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Abstract We show the well-posedness of backward stochastic differential equations
containing an additional drift driven by a path of finite g-variation with g € [1, 2).
In contrast to previous work, we apply a direct fixpoint argument and do not
rely on any type of flow decomposition. The resulting object is an effective tool
to study semilinear rough partial differential equations via a Feynman—Kac type
representation.
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Introduction

Stochastic differential equations (SDEs) driven by Brownian motion W and an addi-
tional deterministic path n of low regularity (so called “mixed SDEs”) have been
well-studied. In (Guerra and Nualart 2008), the well-posedness of such SDEs is
established if n has finite g-variation with ¢ € [1,2). ! The integral with respect
to the latter is handled via fractional calculus. Independently, in (Diehl 2012) the
same problem is studied using Young integration for the integral with respect to 5.
Interestingly, both approaches need to establish (unique) existence of solutions via
the Yamada—Watanabe theorem. A direct proof using a contraction argument is not
obvious to implement.

I'See Section “Appendix - Young integration” for background on the variation norm and Young integration.
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For paths of g-variation with ¢ € (2, 3), integration has to be dealt with via
the theory of rough paths. Motivated by a problem in stochastic filtering, (Dan and
et al 2013) gives a formal meaning to the mixed SDE by using a flow decompo-
sition which separates the stochastic integration from the deterministic rough path
integration. It is not shown that the resulting object actually satisfies any integral
equation.

In (Diehl et al. 2015), well-posedness of the corresponding mixed SDE is estab-
lished by first constructing a joint rough path “above” W and 7. The deterministic
theory of rough paths then allows mixed SDEs to be solved. The main difficulty in
that work is the proof of exponential integrability of the resulting process, which is
needed for applications. In (Diehl et al. 2014), these results have been used to study
linear “rough” partial differential equations via Feyman-Kac formulae.

Backward stochastic differential equations (BSDEs) were introduced by Bismut
in 1973. In (Bismut 1973), he applied linear BSDEs to stochastic optimal control.
In 1990, Pardoux and Peng (Pardoux and Peng 1990) then considered non-linear
equations. A solution to a BSDE with driver f and random variable & € L*(Fr) is
an adapted pair of processes (Y, Z) in suitable spaces, satisfying

T T
Y, =& +/ f(r, Yy, Z,)ds —/ Z,dW,, t<T.
t t

Under appropriate conditions on f and &, they showed the existence of a unique
solution to such an equation. One important use for BSDEs is their application to
semilinear partial differential equations. This “nonlinear Feynman—Kac” formula is,
for example, studied in (Pardoux and Peng 1992).

In this work, we are interested in showing well-posedness of the following
equation

T T T
Y =$+f S, Yr,Zr)dr+/ g(Yr)dr]r—f ZdW,. (1)
t t t

Here W is a multidimensional Brownian motion, 1 is a multidimensional (deter-
ministic) path of finite g-variation, ¢ € [1, 2), and & is a bounded random variable,
measurable at time 7.

Such equations have previously been studied in (Diehl and Friz 2012). In that work
n is even allowed to be a rough path, i.e., every g > 1 is feasible. The drawback of
that approach is that no intrinsic meaning is given to the equation. Indeed a solution
to (1) is only defined as the limit of smooth approximations, which is shown to exist
using a flow decomposition. In the current work we solve (1) directly via a fixpoint
argument. The resulting object solves the integral equation, where the integral with
respect to 7 is a pathwise Young integral. In Section “Main result”, we state and prove
this main result.

It is well-known that BSDEs provide a stochastic representation for solutions to
semi-linear parabolic partial differential equations (PDEs), in what is sometimes
called the “nonlinear Feynman—Kac formula” (Pardoux and Peng 1992). In Section
“Application to rough PDEs”, we extend this representation to rough PDEs; thereby
giving a novel and short proof for their well-posedness in the Young regime.

In Section “Appendix - Young integration”, we recall the notions of p-variation
and Young integration.
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Main result

Let (2, F, F;,P) be a stochastic basis, where F; is the usual filtration of a stan-
dard d-dimensional Brownian motion W. Denote by E;[-] := E[:|F;] the conditional
expectation at time ¢.

We shall need the following spaces.

Definition 1 For p > 2, define B, to be the space of adapted process Y : Q x
[0, T1 — R with?

172
||Y||py2 :=esssup E, I:”Y”;fvar;[t,T]] + esssup|Yr| < oo.
t,w w
Denote by BMO the space of all progressively measurable Z : Q x [0, T] — R4
with

T
| Z]lBmo := ess supl; |:/ |Z,|2dr:| < 00.
t,w t

Theorem 2 Let T > 0, § € L*°(Fr),q € [1,2)andn € CcO-a—var([0, 71, Re).
Assume f : Q2 x [0, T] x R x RY - R, satisfies for some Cy > 0, P — a.s.,

sup |[f(,0,0)] <Cy
t€[0,T] ’

1ft.y.2)— f@, Y. =<Cr(ly—yI+lz=21).
Letgy,..., 8¢ € C,%(R). Let p > 2 suchthat 1/p+1/q > 1.
(i) There exists a unique Y € B,,, Z € BMO such that

T T T
Y&+ f £ Yy, Zo)dr + / (Y)dn, — / Zdw,, @
t t t

where the dn integral is a well-defined (pathwise) Young integral.
(ii) If, fori =1, 2,

T T T
Vet [ 5i(sviz)as+ [ ewoin - [ ziaw,
t 13 13
and & < &, fi < fo, then Y' < Y2
(iii) The solution mapping

L™ (Fr) x CI7([0, T],R®) — B, x BMO
& m =, 2),

is locally uniformly continuous.

2The space CcOp—var([¢ T, R) and the norm || - [lp—var;[r,7] are reviewed in Section “Appendix - Young
integration”.
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(iv) Fixing f, g there exists for every M > 0 a C(M) > 0 such that for §,&' €
Fr with 1€]lsos 1€ |00, [Illg—var;j0,77 < M we have for the corresponding
solutions (Y, Z), (Y', Z")

1/2
Yo—¥g| < conE[ls -]

Remark 1 The refined continuity statement in (iv) will be important for our
application to rough PDEs in Section “Application to rough PDEs”.

Remark 2 Note that the coefficient g preceding the Young path is not allowed to
depend on Z. This stems from the fact that we want this integral to be a well-defined
Young integral, and Z, in general, does not possess enough regularity for this (a
priori, it is only known to be predictable and square integrable).

In special cases, it turns out that the classical BSDE (without the Young integral) is
solved with a Z that is a quite regular path in time, and one could hope for something
similar for the “rough” BSDE.

Since we do not want to impose such regularity constraints, which would either
involve a Markovian setting with smooth coefficients or a study of Malliavin
differentiability, we do not pursue this direction.

Remark 3 The use of the space of essentially bounded processes Y and BMO
processes Z (Definition 1) is essential for our proof.

In classical BSDE theory, these spaces usually only appear when studying
equations with a driver fthat is quadratic in z and with a bounded terminal condition.

The f we consider is Lipschitz, so our need for these spaces stems from the
interplay with the Young integral.

Indeed, the map Y + g(Y) is only locally Lipschitz in p-variation norm
(Lemma 2), which, in general, presents a problem when trying to close estimates
involving the expectation of the processes under consideration. Here the fact that we
have a bound on the essential supremum of Y comes to the rescue, as it allows us to
pull a term out of the expectation, see (7). This explains the norm for Y.

In order to bound the p-variation norm of the stochastic integral, we apply the
conditional version of the Burkholder—Davis—Gundy inequality for p-variation, see
(5). This explains the use of the BMO norm for Z.

Note that this in stark contrast to the theory of SDEs, where one, in general, does
not have a handle on the essential supremum of solutions. Hence, as explained in the
introduction, for SDEs with a Young drift, a fixpoint procedure has not yet been estab-
lished. On the other hand, it is not clear how to treat the BSDEs under consideration
here using classical L*-type theory with possibly unbounded terminal condition.

Interestingly, the flow decomposition used in (Diehl and Friz 2012) leads to a
transformed BSDE that is quadratic in Z. Hence, also there the terminal condition
needs to be bounded.

Proof For R > 0 define

B(R) == {(Y,Z) : IYllp2 < R, IZllsuo < R} .
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For Y € By, Z € BMO define ®(Y, Z) := (17, Z), where

T

T T
Yt =€+/ f(ra Yr,Zr)dr‘l'/ g(Yr)dnr_/ ZrdWr.
t t t

This is well-defined, as is standard in the BSDE literature (see, for example,
(Pardoux and Peng 1990)), by setting

T T
Y, =K |:E+/ fr Y, Zr)dr+f g(Yr)dnr]a
t t
and letting Z be the integrand in the It representation of the martingale

t t
Y +/ f@ Y, Z)dr +/ g(Yy)dn;.
0 0

In what follows, A < B means there exists a constant C > 0 that is independent
of n, & such that A < CB. The constant is bounded for ||g|| 2 Cy bounded.

Unique existence on small interval
We first show that for a 7 > 0 small enough, ® leaves a ball invariant, i.e., fora T
small enough and R large enough

®(B(R)) C B(R).

Let (Y, Z) = ®(Y, Z), then

=
p—var;[t,T]

/ F Yy, Z))dr
t

/ F Yy, Z))dr
t

1—var;[t,T]

T
s/ TS AAL
t
T T
5/ |f<r,o,0>|dr+T||Y||oo;[,,n+/ \Z,\dr
t t

T
5T+T||Y||p—var;[t,T]+T|YT|+/ |Zr|dr'
t
(3)

Using the Young estimate (Theorem 5 in the Appendix), we estimate
‘ / g(Yy)dn;,
t

The Burkholder—Davis—Gundy inequality for p-variation (Friz and Victoir 2010,

Theorem 14.12) gives
- 2 T
/ Z.dW, <E, U |Zr|2dri|. (5)
t p—var;[t,T] t

) Springer Open
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t
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Now the dn integral satisfies the usual product rule, so with Itd6’s formula we get

T T T T
72 =242 f Yy, Z0)Fodr 42 f () Frdiyy— / 2F, Zyd W, — / \Z, Pdr.
t t t t

By Lemma 2 (refer again to the Appendix)

”g(y)?”p—va.r;[t,T] =< ”g”oo”?”p—var;[t,T] + ”g(Y)”p—var;[t,T]||f/||oo;[t,T]
< llglloo ¥ llp—var: .71
+ ||Dg||oo||Y||p—var;[t,T] (”Y”p—var;[t,T] + |YT|)

SV lp—varie. 11 + 1Y 13 o) + R
Taking the conditional expectation, we get

5 [72)+m| [ 20| su [+ [ [ arco.on+ w1z a ]
t t

o g var (1 [ 17 Dpvar + 1P 1| + R)
©

Now
T ~
Et[/ (|f<r,o,0)|+|Yr|+|zr|>|Yr|dr]
t
T ~
,SE,U |f<r,o,0)|2+|Yr|2+|zr|2+|Yr|2dr]
t

T T 3
su | [ reoora] v s ] 45 | [z far |+ 18 [1712]
t t

S U TE (WY e+ Y7 P |+ R+ TE: 1712 + 17712

p—var

<1+TR*+TE, [532] YR TE, [II?IIE_W] +TE, [52] .

2
p—var;[t,T]
2

p—var;[1,T]

2
p—var;[t,T]

We trivially estimate

E, |:||)7||§_V31;[1,T]:| 5 E, [‘ [ f@ Y, Z)dr

+]Et|:‘
+]Et|:‘

/ o(¥dn,

t

/ Z.dW,
t
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which we can bound, using (3), (4), and (5), by a constant times
T
T2 + T°E, [||Y||§_Var;[m] + T2F, [gz] +(1+T)E U |Z,|2dr]
t
+ (THE|IYID 17113y,
t p—var;[t,T] Nlg—var; [z, 7]
T
< T2+ T2R® 4+ T2, [gﬂ] +(+DE U |Z,|2dri|
t

n (1 T R2> [ [——

Combining with (6), we get

T
E, [Ytz] +E, |:/ |Zs|2ds]
t
S (14T + T B+ 1+ TR + R+ TE, [I712_ys, ]
 mlgvar (14 B 17 pvar + 1712 ] + R+ R?)

S(+T+T2)EIE2) +1+ TR + R
T
T {T2 +T2R? 4 T7E, [g2] +A+DE U |Z,|2dr]
t
+(1+ R ||n||§_mm} + 17 llg—var
12 T 12
x <1 + {T Y TR+ TE, [sz] +T'2E [/ |z,|2dr] + (14 R) 1llgvari 7]
t

T ~

+ T2+ T2R*+T7E, [g2]+TE [/ |Z,|2dri| +(1 n R2) ||n||§_var;[m} +R+R2>
t

Using |a| < 1+ |a|? and picking T > 0 such that T + T2 < 1/2, we get

E, UT |Zs|2ds} <c (1 +F(T) (R ¥ R2>) :

with F(T) — 0,as T — 0 (here we use that ||5]lq—var;jo,77 — 0 for T — 0, see
(Friz and Victoir 2010, Theorem 5.31)).
Then

. 1/2 172
Et[||Y||2 [m] §T+TR+TEt[52] +T1/2(1+F(T)<R+R2))

p—var;
+ (1 + R) lInllq—var:[r, 71

which can be made smaller than R/2 by first picking R large and then T small. So
indeed the ball stays invariant.

We now show that for a 7 small enough, ® is a contraction on B(R). So let
(Y,Z),(Y',Z') € B(R) be given. Note that, since Y7 = Y}, we have for every
te€[0,T]

|Yt - Yt/| = |(YT - Yt) - (Y% - Yt/)| < ”Y - Y/||p—var;[t,T]~
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Hence,
1Y = Y/ =E [|Y; — Y]]
=< Et [”Y - Y/”pfvar;[t,T]]
1/2
<E[IY = VI ] -
So that

ess sup|lY (@) — Y (@)oo < 1Y = Y'l| 2.
w
Let (Y,Z) = &, 2),(Y',Z) = &', Z'). Using the Young estimate

(Theorem 5) and Lemma 1 (in the Appendix below), we have for some constant c,
that can change from line to line,

T
Ny — Y/”pfvar;[t,T] <cT|Y — Y/”pfvar;[t,T] + C/ |Z, — Z;|dr
t

+ Y - Y/“p—var‘[t T]||77||q var
+C(1+||Y||p var; [ tT)”Y Y”oo”’?”q var
+ ”M - M ”p—var;[t,T]s

where M = [ ZdW,M' = [ Z'dW.
Hence,

1/2 172
E (17 = V] = B (1Y = Y lpartr 1] (T + Il gvar)
T 1/2
+cT'?E, [/ |Z, — Z;lzdr:|
t
2 12 /
(B[ IV arin] ) sp 1Y @) = ¥ @l lInllgr
w
172
+ B IM = M2 1)

1/2
< cT'E, [/ 1Z, — z;|2dr] + ¢ (T + Inllg-var) 1Y = Y'llp2
t

T 172
+e(+R) nllg—varlY = Y'llp2 +E [/ (Zs - Z;)ZdS] .
t
@)

So, for a T small enough,

. 1 - -
1Y = Y'llp2 < 1 Y = Y'llp2+11Z — Z'llemo] + I1Z — Z'llgmo-

On the other hand,
- N2 T
(7 -7) =2 / [(f Yy, Zg) = (YL Z)(Ys — YD ds
t
T ~ ~
2 [ [ = g - 7)) dn,
t

T 5 T 5 5
2 [d-vo@ - zp]as. - [ 12 - Zipas
t t
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Note that by Lemma 2 and then Lemma 1

I (g(Y) - g(Y/)) (Y - Y/) ”pfvar;[t,T]
S/ “g(Y)_g(Y/)”oo”Y_Y/”p—var;[t,T] + llg(Y) — g(Y/)”p—var;[t,T]”Y - Y/”oo
Sy - Y/n; .7 + A+ 1Y lpmvar et DIY = Y12 oo

Hence, the Young 1ntegral is bounded by a constant times ||7]|q—var;[r,77(1 +
2
RNY = YIS i 1) .
We estimate the Lebesgue integral as

T
(1Ys=Y{1+1Zs = Z{1) 1Y, = Ylds

[<f<Ys,Z) FOL Z)) (YY) ds| S

t
1 T
5T<1+X>||Y—Y||oo+xf |Zs— Z; ds.
t

So, after taking the conditional expectation,

T s 7112 1/2 1 12 / 12
E, |:/t |Zs — Z| dsi| ST / (1+X> I [||Y Y”p var; | tT]]

T 12
+ AE, [/ | Z, — Z;lzdr}
t

12 1/2
11 e+ RV [IF = V0] -

1/2

That is
. . 1 1/2
1Z — Z'llemo S T2 (1 + X) 1Y = Y'|lp2+AIZ = Z'|lsmo

+ g (L + RYV2IY —Y|l,2

Picking a small A and then a small 7, we get
= ! 1 / 1 /
1Z - Z'|lgmo < Z“Y - Y2+ Z”Z — Z'|lsmo

Define the modified norm

Y, ZI == 1Yl .2 + 21 Zllgmo-
Then,
ny —v',z-2'||
1 / / ~ ! 1 /
< Z[IIY—Y lp2+1Z—Z llemo] + 1Z — Z lavo + S IV = Yllp.2
1
+ 512 = Z'llswo = —||Y Y/||p2+—||Z Z'llsmo
7 / /
=gy =y, z = Z'|j.
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We therefore have a contraction and thereby existence of a unique solution on
small enough time intervals.

Continuity on small time interval

This follows from virtually the same argument as the contraction mapping
argument.

Comparison on small time interval

Let Cp > 0 be given, and pick T = T(Cp) so small that the BSDE is well-
posed for any f, g with ||g||cg, Cy < Cpand any n € CI7V¥ & e Fr with

71l g—var;[0,77> 1§10 < CB.

Let &1, & € Fr be given with || ]|oc < Cp and n € CTV4 with ||nlg—var;[0,7] <
Cp.

Let " be a sequence of smooth paths approximating 5 in g-variation norm, with
17" llq—var;0.77 < Cp foralln > 1.

Let Y{' (resp. Y5') be the classical BSDE solution with driving path " and data
(&1, f1, g) (resp. (&2, f2, g)). Then, by a standard comparison theorem (for example,
see (El Karoui et al. 1997)),

Y <Y,
By continuity we know that
1Y{" = Yillp2 + Y3 — Yallp2 — 0.
In particular, almost surely,
Y] = Yilloo + Y3 — Yalloo — O.

Hence Y| < Y».
Unique existence on arbitrary time interval
We show existence for arbitrary 7 > 0. Denote

£ :=esssupé, &:=essinfé, f:=esssupf, f :=essinff.
w - w w —_— w

By assumption

T
E + le) +/0 (77 +1£7] 0.0, 0)dr < oo,

Consider the following Young ODEs:
Y, =€+/ fs, Ys,0)+f 8(Ys)dny;
t t

T _ T
L=§+/ S, Ys,0)+/ g )dn.
t t

Note that (Y, 0) and (Y, 0) solve the following BSDEs respectively:
L T T T
Yt=$+/ f(Sst»Zs)'F/ g(Ys)dr/s_/ ZsdWg;

t t t

T T T
Y, =§+/ f(s. Y, Zy) +/ g(X)dn; —/ ZdW;.
t t t

) Springer Open
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Choose § such that the BSDE (2) is well-posed on a time interval of length &
whenever the terminal condition is bounded by ||7||Oo V1Y |loo-

Let7:0 =1 < --- < t, = T be a partition such that ;4| — t; < & for all
i. First, by the preceding arguments, BSDE (2) on [#,_1, #,] with terminal condition
& is well-posed and we denote the solution by (Y”, Z"). By comparison we have
Y, =y =< Y,,_,. Hence, we can again start the BSDE from Y, _, at time #,_1
and solve back to time #,_».

Repeating the arguments backwards in time we obtain the existence of a (unique)

solution on [0, T].

Continuity

Using the previous step, we can use the continuity result on small intervals to get
the continuity of the solution map on arbitrary intervals, that is, point (iii) is proven.

We finish by showing the continuity statement (iv). Since the dn-term is more
difficult than the dr-term, we will assume f = 0 for ease of presentation.

First note that since ||£ |00, [1§'lcc < M, the local uniform continuity of the
solution map in Theorem 2 we get

1Y 52 < Co(M).

Let
o = /01 dg (0Y, + (1 —0)Y)) db.
Note that
otllpar 1,71 = CL ) (1Y lp-varit 1 + 1Y lpartr71)
So that

E, [”a”pfvar;[t,T]] < C2(M),
for some constant C3(M). Let AY := Y — Y’. Then (almost surely)
IAY lloo:tr.71 < 1Y loos 1,71 4 1Y oo 1,71
<M Ylp2+ 1Y Np2
< 2Cy.

Now
dAYt = —a,AYtdn, + AZ[dW[

By 1t6’s formula, together with the classical product rule for the dn-term, we get

t t
d [exp </ ardn,> AY,:| = exp (/ oz,dn,) AZ,dW;,
0 0

so that if the latter is an honest martingale we get

T T 12
|AYy| = ’E [exp (/ a,dn,) AYT} <E |:exp <2/ a,dn,)] E[(AY7)*]'2.
0 0

Let us calculate the conditional moments of I'; := ftT ardny.

) Springer Open
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First

Er [IT lq—varite,71] < cvoung IMllq-var:tr.71Ee [lltllp—var: . 7]
= CYoung I 77||q;[t,T]C2'

Further, by the product rule,

(™ = (m + 1) / ",
t
so that
By [ lgvarie.
< Young On + Dl lgvar 1B [ 1T lpvartr.71 1o 74
o+ I ot ot lpvst. 71
< Coung (1 + Dlla-varr.71 (e (17" Np-vartr71] 1 o

+ sup K [”Fm”p—va.r;[s,T]] Et[”a”p—var;[t,T]])
se(t,T]

= CYoung(m + 1)||77||qfvar;[t,T] (Et [”Fm”pfvar;[l,T]] ”g/”oo

+ sup Es [”Fm”p—va.r;[s,T]] CZ)
selt,T]

Iterating, we get that for some C3(M) > 0

sup E; [I1I(0)" | q—var;r,71] < m!C3(M)™.
t<T

In particular, forevery t < T
E[TH™] < m!C3(M)™.

So there is ¢ > 0 such that

T
E [exp <g|/ arAYrdnr|2)] < C3(M)
t

In particular, for every ¢ € R

T
E |:exp <c|/ arAYrdnr|>] < Cyq(c, M).
t

So the statement follows with C(M) = C4(2, M) if

t
/exp(/ oy dn)AZidWy,
0

) Springer Open
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is an honest martingale. However, this follows from

T t 1/2 t T 12
E (/ exp (2/ ardn,)|AZ,|2dt> <E| | supexp (2/ oc,dn,)/ |AZt|2dt
0 0 1<T 0 0
t 172 T
< E|supexp (4/ ardnr> IEI[/ |AZ;|2dt]
1<T 0 0

< Q.

Here we used

' T T
E |:exp (/ oc,AY,dnr)i| =E |:exp (/ oerAYrdn,> exp (—f a,AYrdnr>]
0 0 t
T 1/2 T 1/2
<E [exp(2|/ oz,AY,drM)] E[exp(2|/ oz,AY,dnr|>:|
0 t

< OQ.

O

Application to rough PDEs

In this section, we apply BSDEs with Young drift for the stochastic representation
for PDEs of the form

du = %Tr [a(x)aT(x)Dzu"] +b(x)-Du+ £, u,00) Du) + gwin. (8

Here n has finite g-variation, with ¢ € [1,2) and the last term is a priori
not well-defined. There are several approaches to make sense of such a “rough”
PDE (or pathwise SPDEs). We shall employ the solution concept based on smooth
approximation of n. Let us mention (Caruana et al. 2011) studying a class of linear
equations. The proofs are based on a transformation of the SPDE into a PDE with
random coefficients and a study of the latter using PDE methods. In (Diehl et al.
2015), the convergence of solutions corresponding to smooth approximations of 7 is
shown using a linear Feynman—Kac formula. In (Diehl et al. 2014), these results are
extended to show that the limit actually solves an integral equation. Semilinear equa-
tions like (8) are investigated in (Diehl and Friz 2012). Again, the convergence of
solutions corresponding to smooth approximations of 7 is shown via a transformation
of the rough PDE.

Here we shall show convergence, in the semilinear case and when g € [1, 2), using
the concept of BSDEs with Young drift we have developed; see Theorem 4 below.
We want to point out that this approach leads to a very compact proof.

For D = [0,T] x R™ or D = R™ we shall denote by BUC(D) the space of
bounded, uniformly continuous functions on D. Let us recall the nonlinear Feyman—
Kac formula for standard PDEs.
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Theorem 3 ((Pardoux and Peng 1992, Section 4)). Let h € BUC(R™), f(¢t,y,2) :
[0,T] x R x R™ — R bounded and Lipschitz in y, z uniformly in t, x, o : R" —
L(R4, R™) Lipschitz, b : R"™ — R™ Lipschitz and g1, . . ., g € Cg(R), and let n be
a smooth path. For every s € [0, T], x € R™ let X*** be the solution to the SDE

dX;" = o (X]")dW; + b (X]")dt  XJ¥ =x
and Y*>* the solution to the BSDE
dy; = f (e, Y}, 2} ) dt + g (Y] ) dne — Z]"dW, Y3 =h(X3Y).

Then u(t, x) := Ytt‘x is the unique viscosity solution in BUC([0, T] x R™) to the
PDE

1 T 2 T .
= 5Tr [a(x)o (x)D u"] £ b(x) - Du+ ft,u, 0007 Du) + g,
ulT =h.

The following theorem extends this representation property to BSDEs with Young
drift.

Theorem 4 Let n € C%97Y% ¢ < [1,2) and let 5" smooth be given such that
nn — 7in CO,q—var'

Let f(t,y,2) : [0,T] x R x R8 — R bounded and Lipschitz in y, z uniformly
int,x, o : R§ — L(Rd, R™) Lipschitz, b : Rf — R™ Lipschitz and g1, ..., g €
C(R).

Let u™ be the unique BUC([0, T] x R™) viscosity solution to

du = %Tr [o(x)oT(x)Dzu"] +b(x) - Du" + (1.1, 0() Du) + gl

Then there exists u € BUC([0, T] x R™) such that u" — u locally uniformly and
the limit does not depend on the approximating sequence.
Formally, u solves the PDE

u = lT [ T 2. n . T .
U = 5 rio(x)o’ (x)D“u ]+b(x) Du + f(t,u,o(x)" Du) + g(u)n;.

Moreover, u(t, x) = Y,t’x, where X** is the solution to the SDE
dX;" = o (X )dW, + b(X;")dt Xt =x
and Y5 the solution to the BSDE with Young drift
Ay} = fr, Y70, ZpNdt + gV )dn — 275 AW, Yt = h(Xy).
Proof By Theorem 3, we can write u” (¢, x) = ¥;""", where
dX;" =0 (X]")dW; + b (X)) dt, X3* =x,
and Y"%* is the solution to the BSDE

dY[n,s,x — f (Ytn,s,x’ Z?,s,x) dt + g (Ytn,s,x) d"]? _ Ztn,s,xth’ Y;,s,x —h (XAT,x) .
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By Theorem 2, we have that for fixed s, x, Y*** — Y®* in B,, where Y**
solves the corresponding BSDE with Young drift. In particular, for the starting point,
Yy — Y$*, and hence we get pointwise convergence of u”.

We now show that 1" is locally uniformly continuous in (¢, x) uniformly in n.

By Theorem 2 (iv), uniformly in n,

) - V)
Y = | < CE[ IR = hxy) 1]

S,X s,.x' 12 1/2
< ClIDhIE [1X}7* = X3 P ]
rs|x_-x/|v

where we used the Lipschitzness of the map R" > x — X3 2% e LX(Q), see, for
example, (Stroock and Karmakar 1982, Theorem 2.2).
Moreover, for any small § > 0,

n,s+8,x n,s,x __ [ n,s+8,x n,s,x n S, X n,8,X
Ys+6 - Ys =K _Ys+8 - Ys+5 ] + E[ s+6 Y ]

_ n,s+48,x n,s5+38, XH—A n S, X n,s,x
=E Ys+8 _Yr+8 +E[ s+38 — ¥ ]

1/2 s+6
<E[jx - Xj;f6|2] +E U FQYMS | Zm5) gy
- N

s+6
[ ernan]
N

S 824811 Flloo +Imllgvar s, s-+61E [(1 4 1Y [lp—var:[s.s+51) ]
S 8Y2 481 flloo + Inllqovar [s.5+6]»

where we used the uniform boundedness of ||Y" ||, 2 in the last step (as in the proof
of Theorem 2).

It follows that " is locally uniformly continuous in (¢, x) uniformly in n. Hence
u" converges to u locally uniformly. The claimed stochastic representation of u is
immediate. O

Remark 4 In the vein of (Diehl et al. 2014), one can also, under appropriate
assumptions on the coefficients, verify that u solves an integral equation.

Appendix - Young integration

For p > 1, V some Banach space, we denote by CP~V¥ = CP~V¥([0, T], V) the
space of V-valued continuous paths X with finite p-variation

1/p

1 Xllp—var = | Xllp—varifo.ry := | sup > 1 Xuol”

[u,v]er

Here the supremum runs over all partitions of the interval [0, T'] and X, , =
X, — X,.
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We shall also need the space COP~¥& = CO-P~var([0, T], V), defined as the clo-
sure of C*°([0, T'], V) under the norm || - ||p—yar. Obviously, CO-p—var — CP=Var apd
the inclusion is strict (Friz and Victoir 2010, Section 5.3.3).

The following basic estimates can be found in (Friz and Victoir 2010, Chapter 5)

1Y loo < |¥Y7|+ ”Y”p—vara Vp=>1
”Y”pfvar = ”Y“qfvarv VIl <g < p.

The proof of the following result goes back to (Young 1936). A short modern
proof can be found in (Friz and Hairer 2014, Chapter 4). In this statement and in what
follows, a < b means that there exists a constant ¢ > 0, not dependent on the paths
under consideration, such that @ < c¢b. The constant c can depend on the vector fields
under considerations, the dimension, and the time horizon 7, but is bounded for T
bounded.

Theorem 5 (Young integration). Let X € CP™Y¥([0,T],L(V,W)), Y €
CIVa(0, T, W) with1/p+1/q > 1.
Then
T
/ X;dYs := lim XuYuw
0 | |—0 ’

[u,vler

exists, where the limit is taken over partitions of [0, T'| with mesh size approaching 0.
Moreover,

/Xﬂn

We also need

S (Xol + X Tp—var; 10, 7D 1Y lg—var;[0,77
q—var;[0,T]

g (|XT| + ”X”pfvar;[(),T])”Y||qfvar;[O,T]~

Lemmal Letp >1,g € Ci, a,a’ € CP™V¥ then
llg(a) — g(a/)”p—var <clla - a/”p—var + (”a”p—var + ”a/”p—var) la — a/”oo-
Proof This follows from

1g(a;) — glay) — g(as) — g(ay)|

1 1
= '/ Dg(a; + 6 (ar—))d0(a; — ay) — / Dg(ag + 6(as — ag))db(as — ag)
0 0

=

1
/ Dg(a] +6(a; —a})) — Dg(d, +0(as — a))d6(a; — a))
0

1
+ / Dg(a; + 0(ay — a;))dH(at — a,/) — (ag — a;)
0

< 1D%glloo (la; — a}| + lar — as]) la; — aj| + | Dgllool(@r — a]) — (as — ay)|.
O
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Lemma2 Let p > 1 and a, b € CP™V¥ then

labllp—var S lallp—varllblloo + lallool1bllp—var

Proof This follows from
laiby — asbs| < lar — as|l1blloc + llalloc|br — byl
O
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