Minkowski’s inequality to take the norm || - ||2 into the Lebesgue integral. By
applying the Lipschitz continuity of f©)(r,-), A; is bounded by

e ||X£t P G P

C/ _ 7« 1 Gx/Qm

t,x t,x t,x t,x

Lo [ N leollutr, X255 — ulr X;5) 3 + Va0l o | ot Xi) = Vo, Xi )
(T —r)(A=0)/2\/r —¢

o [T )

s (T —r)A=00)/2\/r — ¢

Using the differentiability of u(s, -), it follows that

dr

dr

Julr, XE550) = ulr, X722 < (R (u, 7, X7, X BE2))
||Vmu(r, Xr(t7$1)) - Vzu(r, X£t7$2)) HQ < HR(unv T, X§t7w1)ﬂ Xs(t’mz)) ”2

for all r € [t, T'), where, for a differentiable function g, R(g,r,x,z’) is the remainder from the first
order Taylor expansion of g(r,xz) — g(r,2’): in the case of g taking values in R, this is equal to

R(g,r,x,x') = {/0 Veg9(0x + (1 —0)z")do}(z — 2'); (4.13)

in the multidimensional case, the expansion (4.13)) is defined component-wise. Denote by R(r) the
sum of the normed residuals ||R(u,r, X! x1)7 Tt7x2))|‘2 + || R(Vu,r, Xs(t’wl), Xs(t’x2))||2. Therefore,

using the notation O, Hy(s bar) _ g (ete2) ll2 + ||z£5’t’m1) - zﬁe’t’m)H% the final bound on A is
A <C T—e HX (t,x1) X th)” dr o T—e ( ) o T—e O,.dr
1 T —r)l=0x/2/r —¢ + (T —r) =072/ —¢ + T —r) =002/ —{

Tt follows from Lemma 2.8 that

Ol @ X5 — X7 |lo(T — )~ < O @||os|ary — 22| (T — )" under (Aps),
R(r) <
CKa| X" — X ||o(T — 1) F =1 < CKgla1 — F-1 under (A
o Xr r o (T 7“) olry —z2|(T =) under (Apg),
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The bound ||X7£t’w1) — x (b2 l2 < Clzy — x2| is obtained from [RY99 Theorem IX.2.4], which also
implies that

/PﬂXﬁ“—Xﬁmm <f T _Cmoml

d
(T — )i =x/2fr 1 =), (T —r)i—0x2r—t
It is clear from the bounds above that the integral in R(r) in the bound of .4; dominates the
upper bound on Ay, and also the integral

dr.

/ X — X
. (T2 i

Therefore,

R(r)dr O,

T—e
Rt C/s T = /=g

T—
et — et <o [
.o

Since ygs’t’z) =E, [féT F(r, Xﬁt’m), yﬁs’t’m), zﬁs’t’z))dr] similar estimates yield

T—e T—e
o< / R(r)dr e / o,
L Tonewirgrs ), Tontwrg s

for all s € [t,T — ). Let (Aps) be in force. Applying Lemma with

dr

T—e
Wy := C|P||oo|T1 — 22| / (T - u)(eL_?’)/Z(u — r)_l/Qdu
i

and u, := O,, it follows that

dr
_ r)(&ﬁ)ﬂm

‘/‘SU(U_,',,)QL/2—1(T_S)—l/?d,,,d C T—e @T
(T — u)B—00)/2 ut / (DAL

T—e¢
0. <Cl@lulrr—nal [ 7

T—e
+ Y@ cfor — 2] [
S

T—e dr T—e @r
SCW@Bquxﬂl T Al M =r- =

dr,

where we have used Lemmato bound the integral fsu (u—7)%:/2=1(r—5)~1/2dr. Then, applying
Lemma to bound the integral fgis O,(T — r)®2=D/2gr final bound on [|2{""*) — &2,
for all t € [0,7), (r1,22) € (RY)?2, and s € [t,T) is

dr
S YCRP VN e
frTfs(T —u)Or=3)/2(y — )~ 2qy
(T — )72

T—e
Jofe ) = 2oty < Ol —aaf [

T—¢e
—|—C’||‘I>||OO\$1—:E2|/ .
S

and application of Lemmayields the final upper bound C¢(t, e, 0 )|x1 —22|. Therefore, setting
t = s yields that the function (%) (¢, -) is Lipschitz continuous with Lipschitz constant C¢(t, e, 6y),
as required. The proof under (Aps) is analogous. O

We now come to the regularity result advertised at the beginning of this section; this result is
not used in the remainder of this paper, but may hold some interest for other works.
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Corollary 4.3. Let (Aps) and (Agg) be in force, and let 0, +60g > 1. Then there exists a function
2 :00,T) x RT — (RY)T such that V,u(s, Xs)o(s, Xs) + 2(s, X) is a version of Zs. Moreover,
recalling the function ¢(t,e,0r,0s) from forallt € [0,T), x — z(t,x) is Lipschitz continuous
with Lipschitz constant equal to

C
(T _ t)l—(@L—‘qu))/Q

lim ¢(t7 g, aLv 0@) <
e—=0

for some finite constant C' depending only on K, L¢, the bounds on b and o and their partial
derivatives, 5, Cyr, 01, 6., Cy,andT.

Proof. Let (Y (%) Z(t2)) be the solution of

T T
v = o(X) + / Flr, X0 y (o), 7020 — / Z0 AW,

and set .
2(t, ) = By / fr, x 160 v (60 Z(E0) g Ees) dr]
S
for )
e / o7 (r, X DX ) T, T
r—3s s

Recall the function 2(®) : [0,7) x R? — (R?)T from (£4). One shows z(t,z) = lim._,o 2 (¢, z) by
mimicking the proof of Theorem Since Z is the limit of Z(*) as e — 0in H?, and 2(5)(s, X,) is a
version of Z{%) —Vu(s, Xs)o(s, Xs), it follows that z(s, X;) is a version of Z;—V u(s, Xs)o(s, Xs),
as required. Finally, to prove the Lipschitz continuity of z(t, ), we observe that, for 0y, 4+ 64 > 1,

T
. dr C
lim 6,00, 00) = K | s e < S

thanks to Lemma and proceed as in Step 4 of the proof of Proposition (with z(t,-) in the
place of 2(5)(t,-)); the upper bound on the limit lim. o ¢(,¢,0L,0) comes from Lemma O

In order to make use of Proposition [4.2] it is is necessary to approximate Z by an intermediate
process Zj; which satisfies the hypotheses of Proposition

Lemma 4.4. Assume that (Aexpa) is in force. Recall the BSDE (Y, Zyr) defined in Corollary
. Take the version of Zy given by Theorem . For M = (3In(N))/* and R(M) equal to
3LfeM2/2, there is a finite constant C' depending only on Ly, Cyr, 01, Ce and T, but not on N,
such that for all N > 1

N=1 ., } N=1 4, i
S [Nz zuis <Y [ 120~ Zaa s+ ON
i=0 07t

where Zti = AiEl[f:’“ tht] and ZM,ti = A%_Ei[f:’“ ZM7tdt].

Proof. In what follows, C' may change from line to line. Using Cauchy’s inequality and the
orthogonality of the projections,

N—-1 t;
1 i1 B
DI ANTAA
i=0 “ti

2
5ds.

T N-—-1 ~ B N—-1 tit1 ~
2ds < / 12~ Zap s+ S 1 20— Zara |30+ S / 1Zsta—Zas,
0 i=0 i=0 Vi
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From Jensen’s inequality, it follows that Z Yz, —Zn 130 < fOT | Zs—Zar,s||3ds. Proposition
R-12 with (Y3, Z1) := (Yar, Zyr) and (YQ,ZQ) := (Y, Z) yields that, for any s € [0,T),

T T
/ 1Ze — Zar|3dt < C||@(X1) — @ar(X7)||3 + C/ | F(t, Xty Yares Zaae) — Faa(t, X, Yare, Zane) |32,
0 0

(4.14)
It follows from Markov’s exponential inequality and (Aexpas) that
o0 oo 4
|®(X7) — Par(X7)||3 = / P(|®(X7)]* > x)dr < Cg/ e Ve = 20:(1+ M*)e™ < CN72.
M2 M2
(4.15)

The last inequality is obtained by substituting the value of M. On the other hand, the basic
properties of the mollifier in Definition [1.1] yields

|f(t, Xes Yares Zoae) — faa(t, Xoy Yare, Zose)|
S / |f(t7Xtu YM,t7 ZM,t) - f(t7Xt — T, YM,t -, ZM,t - Z)‘qu(M)(xa y,Z)d({L'7y7 Z)
RexRx (R9)T

Ly 3Ly

< s (] + 191+ |=Dbmony (2,3, 2)da,y,2) <
(T = )O=2 Jjape sty a2 <m0 -2} "

(4.16)

Substituting the value of R(M) then gives ||f(t, X¢, Yare, Zare) — far (b, Xoy Yares Zaaalle < (T —
£)0r=D/2N=1/2 for all ¢ € [0,T). Substituting (£.15) and (&16) into (&14) Lemma|C.2|then yields

N-1

T
A
/ 1Zs = Zarsll3ds <CN7' 4 CN72 Y
0 T

*tz‘,

The sum on the right hand side above is bounded by 1 + ftN YT —t)~tdt = 1+ CIn(N), whence
the proof is complete. O

We now provide an extension to Theorem under (Ape) with the aid of Proposition

Theorem 4.5. Let (Ana) be in force and 0 < § < (2v)A(aAbL). There is a constant C' depending
only on Ly, Cyr, 01, 0., B, Cr, Ko and T, but not on N, such that for all N > 1,

E(N) < CN™'1y1 3(00 + B+ 2v) + CN ™71 (g 1) (00 + B+ 27) (4.17)
fory:=(0.N§ + %L) N

Proof. In what follows, C may change from line to line. To start with, we assume that (Ass)
and (Abq)) are in force. Recall (3.2). From the bounds HCI,(E)”Q < C(T — r)(@+02=3)/2 in the proof

on Lemma [2.9| the first sum > ;" :”1 ft \a ||2dr)?dt is bounded above by

t r 2
N2t (ftl (t_r)g—ﬂm/z ftN 1 (t = GL/2)
C s dt+C T dt
i=0 Yt (T o t) tN—1 - t)
N-2 tit1 (T_t)ﬁ—l(t t: )1+9L t_t )GL
7 N-1
SCZ/t‘ T = 1§ dt+0/ Tdt
i=0 Yti
N-2 1+6 t
A' L i+1 dt
<C 7/ L oa%te (4.18)
(T —tipa)' =P )y, (T —t)HHFe Nt
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Using (B.2) from Lemma [B.I] A; < CA;44 for i < N — 1, which, combined with (B.1)), yields
A1+0L A1+9L
i < 7 —1—9L.
Ofri%aj\)f(—2 (T — ti+1)17B - Ogl;'r%%\}/g—l (T — ti)176 <CN
Additionally, 5 < « implies that A‘;‘Vtef = CON—(a+0)/8 < CN—1. Substituting these results into
(4.18)) gives

N—-1 tit1 t
Z/ (/ a®) ||2dr)*dt < CN 1, (4.19)
i=0 Yt ti

The refined estimates — H‘/;-(E)HQ < Cé(r,e,0r,00) for all r € [0 T) — from Proposition are

2
used to bound YNt [ ([ IV [lodr)2dt from above by NGt [l ( I o, E,@L,Q@)dr) dt,
which itself is bounded above by

Z/m /qsrseL,a@ )dr) “t = Z/+ / /TTE (T—u)‘“’i’?% }dr)zdt

[ e

u—r

K2 i+l T—e du 2
S 0.8 Z/ / / (T_u)l—(eL—BW\/m}dT) d.

Now, using Lemma to obtain an upper bound (T—?“)f(lf((hfﬁ))/2 on the inner integral
f (T —wu)” (1—(0L—B)/2) (u—r)~1/2du,

N—-1

Vot IH C tit1 t dr 2
ZZ:/ / ¢(re HL,etb)d’") dt < 108 ; /t (/t (Tr)(l(“)LB))/2> :

< C(maXOSiSN_l A2)2 T dr CN—2
- el—0s—p 0 (T — t)l—(gL—ﬁ) — gl-0s-p

(4.20)

where we have used Jensen’s inequality to get

t dr 2 T dr
< C/ ———dt,
</t (T—r)(l_(gL_B))/z) o (T —t)t=(0c=5)

i

and then (B.l) in Lemma for the bound maxo<;<n—14; < CN~!. Substituting ([.19) and
(4.20]) into (3.2)) finally yields

N-1 tit1 CN_2
> / |29 = =7 3ds < ON T+ T (4.21)

Then, using Z(&) = 2(9) + 2z, Lemma and SN o :‘“ llzs — 21, /13ds < CN~1 as shown in
[GM10, Theorem 1.3], it follows that

tz
" g — Ly, 2ds <ON~! + ON~2g0++8-1 L ON 27/5+Cs27. 4.22
ill2
t.

For N € {1,2}, let 6 := 0, and for N > 2, § := InIn(N)/In(N). Set ¢ = N~(1+9)/(27) Recalling
further that 2y < S, this implies that, under (Ape) and (Ase),

tz
> / U120 - 2, |2ds < ONT 4 ON2Oet D)/ 2,
t.
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To obtain the general result, recall the BSDE (Yas, Zys) from Corollary The driver of

(Yar, Zyr) satisfies assumptions (Agg). The proof is complete by taking M equal to (31n(N))/4,
R(M) equal to 3LfeM4/2, and applying Lemma O

5 Convergence rate of the Malliavin weights scheme

In this section, we treat the Malliavin weights scheme

N—-1
(N (N —(N) /(N
Y = (), VO = Bi0(Xr) + Yl X, VY 2 (k0 - 1),
i=i
N-1
(N i (N) 7(N 7
ZV = B@(Xp)Hy + Y f(ty, Xe, VY, Z8D)V Hi(t 40 — 1))
j=i+1

Recall the Malliavin derivative of the the marginals of the process X in Section In the
definition of the Malliavin weights scheme ([1.5]), we use the following discrete-time approximation
of the Malliavin weights (2.14)):

j—1

T T
(> Dy, Xy, 0(ti, X1,)) " AWY) (5.1)
k=i

1

H =
T —t

Notice that H} satisfies E;[H}] = 0 and E;[|H}|*] < Car(t; — t;)~"; the latter property is proved
exactly like Lemma [2.10] If the marginals of X and D;, X are not known explicitly, one can use
an SDE scheme to provide approximations, but this is beyond the scope of this work; some work
has been done on this in the zero driver case (f = 0), in particular we refer the reader to Section
3 (and the sequel) of [GMT05]. In what follows, we use the version of Z given by Theorem [2.16]
in other words

T
Zy = By [®(Xp)HE +/ fs,Xo,Ys, Z)Hlds) forall t € [0,T) P —a.s.
t

We start with some preliminary results.

Lemma 5.1. There is a constant C' depending only on the bound on b and it’s derivatives, the
bound on o and it’s derivatives, B3, Ly, 01, Cr, 0., K*(®) and T such that, for any 0 <i < j < N,
CN-1/2
(T — t;)(t=)/2”
CN-1/2
Tt VG =6

B [@(X7) (Hy; — Hj)lll2 <

HEi[f]'(th?Y'tprl?th)(sz - H]l)]”Q <

where 7 1= (0 A S + %) A0,

Proof. For any j > i and t > t;, define N} := o= (¢, X;) Dy, X;0(t;, Xt,). Using the decom-
position

Ny = N =o' (t, Xe)(Dy, Xy — Dy, Xy, )o(ti, Xy,)
+ (U_l(tv Xt) - U_l(tj7 th))DtithU(tia Xti)?

it follows from the boundedness and Lipschitz continuity of o and ¢=! (Lemma that for any
j>diandt € [tj,tjq,ﬂ,

i—1 t ; ; i—1 ot
S Sy BN - Ny Plde  CYT f, T BillDeXe - Do X | 4 |1Xe — X, [)dt

E,[|H — HY|?] =
1) = HT) (t; —t:)? - (t; —t:)?
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It now follows from Lemma the usual bound E;[|X; — Xy, ]]?] < C(t —t;) and Lemma that

Ei[|H;' — Hj|*] < C'max Ag(t; —t) P <CN7YHt; — )7t (5.2)

Since E; [Hf; — Hj] =0, it follows that
E:[@(Xr) (H! — H})lll2 = 1B [{®(X7)~E:[®(X)[}(H! — Hj)]ll2-
The upper bound
B [{@(Xr) —Ei[@(X)[HHy — H))lllz < (Bl {2(Xr) —Es[@ (X)) )Y 2(Eil|Hy, — H)IP)'|l2

follows from the conditional Cauchy-Schwarz inequality (Corollary [2.11]). Therefore, (5.2) and
|®(X7)—E;[®(X7)]||l2 < K*(®)(T — t)*/? (from (Ag)) together imply that

CN—1/2

t; %
|E;[@(Xr)(Hyi — H)ll|2 < T =)o

as required. The upper bound on ||E;[f;(Xy,,Y:
Schwarz inequality (Corollary , le.

th)(HfJ — H})]|l2 follows from the Cauchy-

JL

||Ei[fj(th’Ytj+1’th)(Htt; - H_;)]HQ < ”(Ei[‘fj(th’Ythruth)|2])1/2(]Ei[|Htt; - H;)|2])1/2“2;

from here, one applies the estimate (5.2) and the fact that, similarly to (2.22)), || f;(X¢;, Yi, ., Zt;)|l2 <
C(T — tj)’yil . O

Lemma 5.2. For all t;,t; € ™ such that t; <t; and r € [t;,T],

Eilf(r, X, Yy, Zo)Hy') = Bilf (r, X, Yy, Z0) Hy . (5.3)
Moreover,
T N-1 tit1
Bl F0 X0 Yo ZOHE A =B 3 (X0 Vi Z)HEA) B[ 00X, 2 HE
ti j=i+1 ti
NZbo ety
fELY [ 00X 2) - 100, Yy 2 ) HE L (5.)
j=i+17ti

Proof. First let (Agg) be in force and recall, as argued in the proof of Theorem that the
BSDE solved by (3), 2(5)) in Definition satisfies the conditions of [MZ02, Theorem 4.2]. A
key element of the proof of that Theorem is to show that, for almost all v € [0,7),

D, f9(0,)0 (v, X,)VX, = V. f&(0,)VX, + V, f&(0,)(u(r, X,) VX, + Vy))
+ V.9 O,)(U(r, X, ) VX, + Vz) mxP— a.e;
where U(r, x) is defined in (2.7)); see the equality just above equation (4.19) in [MZ02]. Integrating

with respect to v over v € [t;,¢;), on the one hand, and between v € [¢;,7), on the other, which
yields

1
ti—t;

1

T*ti

tj r
/ D, f&(0,)0 (v, X, ) VX, dv = / D, (0,)0 (v, X, ) VX, dv.
ti ti
One then follows the proof of [MZ02 Theorem 4.2], which essentially uses integration-by-parts for
Malliavin calculus — Lemma f to show that E;[f(®) (r, X,., A Z,(»S))Hf;i] =Ei[fO(r, X, VA Z,«E))Htt;].
One extends to the general case (5.3) by convergence arguments as in the proof of Theorem m
The relation (5.4) is now straightforward to obtain from (5.3). O
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Lemma 5.3. There is a finite constant C' depending only on the bound on b and its derivatives,
the bound on o and its derivatives, Ly, 01, Cy, 0., and T such that, for alli € {0,...,N —1},

tit1 . tit1 dr
E, X, Y, Z)Hbdr]||s < C : 5.5
Bl s HEal <0 [ (55)
N-1
| Bl (Ve Z2) — Fi(Fien, Z3) HEIA
j=it+1

1Ye, 0. = Yigalla + 1 Ze, — Z;]l2
<o 5 Wi Dtk

i 5.6
j=it+1 ty) =002 =T ’ (56)
N-1 tjr1
” Z ]Eti, [/ (f(ra Xra Y’ra ZT) - f(tj7Xt,7‘7Kj+1vZt_y‘))Hf;dr}HQ
j=i+1 t
_ tit+1
B OO il e 0 e Y
< 4(T _ ti)(lféx)/2 S (T — tn(kh)ﬂm ) .

where 7 := (0. A S + %) A0...

Proof. In what follows, C' may change from line to line. Using the conditional Cauchy-Schwarz
inequality (Corollary ,

Bl f (X, Yo, Z0)[2) Y2
E; Xr,Yr,Z Ht d < ry L7y d :
[ e r< e / A r

then, Minkowski’s inequality and the moment bound (2.22)) of Corollary imply that
S X, Y 2 e
E ; aXT7YT7Zr Htld < C / ’ Do T d <C/ .
Elf s il < O [T R <0 [
Using the Lipschitz continuity of f, Minkowski’s inequality, and Lemma [2.10]

Yi, o — J+1||2 + 1121, — Z;]|2
||J;1]Et fJ (Yey00 Z1,) — fi (Vi )) ] J= 1||2<OJ;1 ; (1- 9L)/2\/ﬁ 8

For (5.7), the t-Holder continuity of f in (Ag,), the Cauchy-Schwarz inequality (Corollary ,
Minkowski’s inequality, and Holder’s inequality are needed:

|| Z By | / (5 X Yo Z0) = £5(X0,, Yiy Z,) HEv ]

. tiq1
o Ni Jo Hf(r,XT,YT,ZT)—fj(Xer,Z»IIzdr+C Ni SO (X Y Z0) = £5(X ey Vi Z,y ) |2dr
I Vi =t

= t; — 1
j=i+1
J — tj J
e Z J;& R/ t dr Lo Nzl j;/j +1 ||XT — th”QdT Z ft +1{||Y YEJ_H ||2 + ||Z th Hz}dT
B j=it1 m j=it1 (T_tj)l_exm‘/ﬁ j=it1 — ;)OI

The usual upper bound || X, — Xy [[2 < Cy/r —1; implies that

tjt1

tj+1
/ [ X — X, [[2dr < C T —tdr.
t

J tj
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Now, we obtain the upper bound ft L r=1tdr = 2A3/2 < CN~'/2A; from Lemma [B.1} and
substitute it to the already acquired estimates to obtaln

j+1
'Y E, / (X0 Yo Z) — £5(Xo, Yoy 0, Z0,)) HE ]
J=i+1 t;

N-1 [ti+1
A I =Yl + 12 = Zy |2 ddr

<CN™! § +CN™! § +0 Uy i

,/7—t )= 9x/2,/7t —1 S (T — t;)=00)/2 /T, =7,

Jj=i1+1 j= z+1

Applying Lemma to bound the sums without the integrals is then sufficient to complete
the proof. |

In the following proposition, we obtain a bound for the error terms on the right hand side of
(5.7); these error terms are intrinsically related to the discritization error of the Malliavin weights
scheme. Proposition will be essential in the proof of this result.

Proposition 5.4. Recall the definition y := (0. N\ § + %L) NO.. Let either (Aexpa) or (Ana) be in
force and suppose that 0 < 8 < (2y) Aa Afr. For §, K > 0, define C(§, K) := K(N’1/21[1)3] (0) +
N~71(0,1)(9)), and, for j € {0,...,N — 1},

L+t
W = / Yy~ Vi, ll2 + 120 — Zu, |12}
t

J

There is a constant C' depending only on L¢, 01, Cy, 0., B, 3, the bound on b and its derivatives,
the bound on o and it’s derivatives, and T, but not on N, such that, for all N > 1,

Z

_ v,

Ty < O =) + 20 (N) v L),
J

I
o

J
N-1 v
Z (T — t_)(l—ez)/z\/ﬁ < C(T — 1)~ HB=90)/2¢(5 1 24, In(N) /4 v 1)
j=i+1 J i —ti

in the case of (Aexps), and

N—

,_.

W < C(T — )"+ =P2C(B + 05 + 27, Ks),
7=0

N-1

\Ijj —(1+8-61)/2
> T yanE =g < 0T —t) (H+B=0L)/2C(5 4 G + 2v, Kop)
j=i+1 ¢

in the case of (Ana).

Proof. We will prove the bounds for

N-—-1
) -
L, (T =)W G=T

The bounds for the Z;V 01 m are obtained analogously. Moreover, we will only prove
the result for the terms in Z. The bound for the terms in Y are also obtained analogously. In
what follows, C' may change from line to line. We first prove the result under (Age) and (Apa),

and then obtain the general result by means of mollification. Fix ¢ < Ay_; and recall the BSDE
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(Y(©), () from Definition in Section We use the version of Z(¢) provided by Theorem
2.16| First, apply the triangle inequality to the integrand in order to obtain ||Z; — Zi, |2 <
1Ze — ZN2 + 1120, — 22N+ 125 = 282

To bound the terms in Z — Z©)| recall the bound - ) from Corollary |2 For j < N -2,
the bound on ||Z; — )||2 implies that

tit1 ti1 fT (T — )Y~ tdr ti1 dt
(e) T—e
Zy—Z dtSC’/ dt < Ce” e
[ hn-zase [ — =

Lemma yields f;_j“(tN_l —1)71/2dt < 2A;(tn—1 — t;)"Y/2. Therefore, applying Lemma
that

implies

= _
sz N2, — 2 ||pdt o NZQ A, B Cev |
i=it1 (T— t)UTIRVE =T T S (v — )R T (b — )08

(5.8)

Then, use (ty_1 — t;)~"/? < 2(T — t;)~'/? on the denominator on the right hand side. For the
outstanding term, j = N — 1, we implement Lemma [C.2] to show that

T T T
/ 12, — 27 ||2dt < c/ {/ (T =)~} = )7 2drfdt < CAPY,
tN—1 tN—1

whence it follows that

T
S 02— 2|2t < CATHOE? < CALH?

5.9
AP v = Vinea =t VT 59
Combining (5.8)) and , it follows that
tj
NZ_I L R R , oN 5.10)
ot T ) =, = (Tt T, |

where we have used that Ai?jlh = TN®+0)/8 and B < (2y) A 0. Analogously, we can also
show that

Ni 12, 2728 < = + S (5.11)
S (T —t;) =002 5, =1, — (T —t;)-0072 " T—¢, .

Recalling the BSDEs (y, 2) and (y(®), 2()) from Deﬁnitionand that Z(®) = 2+ 2(5) the triangle
inequality yields || Z\¥) — Zt(f) 2 < llze — 20, |2+ || 2% — zt(f) |2. In the proof of [GMI0, Theorem 1.1],
in bounding the terms F; and FEs, it is shown that, for all ¢ € [0, T7,
C(t—t) !
ot = 2l < o + € [ 192t X 3.
Lemma [2.8 implies ftt V2u(r, X,)||3dr < C’ftt_ (T — r)*~2dr. Now, applying Jensen’s inequality,
Lemma Lemma and the above bound, one obtains

. 1/2
N— f i+1 HZr _Zt ||2dT B N—-1 CA]_ j;tjwrl(T_ )(a 1) /sz-i-Cf J+1 (ft a 2dt) dr
:Z (=026 =T; iy (T —t;)~ QL)/QW
1/2
Nl CAM(T — 1)@ D2 CAY (4 (40 = 0)(T — )2t
< (5.12)
2 T 4o,
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For j < N — 2, one can apply Lemma [B.I] and Lemma to show that

tit1 A tj+1 CN™1A;
tir, —t T—t“‘2dt<7j/ T—t)* B lgp< 22~ 77
/t (i =T =) T (T —ti) -9 (T —ty)tet

j j
On the other hand, for j = N — 1, since 8 < «,

T
1 T T
T—t) (T —t)*2dt = A% , = NP < N1
/ ( )( ) a N-—1 o =

tN—1

Substituting these bounds into (5.12) and implementing Lemma and Lemma we obtain

jf tﬁl lzr — 24, |l2dr < ON-1/2 Z A L ON-V2 A?VLE
Pt (T - tj)(l 0L)/2 /T =1, ~ - z+1 ) (B—a—bL)/2 T Vino—§
< oN-1/2 I (5.13)
(T — t,)(+B—a=0)/2 " T —¢,
In the bounds , we used the inequality
|29 - 7 < © / e + / VS adt + €AV, (5.14)
t; ti

Using [|a{® |l < C(T — £)@+02=3/2 a5 shown Lemma[2.9] Lemma Lemma and Lemma
it follows that

1\/2_:1 j;t]J+1{ft: ||a§8)||2dt}d7‘ - Nz:l Lﬁl{ft T — t)(0r+a- 3>/2dt}dr
— (T —t;,)0=00)/2, /T, —1T; — S (T —t;)=00)/2 1, —¢;

j=t+1
o Z ttjﬂ(T )(a 2)/2 gy ftj+1(T_t)(9L—1)/2dt NZ A(3+¢9L)/2
S = 1) )BT,
A}”L 12 A, CN-1/2
< O(ogrz%%\)/(f1 (T — ti)l—ﬁ) j;l (T _ tj)(2+[3—9L—a)/2 /7tj —, < (T — ti)(1+ﬂ_9L_a)/2

(5.15)

On the other hand, we obtain bounds for ||Vt ||2 from Proposition under (Aexp®) or (Ana).
Let us work under (Aexps). It follows from Lemma and Lemma that, for all j and

re [tj’tj+1]7
T r T—e¢
[ 1V aat < co / ([ @@ =)D - ) s
tj

< OB cct®- 1>/2/ {/ §)02 81 (s — 1)V 2ds e

BCRLIN
(T — t;)0+F—00)/2

< C[B]| e 12 / (T — O304t < C|B)o
t

J

Therefore, using Lemma [B.1] Lemma and the above bound,
tj r
Nz_:l ftj +1{ftj ||Vt(5)||2dt}dr CH‘I’H 6(’3 1)/ A Z A]'
— 1 \(1-01)/2 = rnax )1—(@ 2 T
S (T —t;)(A=60)/2 /F; = z+1 OL=B/2 =1,

C||<I>||oo€('8_1)/2N_1
- (T —t;,)+B=0)/2 ~

(5.16)
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Now, substituting (5.15)) and ((5.16f) into (5.14)), it follows that

NZ f1+1 ”Z(e) (:)Hgdr CN-1/2 C||®||socP~D/2N—1

£ (1— m)/Zm < (T_ti)(l+ﬁ—9L—a)/2 (T — z)(1+B 0r)/2 (5.17)

Combining (5.10)), (5.11), (5.13) and (5.17) yields

Nil |2 = 2y, |adr
j=it1 (T - tj)(l PR
CN—1/2 CN~! Ce C||®|seP~D/2N1

STonyiaent ros Tr—nawr T r- l)(1+6 e

and we take e = N~V if 1 — 8 — 2y < 0 and ¢ = N~! otherwise to complete the proof under
(Apf) and (Aps). The proof under (Ase) and (Ape)is analogous.
To prove the result without (Asf) or (Aps ), recall the mollified BSDE (Yas, Zas) from Corollary

Set M = (3In(N))Y/* and R( ) equal to 3LfeM2/2. Substituting equations (4.15]) and (4.16])
into (£.14), || Zs — Zar,sll2 < CN~HT —s)~'/2 for all s € [0,T), whence the triangle inequality and

Lemma |C_T| imply
ti+1

tit1 tit1
|20 2 er < [ N2 = Zassladr 12 - Zag e+ [ 120 Zass, Jadr
t t

J J tj

tj+1
<ONTAT =)+ [ 12asy = Zag,
t

J

The proof is then completed with use of Lemma O

We come to the main result of this section, namely the error estimation for the Malliavin
weights scheme.

Theorem 5.5. Recall the definition v := (90/\%—&—%)/\90. Let (Aexp®) o7 (Ans) be and force and
suppose that 0 < B <~y AaAfOp. For§,K >0, define C(6,K) := KN’1/21[1)3] (6) + N7710,1)(0).
There is a constant C' depending only on Ly, 01, Cy, 0., B, B, the bound on b and its derivatives,
the bound on o and it’s derivatives, K“(®) and T, but not on N, such that, for all N > 1,

1¥s, = Nl < O(T — 1) 02 =8/2C(8 4 24, In(N)H4 v 1),
12, = Z{V |2 < C(T — 1)~ 0+8=00/2C(5 + 29, In(N)V4 v 1) ¢ in the case of (Aexps).
+CN_1/2(T _ ti)—(l—a/\(2'y)/\9X)/2.

1V, = V™l < C(T = 1) 1402=9/2C(8 + 05 + 27, Ka),
| Z:, — Zi(N)HQ < C(T - ti)—(1+ﬂ—9L)/2c(5 +0p +2v,Kg) in the case of (Ans).
+ON71/2(T o ti)f(lfoz/\(ny)/\Gx)/2

Proof. In what follows, C' may change from line to line. For simplicity, we omit the process X

from the driver, so that f(t,y,2) := f(t, X¢,y,2) and f;(y, 2) := f;(Xs,,9,2). Fixi€{0,...,N —
1}. Using the estimates from Lemma and Lemma and (5.4) from Lemma it follows
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that

N-1

1Ze, = Z0 s = |Ea@(X7) HE — &(X7)Hiy + / P Y Z)HEd — Y [V 28 HIA
J=i+1
tit1 4 N-1 .
< ||Es] / £, Yo, Z)HEdr] |2 + (@ (Xr) (Hy — HOl2 + Y Eailf; (Yo, 00 Ze, ) (HE — HDA |2
i j=i+1
N N i
+] Z [ (Yyans Zey) — F00) Z N HI A |2 + | Z / (1, Yr Ze) = £;(Yey 10 Zay ) HErdr]
j=i+1 Jj=1+1
CN-1/2 it dr = 0,4,
< C CH(1 C
= T =t a—en@nesrz / RN ; (T — ;) =002t~ ¢,
(5.18)
where ©; := [|Y};,,, — j+1 H2 +11Z:, — Z ||2 and
) Z ) Ge= [ o+ o}
H(i) = \Ilj::/ Y, - Y +\1Z. — Z:. r.
Jj= z+1 (1 GL)/QVt —t tj el bl

In (5.18]), we have estimated ||ZJ e i[fj(Yng,th)(Htf H’)]A |2 by CN—1/2 Z] H_1(T —
t;)7"N(Tj —t;)""/?A, using Lemma [5.1] and the latter sum by C(T — t;)7~'/? using Lemma[C.2]
Using a similar technique, ||Y;, — ﬂ(N |l2 is bounded above by

tit1 ] N—
C/t (T— +CZ (1 9L)/2 Z (1 0.)/2

N—
—1/2 (

j=i j=i

where we have used Lemmaand Lemmaon the first integral to obtian ft T —r)ldr <
CA(T — ;)71 < CN~Y2_ 1t follows from and (5.19) that

CN~1/2 fisn dr 0,4,
i< (T —4,) (- er@)Ae2 ¢ . T ' OHH +0 ;1 )0 "L)/Q\/fj
Letting U; := ©;, (i) 1= N~Y2(T — t;)(@ @0A0x=D/2 5(j) .= [i Ty and

W; :=T(0) + E(2) + H(3), (5.20)
it follows from Lemma that
N—1 N—1
WA O,A;
0, <CW;+C " +C — (5.21)
J;rl — ;)00 /2 =T j:;q (T —t;)(1=02)/2
Therefore, using Lemmam and ( -,
N—1
_ WA
Zi, — 2N, < Wi+ C 1= 5.22
1Zt, i 2 < it j;l (T —t;)(=00)/2, fF =, ( )
v \I'(j -
% 1/2 L o H
¥ -Vl < ONTV2 4 C Z TN Z (1 o (52)

Jj=i Jj=ti
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Let us consider the sum in the W terms. Firstly, remark that we only need consider the sums
for i < N — 1. Recall the terminology of (5.20)). Using Lemma

N-1 F(])A N-1 A
J — CN_1/2 J S CN—l/Z(T_ ti)(eL—l)/Q.
2 T, 2 TP,

(5.24)

Using the fact that A; < A;_; to show that /%11 — ;/\/%; — & < 2, Lemma to show that
Aj/Aj41 < C and max; Aj(T — ;)71 < N~ one can apply Lemma to bound the sum in
E(j) as follows:
N-1 —
SOLY;
= (T = ;)0 =002 =T

Jj=

ftN (T =) e — )P dr Ay n N=2 AP (A /A 2B — TV — T

c >y ==

AP v 6 = (T = tj42) =202 G0 =T
_C AlYH)/2 - A
\/ti—{72+cmX T —t;) i T—t; )1—5L/2m
N-—1 *H‘l 741 7 i
< CON73/2 4 ONTYV2(T —t,)(02=1D)/2 (5.25)

In order to deal with the sum in #(j), we change the order of summation and apply Lemma
to obtain

(k) .
1\531 HA, Nz:l Zk—jJrl (T—t,)=00)/2 [, A;
j=i+1 (T — ;)= eL)/2ﬁ =~ (T —t;)A-00)/2 /T,

A
NE:I Z] =i+1 (T— t)l 6L/2\/tj—t1\p(k)
_ (1-61)/2
2 (T tk) L
N—

k=

() |
Z )0 HL)/Q(gt) —ya—anz — CRD- - (5:26)

Combining ([5.24)) - (5.26]), the bound on the sum in W; is

ply W,A

J=y —1/2 0r—1)/2 :
> A= DY s < ON7YV2(T —1;)0e=V/2 L CH(). (5.27)
j=i+1 v ¢

By analogous calculations, one shows that

N-1

W;A; 12 (0141)/2 V()
Z (T —t')(l 0r)/2 — <CON™ ( ) +C Z tA)(1—0L)/2' (5'28)
J=i+1 J Jj=t J
The proof is completed by substituting (5.27) into (5.22)), (5.28)) into (5.23]), and using Proposition
to bound the remaining terms. O

A Stochastic analysis

The following conditional Fubini’s theorem is a consequence of the Monotone Class Theorem.
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Lemma A.l. Let fs € Lo([0,T] x Q). Then, for all t € [0,T), there exists a B([0,T]) & F;-
measurable processes Fy belonging to La([0,T] x Q) such that (w, s) — Fi(s) is a version of (w, s) —
E:[fs] and

T T
Et[/ fsds] = / Fy(-,8)ds almost surely.
0 0

We need the following generalization of the a priori estimates [BDHT03, Proposition 3.2]:

Proposition A.2. Let k be an integer, and p be an integer greater than or equal to 2. Let f :
Ox[0, T)x (RF) T xRk — (RF)T be PxB((R*) ") @B(R?**)-measurable, and & be an (R*) " -valued
random variable in L,(Fr). Let (ft)ico,r) be non-negative, predictable process, p € Lyi([0,T];m)
and X € Ly ([0, T]; m) be R-valued non-negative. Additionally, assume that E[(fOT frdt)P] < o0. For
any (y1,y2) € (R¥)2, define the scalar product (yi,ys2) := 2?21 y1,5Y2,; and assume that, for all
(t,y,2) €[0,T) x (R*)T x RFX9 (w,t,y,2) > f(w,t,y,2) satisfies

(Y™ Ly 50, f(w, by, 2)) < fo(w) + pelyl + Nel2|  almost surely. (A1)

Let (Y, Z) be a solution to the (R*)",R7**)-valued BSDE
T 4 T
V=gt [ peveziar =Y [ Z)T .
t ot

in the space S? x HP, where HP is the space of predictable processes X such that E[(fOT | X 4|?ds)P/?]
is finite; Z; denotes the j-th column of Z.

Then, there exists a constant C),, depending only on p, such that, for any n, > p + A /(p—1)
in L1 (R;dt),

T T
Efsup e” o 1"y, [P 4 ( / e o mdr| 7, 2a)P/?) < C,E[ePdo mrar|e|p 4 ( / elo 1 £, dt)P).
t 0 0

Proof. Consider the processes Y, = elo nrdry, and Z, = elo n:dr 7, Then (?,Z) satisfies a
BSDE with terminal condition £ = efo 74r¢ and driver f(t,y,2) = elomdr (¢ o= Jondry o= medr ) —
nty. Moreover, for all (t,y,z) € [0,T) x R x RFX4_ f(w,y, z) satisfies

(191 yLiyi50. f(w, b9, 2)) < folw) + fuelyl + Arlz|  almost surely.
with f’t =e ko medr £, fy = pig — 1y, and At = A. The rest of the proof follows exactly as the proof
of [BDHT03, Proposition 3.2]. O
B Time-grids

Lemma B.1. The time grid 7%¥) = {0 =ty < ... <ty =T : t; =T —T(1 —i/N)"/B} with
B € (0,1] satisfies

Ay T 1
Tk < B.1
B T =117 = § NAD (B-1)
Ay 1 1.1
<= —)F )
OS%%\)!(Q Aps1 — [3(1\/(25) )’ (B.2)

for all 8 € (0,1].
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C Integral estimates

The following is a trivial result that will come in useful.
Lemma C.1. For finite § >0, and s <r < R < oo, [[(R—1)°"1dt < (r —s)(T —5)°L.

Proof. Direct computation of the integral term yields

" dt 1 1 R—s R—r r—s
A m-ﬂ“ﬂ:5“R7$&%Riﬂ%§5{m—ﬁkﬁ7U%wﬂ4}:MR—QFW
|

The following three lemmas and their proofs can be found in Section 2.1 of [GT13al; the results
on the integrals are proved exactly as the results on the sums.

Lemma C.2. Let §,p € (0,1]. Then for Bs, := fol(l — )=y, for any 0 < s <t < T,

* dr -
/t (s —r)t=9(r—s)t=r < Bs (s — )P

Moreover, on the time-grid 7#) = {0 =ty < ... <ty =T : t; =T —T(1 —1i/N)/P}, for any
0<i<k<N,

k—1
> (b —t5)° 7Nty — )T A < 2Bs (g — )T
j=i+1

Lemma C.3. Let § € (0,1/2], p> 0 and t € [0,T"). Suppose that, for a positive constant C,,, the
finite positive real functions u : [t,T] — [0,00) and w : [t,T] — [0,00) satisfy

T
m§m+@/ uwdr (C.1)
¢ (T —7r)27%r—t)z=°

Then, for constants C) and C) depending only on Cy,T,6 and p,

w,-dr

T T
< Ceamw: + Ci / . —+C Jl/ L C.2
wSCE@ @D |, i i @ ), o (O

Moreover, on the time-grid 7®) = {0 =ty < ... <ty =T : t; =T —T(1 —i/N)"P}, suppose
that the real functions U : )+ [0,00) and W : (%) s [0, 00) satify

N-1

U;A;
U, <W; +C, J—J C.3
j:zi-:i-l (T — ;)20 (t; — ;)5 ° (C3)
foralli € {0,...,N —1}. It follows that
N-1 N-1
W;A; UiA,
Ui < 20z Wi + 20z ) T 1)t — )5 + 2@ Y T )b
j=i+1 J J 4 j=i+1 J

forallie{0,...,N —1}.

Lemma C.4. Let 6 € (0,1/2], p > 0 and t € [0,T). Suppose that the finite positive real func-
tionsw: [t,T]— [0,00) andw : [t,T] = [0, 00) satisfy (C.2)) for some positive constants Cigzpn) and
C). Then, forv > 0, there is a positive constant C*) (depending only on C),C), T,6,p,v)
such that

T T
/ e <cv [ o (C.4)
¢ (T —7r)z270(r —t)l-v ¢ (T —7r)z270(r —t)l-v

44



Moreover, on the time-grid 7® = {0 =tq < ... <ty =T : t; = T—-T(1—i/N)/8}, suppose that
the real functions U : 78 1 [0,00) and W : 7% [0, 00) satify (C.3)) for alli € {0,...,N —1}.
It follows that

—1 N—1
3 lUjAj <2 ¥ IWjAj
=i+ (T - tj)§76(tj - ti)l_y j=i+1 (T - tj)éﬂs(tj - ti)l_u

foralli€{0,...,N —1}.

D Regularity results for inverse matrices

Lemma D.1. Let & > 0 be finite and A : R™ — R™! be symmetric and such that n" A(x)n > &|n)?
for all x € R™ and n € R'. Then, for every x € R?, the matriz A(x) is invertible and |[A~!(x)| <
1/€. Moreover, if x + A(z) is y-Holder continuous,then it’s inverse x — A~1(x) is also y-Hélder
continuous.

Proof. Due to the condition " A(z)n > &|n|?, it follows that A(x) is positive definite for every
x € R™. This implies that the singular values of A(x) are all greater than ¢ |[GVLI6, Theorem
8.1.2], and so A(z) is invertible. Using the singular value decomposition of A(x) to construct the
inverse as in [GVLI6, Section 5.5.4], the maximal sigular value of A=1(z) is less than 1/¢ and
so, using [GVL96], Section 2.5.2] combined with the singular value decomposition of A~!(z), the
matrix 2-norm of A~1(z) is equal to its maximal singular value, i.e. |A71(x)| < 1/¢ for all z € R%.
Now, let z and y be elements in R%. Since A~1(y) — A~!(x) is equal to

—A(2)7 (Aly) — A=) Aly) ™,

it follows that
_ _ _ _ L
|A7(y) — A7 (x)| < A7 (@)||Aly) — Al2)[|[A™ ()| < 2z —yl",

where L 4 is the Holder constant of A. O

Proof of Lemma Let t € [0,7) be fixed, and define A : [0,7) x R? — R4 by
A(t,x) = o(t,x)o(t,z) 7. Tt can be computed directly that o= 1(-) = o(-)T A~1(-), whether or not
d equals q. It follows from uniform ellipticity (Ay..) and Lemma that [A=Y(¢,z)| < 1/8 for
all (¢,2) € [0,T) x R% Due to the differentiability condition (Ap ) on o(t,), o(t,-) is Lipschitz
continuous uniformly in ¢ with Lipschitz constant ||V,0| s, and, using additionally the equality
A(t,z)—A(t,y) = o(y)(o(t,z) " —o(t,y) " )+(o(t,x)—0o(t,y))o(t,z) ", A(t,-) is Lipschitz continuous
uniformly in ¢ with Lipschitz constant 2||o||ec|| V40 ||co- Using Lemma it follows that A=1(,-)
is Lipschitz continuous uniformly in ¢ with Lipschitz constant 2|0 ||| V20 ||eo/3%. For any (z,y) €
(R2, o(t, )" —o(t,y) tisequal to (o(t,x) T —o(t,y) ") A7 Ht,2)+o(t,y) (A7 Ht,2)— A1 (¢, y)).
and therefore

Vo 2||o Vo
o)™ = ottt < Vg g 2l ety
The proof that o=1(, x) is 1/2-Hélder continuous is essentially the same and we do not include it.

0
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