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We study strong existence and pathwise uniqueness for stochastic differ-
ential equations in R4 with rough coefficients, and without assuming uniform
ellipticity for the diffusion matrix. Our approach relies on direct quantitative
estimates on solutions to the SDE, assuming Sobolev bounds on the drift and
diffusion coefficients, and LP bounds for the solution of the corresponding
Fokker—Planck PDE, which can be proved separately. This allows a great flex-
ibility regarding the method employed to obtain these last bounds. Hence we
are able to obtain general criteria in various cases, including the uniformly
elliptic case in any dimension, the one-dimensional case and the Langevin
(kinetic) case.

1. Introduction. We investigate the well-posedness of the stochastic differ-
ential equation (SDE) in R, d>1,

(1.1) dX,=F(, X;)dt +o(t, X;)dW;, Xo=§&,

where F : Ry x RY - R? and o : Ry x R? — R4*" are Borel measurable func-
tion, (W;, t > 0) is a r-dimensional standard Brownian motion on some given com-
plete filtered probability space (€2, (F;):>0, P), and & is a Fp-measurable random
variable.

When o and F are bounded, the law u(t, dx) of X; belongs to the set M,
of functions from R, with value in the set P; of probability measures on R?
such that, for all Borel subset I of R?, 7 > u(t,I") is measurable. It is standard
to deduce from It6’s formula that u(z, dx) is a (weak, measure) solution to the
Fokker—Planck PDE on R x R?

3% (ajju)

, ut=0,dx)=u’,
0x; 0x;

(1.2) du+Vy (Fu)=Vi:(aw)= Y.
1<i,j<d

where a = %aa* and u is the law of the initial r.v. £.
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We first recall some classical terminology: weak existence holds for (1.1) if one
can construct a filtered probability space (€2, (F;)r>0, P), an adapted Brownian
motion W and an adapted process X on this space solution to (1.1). Uniqueness
in law holds if every solution X to (1.1), possibly on different probability space,
has the same law. Strong existence means that one can find a solution to (1.1) on
any given filtered probability space equipped with any given adapted Brownian
motion. Finally, pathwise uniqueness means that, on any given filtered probability
space equipped with any given Brownian motion, any two solutions to (1.1) with
the same given Jp-measurable initial condition £ coincide. Our goal is to study
strong existence and pathwise uniqueness for rough o and F, through quantitative
estimates on the difference between solutions and a priori bounds on the solutions
to (1.2).

This question has been the object of many works aiming to improve the orig-
inal result of Itd [15]. Veretennikov [32] proved strong existence and pathwise
uniqueness for bounded measurable drifts ' and certain nondegenerate diffusion
matrices like @ = Id. The case of unbounded drifts was then studied by Krylov and
Rockner [21] under the assumption that F € LY (LY) with d/p +2/g < 1, and
the case where o (¢, x) is uniformly continuous with respect to x and Vo also be-
longs to L?’IOC(L,’?) by Zhang [36, 38]. All these works assume that the matrix a is
uniformly elliptic, that is, that a (x) — cId is positive definite for all x for some con-
stant ¢ > 0. The time-independent one-dimensional case was also deeply studied
by Engelbert and Schmidt [8—10] (see also [26, 34, 35]).

The main tools used in all the previous works are Krylov’s inequality [17] and its
extensions (see, e.g., [7, 21, 22, 38]), Zvonkin’s transformation [40] to remove the
drift, and a priori estimates on solutions of the backward Kolmogorov equation or
Fokker—Planck PDE (1.2) [20, 21, 33, 36]. Of great importance is also the result of
Yamada and Watanabe [34, 35], which proves that strong existence holds as soon
as pathwise uniqueness and weak existence hold for all initial condition. Since
general conditions for weak existence are well known (see [7, 13, 18, 22, 25, 29,
31]), one only has to prove pathwise uniqueness to obtain strong existence. In
dimension one, a key tool to prove pathwise uniqueness is the local time.

Most of these works also use estimates on functionals of the difference between
two solutions of (possibly regularizations of) (1.1). Recently, a particular form
of functional, inspired by the method of Crippa and De Lellis [5] to obtain an
alternative proof of the results of Di Perna and Lions [6] on well-posedness for
ODEs, has been used in [28, 37, 39]. The functional of [5] was originally used and
adapted to obtain several extensions [4, 16] of the result of DiPerna and Lions for
deterministic systems.

Other approaches also exist, like the one of Le Bris and Lions in [23-25], based
on well-posedness and stability properties for the backward Kolmogorov equation
and the Kolmogorov equation obtained from a doubling of variable technique. This
approach gives different criteria for strong existence and pathwise uniqueness, in-
volving boundedness conditions on divo and (Do)?. Several works also studied
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the existence of a stochastic flow for the SDE [11, 12, 14, 27] (e.g., [11, 12, 27]
prove regularity properties of the flow in the settings of [21, 32, 36], resp.), or a
(weaker) almost-everywhere stochastic flow [24, 37].

In this work, we make use of simple quantitative estimates on functionals of so-
lutions to (1.1) following the estimates for the deterministic ODEs in Crippa and
DelLellis [5], which already inspired the works in [28, 37, 39] for the uniformly
elliptic cases. A main difference with our current work is in the way we use the
Crippa—DelLellis ideas. We show how those estimates can be used to prove di-
rectly strong existence and pathwise uniqueness (without making use of Yamada—
Watanabe classical results). This lets the method be used in more general settings,
such as cases where pathwise uniqueness can be proved only for particular ini-
tial conditions (e.g., with bounded density) or with hypoelliptic diffusions, where
weak existence has been less studied (note that the two probabilistic notions of
strong and weak existence coincide when o = 0).

The originality of the method we develop here is that it allows to decouple the
various questions involved in well-posedness. We do not prove any bounds on the
solution u of the PDE (1.2). Instead assuming that such bounds have already been
obtained through other means, we show how to use the Crippa—DeLellis estimates
to directly prove strong existence and pathwise uniqueness for (1.1) without using
any other probabilistic ideas or methods.

This leads to very explicit and constructive proofs, based on quantitative stabil-
ity estimates. The first advantage is to offer a simple and unifying framework to
formulate our assumptions. We are able to identify explicit norms, whose defini-
tion depends on u; s.t. one has well-posedness if the drift F and diffusion o are
bounded in those norms. This does not require any ellipticity assumptions on o
and is compatible with degenerate diffusion or even with the deterministic theory
for o =0.

As a good illustration of this unified framework, we want to emphasize also
the results that we obtain in dimension 1. By using suitable and new, modified
estimates, we are able to obtain the currently optimal 1d result (with o € H'/? for
instance) through essentially the same procedure.

The second main advantage is the flexibility that one then enjoys as it is possible
to choose the best method to deal with (1.2) according to any additional structure.
If o satisfies an ellipticity condition, we can then recover now classical results.
But depending on the precise structure of equation (1.2), one can have much better
results. A very good example is second-order equations with degenerate diffusion,
as shown in Corollary 1.4.

The final advantage of the method is its simplicity as it relies on some direct
and self-contained quantitative estimates on the solutions.

To give a better idea, let us present a typical result that we obtain. For existence,
we consider sequence of approximations to (1.1)

(1.3) dX] = F,(t, X})dt + o, (t, X]') dW,, Xt =¢,
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with the same Brownian motion W; for any n. And we introduce the corresponding
approximation for (1.2)

Oy + Vy - (Fruy)
(1.4) 32

Z ax,- ax]'

I<i,j=<d

(@ (6, Oun (1, ), a6 =0,dx) =1,

with " = %ona,f and u, € M.

The next result is not the most general we obtain, but it does not require any
additional definition and illustrates the type of assumptions we need. We use the
classical notation for L? and Sobolev spaces with different exponents for space

and time. For example, Lz loc

functions f of the variables (7, x) € Ry x R4, such that, for almost all r > 0,
[, ) e WhP@RY) and 1+ || £ (2, )l wipgay € L1([0, T]) for all T > 0. We also
call weak topology on the set M| of measurable functions of time with values in the
set Py of probability measures on R¢, the topology of weak-* convergence in time
for the tight topology of probability measures on R¢. In other words, u,, — u for
the weak topology of M iff (u,, f) — (u, f) for all bounded continuous function
f on Ry x R with support included in [0, 7] x R? for some T > 0.

(le’p) for 1 < p, g < oo is the set of measurable

THEOREM 1.1. Assume d > 2. One has:

(1) Existence: Assume that there exists a sequence of smooth Fy, o, € L™ con-
verging in the sense of distributions to F and o, respectively, such that the solution
u, € My to (1.4) satisfies for 1 < p,q <oo,with1/p'+1/p=1,1/g+1/q9' =1

op—0—0 in L?loc(l‘)]?) and F,—F—0 in Ltqloc(Lf),
sup |17 || < 00, u, — u in the weak topology of M.

L)

t loc

Then there exists a strong solution X; to (1.1) and (X} — &,t € [0, T]), converges
in LP(2, L>°([0, T])) forall p>1and T >0to (X; —&,t €[0, T]), with X} the
solutions to (1.3). In addition, u(t, dx) is the law of X, for almost all t > 0.

(i1) Uniqueness: Let X and Y be two solutions to (1. 1) with one-dimensional

time marginals ux(t,x)dx and uy(t,x)dx both in LI (L)]C)/). Assume that

F,o0 € L*®, Xo =Yy a.s. and that

t,loc

1l o rytlloll 2

r loc

12p)<OO

(W (W

with 1/p +1/p' =1 and 1/q + 1/q' = 1. Then one has pathwise uniqueness:
Suptzo |X[ — Yl‘| =0a.s.
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We obtain better results in the one-dimensional case.

THEOREM 1.2. Assumed = 1.

(1) The existence result of Theorem 1.1(i) holds under the same assumptions

on Fy, 04, u,, except that the assumption sup, ||crn||qu (wl2py < 00 can be re-
t,loc X

placed by
Sgp llow ||Lic{0C(WX1/2,2p) < 00

and in the case p = 1, the assumption sup,, || Fy || 14 < o0 must be replaced

t,loc(Wpr)
by

F,
Sl”:p || n”L;],Ioc(W)}’I_H) <

for some ¢ > 0.
(i1) The uniqueness result of Theorem 1.1(i1) holds true under the same as-
sumptions on F,o,ux,uy, except that ||o ||qu (wl2py < 00 can be replaced by
t,loc\"" X

||U||L2({ (Wi <00

t,loc

and in the case p = 1, the assumption || F || 1

(wlpy < OO must be replaced by
t,loct "X

”F”quoc(W/\Ll+8) <0

L

for some ¢ > 0.

Note that no assumption of uniform ellipticity is needed in Theorems 1.1
and 1.2, provided one can prove a priori estimates on the various solutions
Uy, ux,uy to (1.4) and (1.2). Note also that pathwise uniqueness is proved only
for particular solutions to (1.1), so we cannot use directly the result of Yamada and
Watanabe to deduce strong existence. Hence our method proves separately strong
existence and pathwise uniqueness.

Of course, as they are laws, u,, ux and uy all have bounded mass so Theo-
rems 1.1 and 1.2 really depend on whether it is possible to obtain higher inte-
grability for a solution of (1.2). From Theorem 1.1, we may for instance simply
deduce the following.

COROLLARY 1.3. Assume that d > 2, u® e L'NL>®, F,0 € L®, F €
Ltl,loc(le’]) and Vo € L?JOC(L,’Z), where 2/q +d/p = 1 with p > d. Assume
as well that o is uniformly elliptic. Then one has existence of a strong solution
to (1.1) with marginal distributions u(t, dx) in LZ?OC(L)fO). In addition, pathwise

uniqueness holds among all solutions with marginal distributions in L} .(L3°).
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Hence we recover similar (actually, slightly better) assumptions on o as
in [36], but different assumptions on F [neither stronger nor weaker since the
sets LtIJOC(le*]) and Lf’ loc (L?) are not included in one another]. This difference
comes from the fact that our general method does not assume a priori that o is
uniformly elliptic. Hence the minimal conditions on F we can expect are those
under which existence and uniqueness hold in the case o = 0, that is, those of

DiPerna and Lions [6]: F € L} (le’l) and some bounds on div F. (Actually,

t,loc

F e L,' 1oc (BVx) was shown to be sufficient by Ambrosio [2], but we do not con-
sider this case.)
However, in many physical cases, uniform ellipticity is not necessary. For in-

stance, in the phase space problem,
dX;=V,dt, dVi=F(, X)dt +o(t, X,)dW, (Xo, Vo) =&,

one obtains an even better result.

COROLLARY 1.4.  Assume that o € L N L}  (H}) and F € L},  (W}!).
Assume also that the law ug € L°°. Then one has both existence of a strong solution
to (2.25) and pathwise uniqueness among all solutions with marginal distributions
in L5 (LYY).

The goal of Section 2 is to give the statement of all our results. We start in Sec-
tion 2.1 by defining the norms and Banach spaces needed to state our most general
results in Section 2.2. Theorems 1.1 and 1.2 are then obtained as corollaries of
these general results. In Section 2.3, several corollaries of Theorems 1.1 and 1.2 are
stated in various situations, including the uniformly elliptic case (Corollary 1.3),
the nondegenerate one-dimensional case and the kinetic (Langevin) case (Corol-
lary 1.4). The rest of the paper is devoted to the proofs of all the results stated
in Section 2, and the organization of the rest of the paper is given in the end of
Section 2.

2. Statement of the results. As usual, one needs regularity assumptions on
F and o to ensure strong existence and pathwise uniqueness for (1.1). In our case,
these are Sobolev norms with respect to some u € M1, defined in Section 2.1. Our
general results are then stated in Section 2.2, and several consequences of these
results are discussed in Section 2.3.

2.1. Norms and Banach spaces. The conditions we shall impose on F and o
can be roughly described as follows. We need o to be L? in time and H' in space
(in dimension d > 2) or H'/2 in space (in dimension d = 1) w.r.t. the measure u
solution to (1.2), and F to be L! in time and W'! in space w.r.t. the measure u.
Weighted Sobolev spaces have been extensively used and studied, but the key dif-
ference here is that no regularity is known on the weight u. It could very well be a
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sum of Dirac masses. This is why one must be careful and why maximal functions
are required.

The goal of the next subsections is to give the precise definitions and basic
properties of our spaces.

2.1.1. The space H} (u). Fix first v € P;. We start with the following defini-
tion.

DEFINITION 2.1. The space H'(v) is defined as the subspace of functions
f € BVloc(]Rd ), the space of functions on R? with locally bounded variations,
such that

QD Il = /Rd((lel(x))er (MY, f1(x))*)v(dx) < o0,

where M is the usual maximal operator.

First of all, observe that the definition makes perfect sense. If f € BVjoc (R%),
then |V f| is a locally finite measure. This allows to define M|V f| per

1
MV fl(x) = sup ——— IVfl(x+dz)  VxeR?
r=0 |B(0,r)| JBO,r)

In that case, it is well known (see [30]) that M|V f] is a Borel function with value
in Ry U {+o0}. It locally belongs in fact to the weak L! space, that is, for any
R > 0, there exists Cg s.t.

|{x € B0, R), M|V f|(t,x) > L}| < %

Therefore, the integral of (M |V f 1?2 against the Borelian measure v is well defined
with value in R4 U {+o00}, thus justifying the definition.

The main point of the definition is that we have a well-behaved space indepen-
dently of any regularity on v.

THEOREM 2.2. Assume that v belongs to Py. Then H'(v) is a Banach space
with norm (2.1). Moreover, the norm is lower semicontinuous with respect to con-
vergence in the sense of distribution: If f, — f in the sense of distribution, then

(22) 1 a1 oy < e inf | foll 1 .

And if for a given f € BVioe(R?), v, converges to v in the tight topology of prob-
ability measures then

1 1y < Hminf || £l gy,
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This result is proved in Section 3.

There are several technical reasons why we use M|V f| in the definition of the
norm. Note however that the intuitive definition with just V f would most certainly
be too weak as v could for instance vanish just at the points where V f is very large.
In particular, without the maximal function in the definition of the norm (2.1), it
would be very easy to find counterexamples to (2.2).

Now, given any u € M1, we give a second definition.

DEFINITION 2.3.  Forall T > 0, the space H} (u) is defined as the subspace of
the set of measurable functions on [0, 7'] x R such that, for almost all 7 € [0, T,
f@, ) e H (u(,-)) and

T
(2.3) ||f||12q%(u) :/0 | f@. ')|’12‘11(u(t,-))dt < o

In particular, if u(¢, -) is the distribution of X; solution to (1.1), then, for all
T>0ando € H}(u),

T T
2.4) ||a||i1}(u)=E</O M|o|2(t,Xt)dt>+IE(/O (M|V0|(t,Xt))2dt>.

We then have the following immediate consequence of Theorem 2.2.

COROLLARY 2.4. Fix T > 0. Assume u belongs to M. Then H} (u) is a Ba-
nach space with norm (2.3). Moreover, the norm is lower semicontinuous with
respect to convergence in the sense of distribution: If f, — f in the sense of dis-
tribution, then

2.5) 11 o < il fol 1 -

And if for a given f measurable on Ry x R with f(t,-) € BViec(RY) for almost
all t > 0, u, converges to u for the weak topology in M1, then

I W) gy = Tminf (| £l g1, -

2.1.2. The space H;/ 2(u). In the one-dimensional case, we can prove strong
existence and pathwise uniqueness using H'/? type of assumptions on o. The

definitions and properties of the spaces H;/ 2(u) follow exactly the same steps as
before. We first fix v € Py.

DEFINITION 2.5. For any function f € L] (R?), one defines

0.2 f=F g2 F ¥,
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with F the Fourier transform in RY. The space H'/?(v) is defined as the subspace

of functions f € L]

loc (RY) s.t. 8)%/ 2 f is alocally finite Radon measure and

£ 131200 = fR A(MIF100)* + (M]3 £|(0)?)v(dx) < oo

As for H'(v), the maximal function can be extended to measures by

1
M|3/? =sup ——— 9l/2 d Vx € R4,
375710 1B, 1) Jeon flex+42) !

One has again that M |8)1/ 2 f1 is a Borel function with value in R} U {400} be-
longing to the local weak L! space. The integral against the Borelian measure v is
hence well defined in R U {400}, independently of the regularity of v.

The next result is proved in Section 3.

THEOREM 2.6. Assume that v belongs to Py. Then H'/*(v) is a Banach space
with norm (2.8). Moreover, the norm is lower semicontinuous with respect to con-
vergence in the sense of distribution: If f,, — f in the sense of distribution, then

(2.6) 1 12y < minf |l foll 12 )

And if, for a given f € Llloc(]Rd) s.t. 8;/2]‘ is a locally finite Radon measure, v,
converges to v in the tight topology of probability measures on R, then

1AW f1 2y < liminf || fll i, -
Given any u € M1, we give a second definition.

DEFINITION 2.7. Forall T > 0, the space H;/z(u) is defined as the subspace
of the set of measurable functions on [0, 7] x R such that, for almost all 7 €
[0’ T], f(t’ ) € Hl/z(u(ts )) and

T
2 2
@) g = [ LA Bz i < 0.

In particular, if u(¢, -) is the distribution of X, solution to (1.1), then, for all
T >0and o € H/*(u),

T T
(2.8) ||0||2}/2(M):E</0 M|a|2(t,X,)dt>—HE</O (M(a;/2g|(z,xt))2dz).

Again, one has the following immediate consequence of Theorem 2.6.
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COROLLARY 2.8. Fix T > 0. Assume u belongs to M. Then H;/z(u) is a
Banach space with norm (2.7). Moreover, the norm is lower semicontinuous with
respect to convergence in the sense of distribution: If f, — f in the sense of dis-
tribution, then

2.9) L1 2 < HmE I Ful 12,

And if for a given f € L'(Ry x R?) s.t. 8;/2f(t, -) is a locally finite Radon mea-
sure for almost all t € [0, T1, u,, converges to u for the weak topology in M1, then

1 g1y < Hminf L £l 12, -

Let us emphasize here that, as it may already be clear from the definition and
as it will be seen in the proof, the space H;/ 2(u) is much more intricate than
the previous space H} (u). Using this space is key to our improved 1-dimensional
result. However, it does require the development of new techniques to make the
estimates compatible with this weaker norm.

2.1.3. The space W? ’Weak(u). We also need some similar W!! assumptions
on F. Following the definition of H'(u), a first attempt would be

T
(2.10) ||F||W;,1(u) :‘/(; /Iz&d(MlFKt,x) + M|VF|(t,x))u(t,dx)dt.

Unfortunately, while this definition would work, it is too strong in some cases. This
is due to the fact that the maximal operator M is bounded on L”, p > 1, but not
on L'. In particular, if u € L> then the norm defined in (2.4) would automatically
be finite if o is in the usual H' space but the norm defined in (2.10) would not be
finite if F € W'! in general.

Therefore, in order to obtain better assumptions we have to work with a more
complicated space. We proceed as before and fix v € P;. We also introduce a super-
linear function ¢, that is, a function ¢ on [1, co) such that ¢ (§) /& is nondecreasing
and converges to 0o as § — oo.

DEFINITION 2.9. For any locally finite Radon measure w, decomposing u
into a part absolutely continuous with respect to the Lebesgue measure 1, and the
singular part 15, one defines

lal (D)L, (2)1= log T 42 + |15 1(d2)
Mpp=/logL / Falll=V 08 :
LU=V RS fod T @+ fx— alr — 2

For any function f € BVioc(R%), the decomposition of V £, into a part absolutely
continuous with respect to the Lebesgue measure V, f and the singular part Vi f,
makes MV f well defined.
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The space W? "% (y) is hence defined as the subspace of functions f €
BViee(R?) s.t.

¢(L)
||f||W¢,weak(v) == /]Rd M|f|(x)v(dx) + iiq LlOgL

/ MV fv(dx) < oo.
R4

In this definition, the maximal function is regularized so that MV f is locally
integrable for any fixed L. The supremum is then taken outside.

Obviously, the space heavily depends on the choice of ¢. Note that MV f >

J/log L so that
¢ (L)
,weal > su .
I lywo k(y) = L>Ii LJlogL

In particular, || f ||y ¢.weax(,y = o0 for all f if ¢ (L) > L/log L asymptotically
as L — +o00. On the other hand, we want to choose ¢ superlinear as we need to
control the integrability of |V f|. This leads to the assumptions:

$(L) (L)
L./logL

Even with this assumption, W% %3 () is not a Banach space and in particular
[l - Ily.weak(yy is not a norm. Of course, ||0]]yy¢.weak(,) 7 O but this could easily be
remedied by considering || - | y¢.weak () — &t instead, for the right constant org.

The main problem is that [|Af || yy¢.weak )y 7 [A][f || g wea ;) and this cannot eas-
ily be corrected. It is in fact the same kind of issue that one has with the definition
of so-called Orlicz spaces such as L log L. The solution is similar and would con-
sist in constructing the right norm by duality.

We did not feel that it was appropriate in this article however. Such a construc-
tion in the present case would be considerably more complex than for classical
Orlicz space. It would also distract from our main goal while bringing very little
to our results. It is worth recalling the main reason why we introduce the space
Wé-weak Tt is a compromise between two requirements:

2.11) —0 as L — +o0.

+00,

e The estimates that we perform later in the text would not work for instance with
the simple requirement that

[r1+19 pwan < oo,

so the maximal operator is needed.

e We want to recover the classical assumption if v is bounded from below and
above. That means thatif 1/C <v < C, thenany f € W1 must be included in
W weak () for some well chosen ¢ (depending on f). This is in particular why
we do not use the direct extension W1 (v) of the space H L), given by (2.10).

The above definition of W %e&(y) fulfills those two goals and, therefore, we
study further this space.
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THEOREM 2.10. Assume that v belongs to P!, that ¢ is superlinear and con-
tinuous and that (2.11) holds. Then W% Y (v) is well defined and || - || Wb weak (1)
is lower semicontinuous with respect to convergence in the sense of distribution: If
fn — [ in the sense of distribution then

(2 12) ” f ” we. weak(v) = hm inf ” fn ” we: weak(v)

And if for a given f € BVioc(RY), v, converges to v in the tight topology of prob-
ability measures then

||f”W(b,weak(v) < lin}qinf”f”W(p,weak(vn).

Moreover if v > 1/C over a smooth open set Q and f € WV (v) then f e
WUL(K) for any compact set K C Q. Reciprocally, if v < C over Q and f €
WL 1(Q) with compact support in 2, then there exists a superlinear ¢ satisfying
(2.11) s.t. f € W Weak(y),

Now, given u € M and a superlinear function ¢, we define the following.

DEFINITION 2.11. For all T > 0, the space WT Weak(u) is defined as the set

of measurable f on [0, T'] x R4 such that f@, e W¢ Weak(u (t,-)) for almost all
t €[0,T] and

1 ot = [ 17669 Doty 41 < -

In particular, if u(¢, -) is the distribution of X; solution to (1.1), then, for all
T>0and F € W¢ Weak( ),

¢(L)

,weal :Su
werekay = )0 Tlog L

T
(2.13) ||F|? E(/O (M|F|(t, X;) + MLIVF|(t, X)) dt).

Then we have the following.

COROLLARY 2.12. Fix T > 0, assume u belongs to My and that ¢ is su-

. . . ,weak .
perlinear, continuous and satisfies (2.11). Then W? YR (w) is well defined and
-1l o weak is lower semicontinuous with respect to convergence in the sense of

distribution: If f, — f in the sense of distribution, then

(214) ||f||W$,weak< )= hmlnf||fn||W¢ weak( )’

And if for a given f measurable on Ry x R with f(t,-) € BViec(RY) for almost
all t € 10, T], u,, converges to u for the weak topology in M1, then

||f||W$,weak( )= hmlnf||f||w¢ weak( D
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Moreover, if u > 1/C over [0, T] x Q where @ C R is a smooth open set and

f e W?’Weak(u) then f € L}([O, T1, Wh1(K)) for any compact set K C 2. Re-

ciprocally, if u < C over [0,T] x Q and f € L}([O, T], W“(Q)) with com-

pact support in [0, T] x 2, then there exists a superlinear ¢ satisfying (2.11) s.t.
¢, weak

fews (u).

The first two points of Corollary 2.12 are direct consequences of Theorem 2.10,
and the last statements about the cases where u is bounded from above or below
can be proved exactly as the similar statement of Theorem 2.10 is proved in Sec-
tion 3.

Theorem 2.10 and Corollary 2.12 support the introduction of the seminorm and
the space W;? veak we point out in particular the conclusion of both results (in the
time independent and time dependent case) that if the law u is bounded, then any
WL function belongs to some W‘Tb weak

This will allow us to obtain the critical W'+ assumption for the drift. However,
it leads to difficulties in the proof. Typically, Crippa—DeLellis estimates naturally
work if the drift satisfies an estimate like

(2.15) [F(x) = F(»)| = C(h(x) +h(M)lx — yl,

with A in L' (u). Such an estimate is essentially equivalent to an L' control on the
maximal function as in (2.10) and, therefore, not compatible with F only in W1,

In the purely deterministic case where o = 0, well-posedness can be obtained
for F € Wh! by interpolation but this seems to be more complicated if some
stochasticity is involved.

Because we work in a weaker space, a direct pointwise bound like (2.15) is
not available to us (see Lemma 3.2 in Section 3) and this forces us to work the
estimates in a different manner.

Let us finally note that the pointwise bound (2.15) is very close to the assump-
tion found in [28] for uniqueness, which reads

(2.16) (F(x) = F(y) - (x —y) < C(h(x) + h(y)Ix — y I,

again for 4 in L' (u). Just as for (2.15), (2.16) is in general not satisfied for F €
W1 even if u is bounded. But obviously, and contrary to our space W;? wealk
(2.16) is only a one-sided bound.

Just as for ODEs, only a one-sided bound is needed for pathwise uniqueness.
However, to obtain strong existence as well without any ellipticity assumption,
the other one-sided bound is required as well. This is quite similar to the usual
well-posedness conditions on ODEs, which is rather natural: If no ellipticity as-
sumptions are made, then the proofs have to be compatible with the deterministic
case.

B
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2.2. General results on strong solutions to (1.1). Inthe multidimensional case,
our most general result is the following one, proved in Section 4.

THEOREM 2.13. Assume that d > 2. One has:

(i) Existence: Fix T > 0 and assume that there exists a sequence of smooth
F,, 04 € L converging in the sense of distribution to F and o respectively, such
that the solution u, € M to (1.4) satisfies for some superlinear ¢

T
(2.17) / / (low — 0|+ |Fy — F|) du, dt — 0,
0 JRA
(2.18) sgp(IIFIIW;s,weak(un) + ol g1 ) + 1 Fnllzoe + llonllLe) < oo,

219 u,—u for the weak topology of M.

Then there exists a strong solution X; to (1.1) s.t. (X} —&,t € [0, T]), converges
in LP(2, L°°([0, T)) forall p > 1to (X; —&,t €[0,T]), with X} the solutions
to (1.3). In addition, u(t, dx) is the law of X; for almost all t € [0, T].

(i1) Uniqueness: Let X and Y be two solutions to (1.1) with one-dimensional
time marginals ux (t,-) and uy(t,-) on [0, T). Assume that F,o € L*°, Xo =Y
a.s. and that

2200 F M ygmeas o+ 1E N ypgomenr s F 10N 1 gy + 1012y < 00

for some superlinear function ¢. Then one has pathwise uniqueness on [0, T'], that
is, sup;cpo.77 1 Xt — Yi| =0 a.s.

Note that we do not require any ellipticity on o for this result. In that sense,
we cannot hope to have any smoothing effect from the Wiener process and the
assumption on F must be enough to provide well-posedness in the purely deter-
ministic setting (o = 0). In this case, taking any ug € L°°, our result gives that
there exists a unique solution of X; = F(¢, X,) with Xo = & and with law u € L™
provided that there exists a sequence of regularized F;, s.t. u,, — u for the weak-*
topology with u € L°° and a superlinear ¢ s.t.

¢ (L)
sup
L>1 LlogL

I1F + MLV Fll1j0,71xRd) < OO

The first point is, for example, implied by the assumption div F € L and the sec-
ond one can be proved to hold if F € L}’IOC(le’l) as in the proof of Corollary 1.1
in the Appendix. Hence, we recover the classical results of DiPerna and Lions [6]

but not the optimal BV assumption from Ambrosio [2].

REMARK 2.14. In the last result, the law of the diffusion # needs not be ab-
solutely continuous with respect to Lebesgue’s measure, so the value of the coef-
ficients F' and o on sets of Lebesgue’s measure zero may have some importance.
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Our assumptions in fact ensures that all points where u is concentrated are auto-
matically Lebesgue points for F and o. For this reason, it is straightforward to
choose the right representative for the almost everywhere defined functions F' and
o (see Remark 3.3 in Section 3.1).

In dimension 1, the result is even better: we recover the H'/? type of assumption
from [8-10, 26, 34, 35], but we lose a little bit on F' [we have to use (2.10) instead
of (2.13)].

THEOREM 2.15. Assume that d = 1. One has:

(1) Existence: Fix T > 0 and assume that there exists a sequence of smooth
F,, 0, € L™ converging in the sense of distribution to F and o, respectively, such
that the solution u,, to (1.4) satisfies

T
/ f (lon — 0|+ |Fy — F|)du, dt — 0,
0 Jr
SlrllP(IIFIIW;,l(un) +lollyir,,, + 1Eallee + lloullze) < oo,

Uy —> U for the weak topology of M.

Then there exists a strong solution X; to (1.1) s.t. (X} —&,t € [0, T1),, converges
in LP(2, L°°([0, T])) forall p>1to (X; —&,t €[0,T]), with X} the solutions
to (1.3). In addition, u(t, dx) is the law of X; for almost all t € [0, T].

(i) Uniqueness: Let X and Y be two solutions to (1.1) with one-dimensional
time marginals ux(t,-) and uy(t,-) on [0, T]. Assume that F,o € L, Xg =Y
a.s. and that

LE Nt gy + D gt gy 100120, H 002, < 00

Then pathwise uniqueness holds on [0, T], that is, SUpP;¢[0.7] | X; — Y| =0a.s.

Of course, while precise, the norms given by (2.4)—(2.13) or (2.8)—(2.10) are
not so simple to use. However, it is quite easy to deduce more intuitive results with
the more usual W' ” norms. We recall that M is continuous onto every L” space
for 1 < p < o0, and hence the norms || - ”HTI(“) and || - ”WT"'(u) are controlled by

appropriate Sobolev norms if some L7 estimate is available on the law u.

One complication occurs when uy € L and one wants to obtain the close to
optimal W1 assumption on F (instead of W!:? for some p > 1) as the maximal
function is not bounded onto L!. This is the reason why we defined (2.13), which
can be used following [16] (we recall the main steps in the Appendix).

Therefore, Theorems 1.1 and 1.2 are simple corollaries of Theorems 2.13
and 2.15, respectively, except for the previous complication for Theorem 1.1.

In order to apply Theorems 1.1 and 1.2, we need to consider cases where it is
possible to obtain better integrability than L' bounds for a solution to (1.2). This
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occurs in various situations, some of which will be studied in the next subsection.
One difficulty to apply Theorems 1.1(ii) and 1.2(ii) is to obtain pathwise unique-
ness without restriction on the set of solutions considered. This will of course be
ensured if uniqueness in law is known for (1.1). More precisely, if the conclusion
of Theorem 1.1(i) or Theorem 1.2(i) holds, then either || F'|| o ek Floll iy <
T u) ()
oo (if d > 2) or ||F||W1,1(u) + ||a||H1/z(u) < oo (if d = 1) by Corollaries 2.4, 2.8
T T

and 2.12. Since there is uniqueness in law for (1.1), then ux = uy = u for all
solutions X and Y to (1.1) as in Theorem 1.1(ii) or Theorem 1.2(ii), and hence
pathwise uniqueness holds. This argument will be used repeatedly in the next sub-
section. Note however that condition (2.20) may impose restrictions on the initial
distribution. This issue will be studied in Proposition 2.24.

2.3. Consequences. Let us first consider the case where o is uniformly ellip-
tic: for all ¢, x,

1
(2.21) 500*0, x)=a(t,x)>cl

for some ¢ > 0. For example, if F =0 and o does not depend on time, then
there exists a corresponding stationary measure it > 0 in L4/@=D ag per Alek-
sandrov [1]. In that case, when ug < Cu, then the unique solution u# of (1.2) in
L7 oo (H}) satisfies u(t, dx) < Cii(x)dx for all 1 > 0 by the maximum principle.

COROLLARY 2.16. Assume that F = 0 and o (x) satisfies (2.21) and belongs
to L*° N le,Zd (or L® N HY? if d =1). Assume also that ug < Cu for some
constant C > 0. Then one has both existence of a strong solution to (1.1) and
pathwise uniqueness.

Note that pathwise uniqueness holds without additional assumption since o €
W24 implies that o is continuous, and uniqueness in law holds in this case since
o is bounded and uniformly elliptic [31], Theorem 7.2.1.

Those results were later extended by Krylov in the parabolic, time dependent
case [17, 19]. We may, for example, use the following version found in [38].

THEOREM 2.17. Assume that F and o are bounded and o satisfies (2.21).
Then, for all solution X of (1.1) with any initial distribution, for all T > 0 and
p,q > 1 such that

d 2
—4+ - <2,
P 4

there exists a constant C such that for all f € L] (LY)

T
B [ . X0dt| < CIflas,
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This result means that
we LI (L),
where 1/p+1/p’=1and 1/q + 1/q' = 1, and we obtain the following corollary.

COROLLARY 2.18. (i) Assume that d > 2, F,o € L™, o satisfies (2.21),
FeL? (le’p/z) and o € L? (le’p) with2/q +d/p < 1. Then one has both

t,loc t,loc
existence of a strong solution to (1.1) and pathwise uniqueness for any initial con-
dition &.

(ii) Assume that d = 1, F,o € L™, o satisfies (2.21), o € LY (WQ/Z"’) with

t,loc
2 o Lp/2y 2
2/q+1/p < 1and F € LI2. (WP if p > 2, F € L2 (W149) for some
e > 0 if p <2. Then one has both existence of a strong solution to (1.1) and

pathwise uniqueness for any initial condition &.

Note that in this case, pathwise uniqueness holds without additional assumption

since Krylov’s inequality implies that u € L,q/(Lf /) for all solutions to (1.1).

In our setting, since we need additional regularity on o, it is easy to obtain better
a priori estimates for u than those given by Krylov’s inequality. For instance, we
have the following.

PROPOSITION 2.19. For any d > 1, assume WelL'NL>® F,o0elL® o
satisfies (2.21) and Vo € L?’IOC(LJIZ) satisfying 2/q +d/p = 1 with p > d. Then
any u solution to (1.2), limit for the weak topology in My of smooth solutions,

belongs to LY°(LY) forany 1 <r < oo.

This proposition is based on classical energy estimates, and hence we just give a
very short proof of it in Section 6. Combined with Theorem 1.1 this gives slightly
better conditions for ¢ and much better conditions for F, assuming additional
conditions on the initial distribution. We obtain Corollary 1.3, restated here

COROLLARY 2.20. Assume that d > 2, u® e L' N L*®, F,0 € L™, F ¢
LY (Wl and Vo € LY, (LY), where 2 q+d/p=1with p>d. Assume
t,loc X

t,loc
as well that o satisfies (2.21). Then one has existence of a strong solution to (1.1)

with marginal distributions u(t, dx) in L?EOC(L)%O). In addition, pathwise unique-

ness holds among all solutions with marginal distributions in L;’ffoc (LY).

As above, the pathwise uniqueness property could be improved if we could
prove uniqueness in law. If d = 2, uniqueness in law holds when o and F are
bounded and o is uniformly elliptic [18]. When d > 3, by Sobolev embedding,
the assumption Vo € L?JOC(L)‘!C7 ) implies that x — o (¢, x) is continuous for almost
all r > 0. This condition is not exactly sufficient to use the result of Stroock and

Varadhan [31], Theorem 7.2.1, which assumes that sup, o 7 lo (¢, x) —o (¢, y)| —

00
t,loc

0 when y — x. This is true, for example, if Vo € L% (L¥) for p > d. Hence we

obtain the following.
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COROLLARY 2.21. Assume that d > 2, u® e LN L®, F,o0 € L®, F €
thC(Wl Y and Vo € Lt ZOC(LP) where 2/q +d/p =1 with p > d. Assume as
well that o satisfies (2.21), and if d > 3 that for all x,

sup |o(t,x) —o(t,y)|—0 when y — x.
1€[0.T]

Then one has both existence of a strong solution to (1.1) and pathwise uniqueness.

This result can be compared with previous works dealing with the uniformly
elliptic case. The best result in this case seem to be the one of [38], where
strong existence and pathwise uniqueness are proved under the assumptions Vo e

IIOC(LP) o (¢, x) uniformly continuous with respect to x and F € Lt 1oc(L§)
with d/p +2/q < 1, so we obtain a slightly better condition on o (we can han-
dle the limit case d/p + 2/¢g = 1 and no uniform continuity is needed for strong
existence) and a condition on F which is neither stronger nor weaker, since

‘ ]OC(WI 1) neither contains nor is contained in Lt 1()C(sz) withd/p+2/q <1.

Tn dimension 1 in the stationary case, even if (2.21) is not satisfied but instead
only

1
(2.22) 5az(x) =a(x) >0,
then one has the a priori bound
x F(y)
u(t,x) < —ef ay) jdy Vx e R,

a(x)

for solutions to (1.2) again provided that " satisfies the same bound. Therefore,
we obtain the following.

COROLLARY 2.22. Assumed =1, 0, F € L*, o satisfies (2.22), F/a € L,

j-x F(v)

up(x) < ——elo am 4 Vx eR
a(x)
and
M|91/2 2 M|VF
(2.23) /( 97701 1 oo and IVEL 11 < .
a(x) R a(x)

Then one has both existence of a strong solution to (1.1) and pathwise uniqueness.

Note that the assumptions (2.23) imply that a~! € Llloc, which is a necessary
and sufficient condition for uniqueness in law when F is bounded [8—10].
We will prove in Lemma 3.5 of Section 3 that for all x, y,

(2.24) lo(x) —o ()| < (M3} 20| (x) + M[8) %0 |(y))Ix — y|'/2.
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This inequality allows us to compare our result with similar results of the litera-
ture [8—10, 26, 34, 35, 40]. The best conditions in the time homogeneous case seem
to be those of [8—10], Theorem 4.41, where pathwise uniqueness is proved to hold
if FlaeLl ., lo(x)—o(|* < fx)h(y—x|) forall x,y with f/a e L] and
Jo+ h~Y(u) du = +o0. Our result gives worse conditions on F, and our condition
on o is slightly worse, since we need to take 4(u) = u in (2.24). However, we
improve the conditions on ¢ of all the other references.

We point out that, in higher dimension as well, ellipticity is not always required

for bounds on the law. We give the classical example of SDEs in the phase space
]RZd

(2.25) dX,=V,dt, dV,=F(@t, X)) dt +o(t, X;)dW,, (Xo, Vo) =E&.
The joint law u (¢, x, v) of the process (X;, V;);>0 solves the kinetic equation

dru(t, x,v) +v-Vyiu(t,x,v) + F(t,x) - Vyu(t, x, v)

a%u(t, x,v)
= Z a,-j(t,x)i.

I<i,j<d dv; dvj

(2.26)

Equation (2.26) is in fact better behaved than (1.2) for rough coefficients as its
symplectic structure for instance guarantees that it satisfies a maximum princi-
ple for all measure-valued solutions that are limit of smooth solutions. In partic-
ular, for any initial data u® € L>°(R?¢), there exists a measure-valued solution
u e L®[Ry x R??) for o and F as in the next result. This is true even though the
diffusion in (2.25) is degenerate (there is no diffusion in the x direction, and o can
also be degenerate).

Hence in this situation, one may deduce as claimed Corollary 1.4 or the follow-
ing.

COROLLARY 2.23.  Assume that o € L™ N L, (H!) and F € L},  (W}!).
Assume also that ug € L°°. Then one has both existence of a strong solution to
(2.25) and pathwise uniqueness among all solutions with marginal distributions in

?,cfoc (L;O )

Note that other hypoelliptic situations or even subelliptic situations may lead
to a better integrability of the solution u to (1.2) than L'. Several examples are
given in [25], Section 4.5, each of which imply a corollary of our result in various
situations were o is degenerate.

To conclude, let us observe that most of the previous results give strong ex-
istence for nondeterministic initial distributions. However, one can use the next
result to obtain strong existence and pathwise uniqueness for almost all determin-
istic initial conditions.
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PROPOSITION 2.24. Under the assumptions of either Corollary 2.16, Corol-
lary 221 or Corollary 2.22, for any complete filtered probability space
(2, (F)i=0,P) equipped with a r-dimensional standard Brownian motion W,
there is strong existence and pathwise uniqueness for (1.1) on (2, (F;)i=0, P, W)
for almost all deterministic initial condition & = x € RY,

The proofs of the previous results are organized as follows. We start in Section 3
with some simple technical proofs, including those of Theorems 2.2, 2.6 and 2.10,
Section 4 is then devoted to the proof of Theorem 2.13, Section 5 to the proof of
Theorem 2.15, Section 6 to the proof of Proposition 2.19, and Section 7 to the
proof of Proposition 2.24. The proof of Theorem 1.1 is given in the Appendix.

3. Useful technical results. The results and proofs presented in this section
are mostly easy extensions of well-known techniques, which we need in the fol-
lowing sections, and hence include here for the sake of completeness.

3.1. Pointwise difference estimates. We often need to estimate the difference
of the coefficients o and F at two different points x and y during the proofs. We
collect here all the results which allow us to do so and that we later use. In all those
estimates, time is only a parameter and we accordingly omit the time variable in
most formulas.

We start by recalling the classical inequality (it is, for instance, a direct conse-
quence of [30], Theorem VII.1, and of basic properties of the Poisson Kernel).

LEMMA 3.1. Fix t > 0 and assume that o(t,-) € BV (RY). Then for any
x,yeR?
3.1 lo(t,x) —o(t,y)| < Ca(M|Vya|(t,x) + M|Viol|(t, y))|x — yl.

This next lemma provides an extension of (3.1) with the operator My, used in
the definition (2.13).

LEMMA 3.2. Fix t > 0 and assume that F(t,-) € BV (R?). For any x € R4,
if h(t,x) <ocowithh(t,x)=|F(t,x)|+ ML VF(t,x), then x is a Lebesgue point
of F. Then for any x, y € R¢

1
62 |FC0) = @) = Calhtex) +hie, ) (b= vl+ 7 )
for some constant Cy that depends only on d.
REMARK 3.3. Note that inequalities (3.1) and (3.2) hold true for all x and y

and not only for almost every x and y. This is true if one chooses a natural repre-
sentative for the almost everywhere defined o and F. This is done classically as
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follows: recall that a simple definition of a Lebesgue point is that, for any convolu-
tion kernel, K, x F'(x) has a unique limit as ¢ — 0. F' is not continuous at x in that
case in general, only approximately continuous in the above sense. Note that this
definition is independent of the chosen representative for F. Classically, one then
chooses as the right representative of the almost everywhere defined function F at
x, the limit of K« F'(x) as ¢ — 0. This only changes F on a negligible set since if
F € BV then every point x is a Lebesgue point except on the jump set of F, which
is at most of dimension d — 1 (it is o -finite for the Hausdorff measure 49~ !, see
[3]). As will appear in the proof, this representative satisfies (3.2) for all Lebesgue
points x, y. Since the inequality is obvious when Ah(t, x) = co or h(t, y) = 00, itis
also true when x or y is not a Lebesgue point of F.

In the sequel, we shall always assume that the functions F and o are equal to
their natural representative as defined above.

We start with the proof of Lemma 3.2.
PROOF OF LEMMA 3.2. First, observe that by the definition of #, the result is
obvious if [x — y| > 1. Assume now that |[x — y| < 1. We recall the lemma from

[16].

LEMMA 3.4. Assume F € C'(RY). There exists a constant C depending only
ond s.t. forany x,y € RY,

1 1
63 Fw-rolzc[ ( o )IVFIa),
By \| y—z|

X —Z|d_1 |

where B(x,y) denotes the ball of center (x + y)/2 and diameter |x — y|.

The first point is to extend inequality (3.3) to any F € B V. Consider a se-
quence of smooth approximations K, x F' with K, > 0 a classical convolution
kernel with K (—x) = K (x) and support in B(0, 1). At every Lebesgue point x of
F, one has that K, x F — F and, therefore, if x and y are distinct Lebesgue points
apply inequality (3.3) to K. x F' and take the limit ¢ — O to find

|F(x) — F(y)] =Eli_r>I%)|Ks*F(X)—Ks*F(y)|

1 1
< C lim sup ( T d_1>|VKg*F|(dz).
e—0 By \|x —z] ly —z|

We hence have to dominate the right-hand side. First, notice that since K, > 0,
VK x F|(2) = V K. (z — w)VF(dw)' < f Ke(z—w)|VF(dw)|

< K;x|VF|(2).



STRONG SOLUTIONS TO SDE WITH ROUGH COEFFICIENTS 1519

Therefore, provided ¢ is small with respect to |x — y|, which we may always as-
sume as we are considering ¢ — 0, and since K, has support in the ball of radius ¢,
we have that

1 1
+ )IVK * F|(dz)
/l;(x,y)<|x _Z|d_1 |y _Z|d_1 ¢
< / Ko % 5.y (2)|VF|(d2),
B(x,y)

where B(x, y) denotes the ball of center (x + y)/2 and diameter 2|x — y| and with
Ox,y(2) = |x—z1\d—1 + |y—z1|d—1 . Now observe that, since w41 is integrable, one

has for all z € R?

C C
K.(z — w)w 94t dw < < .
[ Eec=w (e + a1 = g

Therefore,
K¢ x ¢x,y(z) =< C¢x,y(Z)-

On the other hand, since |V F| is a positive measure, we have that

| Kexde,@QIVFI@D <C [ 4o, QIVFI@a).
B(x,y) B(x.y)
Hence we have proved that for any x, y that are Lebesgue points of F,

1 1
+ VF|(d7).
— |y_z|d_1)| \(d2)

(3.4) 1F<x)—F(y>}scfé( >(|
X,y

On the other hand, for F € B Vi, the set of non-Lebesgue points can be defined
(see [2] and the references therein) as the set of x s.t.:

liminfr—¢+! / |VF(dz)| > 0.
B(x,r)

At such a point x, one has

[ VEIdD) 5 gncasy / |VF(dz) = +00,
B

-1 Cae -
(er) Jx —z]4 n=|logy r| 27 l|x—z|<27"

and inequality (3.4) is trivial. As h(¢, x) = 400, if
VF|(d
[ VFIW2) _
B

@) |x —z|471

’

for some r > 0 then this also implies that x is necessarily a Lebesgue point of F
if h(t,x) <oo.Now |VF| < |VF|s + 4/log LA + IVF|aliyF|,>/logL where A is
Lebesgue’s measure on R?, where |VF|, and |V F| are the absolutely continuous
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and singular parts of the measure |V F|, and where we identified |V F|, with its
density w.r.t. A in the indicator function. Thus, if 1/L <|x —y| <1,

1 IVF|(dz)
|d—1

lx =yl JBx,y) |x — 2
VFla(2)1 oeT 4z + |V F|y(dz)
SC(\/@+/ | la |[VF|>4/logL |d 1|s( )’
B(x,2) (I/L +|x —z|)|x — z|9—
where B(x,2) is the ball of radius 2 centered at x and where we used that if z €
B(x,y) then |x — z| + 1/L < 3|x — y|. Similarly, if |x — y| < 1/L,
/ |VF|(dz)

B,y |x — 2|91
C IVF|.(2)1 dz +|VF|s(dz)
<C(iopr s [ T sy 4ot TG

L B(x,2) (1/L + |x — z])|x — z]¢~

where we used that if z € B(x, y), then |x — z| + 1/L < 2/L. By the definition of
M, this concludes the proof. [J

dz

PROOF OF LEMMA 3.1. This is a classical result for which we can give an
easy proof by applying the preliminary work that we have just done. In particular,
we recall that we have proved that estimate (3.4) holds for any F € BV at any
points x and y. Applying this inequality to o, we obtain that for any x, y,

1 1
+ )VJ dz).
PRy S T |[Vol|(dz)

o) —om)|<C [ (
B,y \|

Now for a given x decompose

Vol(dz) & 1
/ _1(2—%)/2"‘5%52—“‘ jx — 2[4t Vel

By |x — |91

(o¢])
k(d—1) \—d
< [—
< 1;)2 lx — yl /Mq_m |Vo|(dz)
- x—y| —

0
<Y 275k — y|M|Vo|(x) <27 x — y|M|Vo|(x),

k=0
by the definition of the maximal function. This concludes the proof. [J

Let us turn now to our last bound which uses 8)1/ %5,

LEMMA 3.5. Fix t > 0 and assume that o (t,-) € LllOC and ai/zo(t, isa
locally finite Radon measure. Then for any x, y € RY,

lo(t, x) —a(t, y)| < (M]3 %c |z, x) + M[3}%c |(z, y))|1x — y|'/.
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PROOF. By the definition of 81/ 2 o,

o(x) =K * 8;/20,
for the convolution kernel K with FK = |£|~!/2, which implies that
(3.5) K@|<Clx|*'2, |[VK@)|=<Clx|*H2,

Now simply compute

o -0 = [ K(x—2) - K(y — 2|81 d2)

lz—x|>2]x—y]|
— _ 1/2
+»/Z x|<2|x y|(‘K(x Z)|+’K(y Z)‘)‘ax o—‘(dZ)

Denote |x — y| =r. One has by (3.5)
on(d—1/2)

K —2loPolan=c ¥ [ [0}z
/|Z_x|§2r| (x — )]0, o[ (d2) n; S =7 L CR)
<C Y 27" 2M)a 2o (x)
n>—1

= Cr'2M|3} %o | (x).

Since |z — x| < 2r implies that [z — y| < 3r, one has the same inequality:
/ |K(y—z)||8;/20|(dz)5Cr1/2M|8;/20|(y).
lz—x|<2r

As for the last term, first note that if |x — z| > 2|x — y| then |y — z| > |x — z|/2.
Hence by (3.5) if |[x — z| = 2|x — y]|

lx — yl

Ko=) =Ky -2l < Cr——ap

Therefore,

/ K (x —2) — K(y — 2] |(dz)
lz—x|=2|x—y|

<Z/

n>1 lz—

. (2n )d+1/2|81/20|(d2)

<Cr'2y 272 M9 2o | (x)

n>1
<Cr'?Ma} o |(x).

Summing up the three estimates concludes the proof. [J
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3.2. Proof of Theorems 2.2, 2.6 and 2.10.

PROOF OF THEOREM 2.2.  Firstof all, || - || 1(,) 1s indeed a norm on H'(v).

By definition, it is nonnegative and finite on H'(v). Next, if A > 0 then M (|Af]) =
AM|f|, and thus [[Af ]| g1y = [AILS | g1 - The triangle inequality is also trivially
satisfiedas M(f +g) <Mf + Mg.

Finally, if || f || g1,y = O then M| f| = 0 on the support of v which contains (at
least) one point xg since v is a probability measure. But now M| f|(xo) = 0 implies
that f = O by the definition of the maximal function.

We now prove (2.2). Consider a sequence f;, in H L) s.t. fn converges to some
f in the sense of distributions and assume (possibly restricting to a subsequence)

sup ||fn||H1(U) < Q.
n

(Otherwise, there is nothing to prove.)
We notice that f;, is hence uniformly bounded in B Vjo.. Indeed for any R > 0,
and any x € B(0, R)

IV fal(B(O, B)) < @R MIV £,|(x),
so that by Cauchy-Schwarz,
d gd
(3.6) IV fal(B(O, R)) < Il fnll 1 (o)
n ( ) (fB((),R) v(dx))1/2 nllH(v)
As fu — f in D’ then f belongs to BVj, as well. Therefore, M|V f| is well
defined.

On the other hand, V f,, converges to V f in D’. Note that, for all ¢ € C° RY)
with ¢ > 0, the map u — [ ¢|u| is convex and continuous on the set of locally
finite Radon measures on R? for the strong topology of total variation. Hence it is
lower semicontinuous for the weak-* topology, and so

/wIVfI(dX) sliminff<p|an|<dx).

Now fix any ¢ > 1 and any r > 0 and note that the previous inequality implies that

- Vfl(x +dz) £ ——— liminf Vi |(x+dz
50,01 Json 1T =500 B0,y Sl G dD)

< ¢ liminf M|V f,|(x).
Taking now the supremum in r, we deduce that for any ¢ > 1
M|V f1(x) < c? liminf M|V f,|(x).

Apply now Fatou’s lemma and let ¢ go to 1 to deduce

/(M|Vf|(x))2u(dx) < liminf/(M|an|(x))2u(dx).
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The same steps can be performed with M| f,| and M| f| thus proving that f €
H'(v) and that (2.2) holds.

Let us now prove that H'(v) is complete which concludes the proof that H'(v)
is a Banach space. Accordingly, consider any Cauchy sequence f,, in H'!(v).

The sequence f;, is then also Cauchy in B V). Indeed using (3.6) for f, — fu,
we obtain that for any R > 0

de
=
(fB(O,R) v(dx)) 1/

Therefore, there exists f € B Vi s.t. f;, converges toward f in B Viec. In particular,
fn converges to f in D" and we may use (2.2) a first time to deduce that f € H L(v).

It remains to show that || f, — f|l g1,y — 0. For that, fix n and consider the
sequence f, — fm in m. This sequence converges in the sense of distribution to
Jn — f. We conclude using again (2.2) that

[V(fa = fu)|(BO, R)) 5o = Sl 1 vy

1 fu = £l oy < Hminf | £ = fonll 1)

Let us now turn to the last part of Theorem 2.2. We first recall that if w is a finite,
nonnegative Radon measure, then M u is lower semicontinuous. This follows from
similar arguments to the ones above: Consider any x, — x, then for ¢ > 1

1

—_ x+dz) <
B0, )] Json T =

1
" liminf / X, +dz
1B(O, )] p0en T

< liminf M u(x,,).

The lower semicontinuity of M u then follows taking the supremum in r and then
the infimum in c.

Denote now g = (M |V f|)? + (M| f|)?, g is a nonnegative, Borel function with
values in R} U {4-o00}. By the previous remark, it is also lower semicontinuous.
Note that for any positive measure p

/ngZ/()oofﬂg(x>>sM(dX)d$-

Now assume v,, — v in the tight topology of P!. Note that for any open set O

/dvfliminf/ dv,.
o o

Take O = {g(x) > &} which is open by the lower semicontinuity of g. Therefore,
Fatou’s lemma entails

/gdvfliminf/gdvn,

which completes the proof of Theorem 2.2. [
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PROOF OF THEOREM 2.6. The proof is nearly identical to that of Theo-

rem 2.2, and for this reason, we omit it here. The only difference is that the space

1

loc functions f s.t. 8;/ 2 f is a locally finite mea-

BV is replaced by the space of L
sure. [

PROOF OF THEOREM 2.10. The first part of the proof concerning the lower
semicontinuity follows exactly the same steps as the proof of Theorem 2.2. One
uses the same intermediate control through the BV norm as, for all R, L > 1,

MLV fl(x0)

> ,/logL
1
+ RTR+LD /50 R)(|v“f|(2)1|%f|(z)z flogL 42 + Vs f1(d2))
1
Z V fl(dz).
CV/L(1+ R9) /B(o,m' fldz)

One also has the same type of lower semicontinuity properties as for instance if
fn — f in the sense of distribution for f, a sequence uniformly bounded in B Vioc
then forany L' < L

MV f(x) < liminf MLV £, (x).

Taking the supremum over L leads to (2.12) as ¢ is continuous.

We skip the rest of the details for this first part and instead focus on the connec-
tion with W11 which is the main novel feature of W¢-Veak,

By contradiction, assume that f € W weak(yy and v > 1/C over 2 but that
fé¢ W1 (B(xg, r)) for some ball s.t. B(xg, 2r) C . Since f € BViqc, it implies
that the singular part |V, f| does not vanish on B(xg, r). On the other hand,

| Vs /1(d2)
MLV fu(d z—// dx.
Jp v o = Bero.2r? (L1 + g —x)e — a1

Define the kernel

Lix|<or
(L= + [x)|x =1
with Cp s.t. |[Kr|l;1 = 1. Observe that K, is a standard approximation of the
identity by convolution so in particular

K;,=Cp

liminf KL*(|VSf|)dx2/
B

L—o00 JB(xp,2r)

: IVs f1(B(x0,7)) > 0.

X0,"

As Cp ~ log L, this has for consequence that there exists C > 0 s.t. for L large
enough

/ IVs f1(dz) J log L
| a—19% = :
B(x0,2r)? (L™" + [z — x])|z — x| c
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Therefore,

lsupM = +00,

weal >
||f||w¢ k(p) = c’, I

giving the desired contradiction.

Reciprocally, assume that v < C on  and that f € Wh1(K) compactly sup-
ported in K C . First, by Sobolev embedding, f and hence M f belong to L? for
some p > 1 and Mf € L*°(2°). Therefore,

/lel(x)v(dx) < 0.
Then for x ¢ Q
MLV f() < JlogL+ =g K)d/| f@)|dz.

As a consequence for any ¢ satisfying (2.11), there exists some finite constant Cy
S.t.

¢ (L)
||f||w¢,weak§C¢+C51£le L/QMLVf(x)dx'

Now decompose V f in level sets by defining for all n € Z
wp={z€K,2"<|Vf(z)] <2}
Then

dzdx
MV f(x)dx <|,/logL Lico,
] L f(.X) X I | 0g + Z v/v/QXK (L 1+|Z x|)|z—x|d_1

n>log, L—1

<|QlflogL+ > 2" w,|logL.
n>log, L—1
Since Vf € L!, one has ¥ 2"|w,| < oo, and thus

sN=22”|wn|—>0 as N — oo.
n>N

We can now define an appropriate ¢: Choose any smooth function s.t. ¢(x)/x is
nondecreasing and

¢(2N+1) — 2N+1 min(N1/4, s;/l).
Then ¢ satisfies (2.11) while

“u ¢(L)
P T logL

/ MV f(x)dx <25ustN <4,

therefore concluding that f € W® ¥k (y), O
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4. Proof of Theorem 2.13. We use two types of estimates; one is based on an
explicit quantitative estimate which generalizes the one in [5] for ordinary differen-
tial equations and one which generalizes the local time which is used in dimension
1 in the classical approach [8-10, 26, 34, 35]. We use the first quantitative estimate
to prove existence and the second one to prove uniqueness (though with suitable
modifications any one could be used for both existence and uniqueness).

The first method is more precise but more complicated than the second, which
makes use of a similar argument as in [28, 39].

4.1. Existence. We consider the sequence of solutions to the regularized prob-
lem (1.3), and assume it satisfies the assumptions of Theorem 2.13. The proof is
based on estimates on the expectation of the family of quantities

(e) |X Xm|2
(4.1) 0% (1) =1log 1+8—2), eec(0,1],n,m>1,

given in the next lemma.

LEMMA 4.1. There exists a constant C such that, for all 0 < ¢ <1 and
n,m>1,

n,m
(4.2) sup E(Q¥) 1) <c(l +|1oge|n(e))+c’7( )
1€l0,7]
where n(n,m) — 0 when n,m — +o0 and 1(e) := (8(/5(8*1))*1 — 0
when ¢ — 0.
PROOF. Note that
2x ()
V(log(1 + |x|?/¢))| =
| ( g( | |/))| 2+|X|2 8+|.x|

and

Wz(log(l—i-lxlz/s))]:‘V( 2 )‘5 ¢

g2 + |x|? g2+ |x|?
By It6’s formula, for any C g function f,
1 rt
E(F(X) = X)) =+ 5 [ E[V2/(X! = X2) (0207 (X))
+ oo (XT) — 0n (XD )op (X)) — om (X1 )0 (X7))] ds

N N n N

+/ (V (X" = X7) - (Fals, X") = Fy(s, X™))) ds.
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Since sup,,(|lonllco + [ Frlloo) < +00, we deduce

E(f (X} —X[")

< 7O+ 5 [ B[v2r00 - x| (lo(x2) - o (x2)

4.3
@3 sup ol (0 (X5) = (X0) |+ o (X)) = o (X)) | ds
+ [ BV = XD Fals, X2) = Fns. X2 s
Hence
L (lo(s, X" —o(s, XM n(n, m)
(&) N K}
(4.4) E(Qnm(t))fcfo E< &2+ |Xy — X2 >ds+c &2

! F(s, X?) — F(s, X{
+C/ E(l (s, X7) _ (sm 5 )|>ds,
0 e+ IXi — X7l

with C a constant independent of n and ¢ and n(n,m) — 0 as n,m — oo by
Assumption (2.17).
Since ||a||H%(u”) + ||o||H}(um) < 00, denoting h = M|Vo|,

T
| [ 10 dx) + e, d0) dr =10 g + B0 gy < €
with C independent of n, m and e. Now it follows from (3.1) that

/fE<|a<s, X" —o(s, X™)?
0 g2 4| Xn — Xxm2

t
>ds < c/ E(h2(s, X") + (s, X™)) ds,
0

and so

t |a<s,X">—a<s,Xm>|2>
E s s ds <C.
/0 ( 2t+ixr—xr2 )9S

We now turn to the term involving F and introduce the corresponding h = | F'| +

My/:VF.

By Lemma 3.2,

! IF(s,XS)—F(s,XS)|) '

E n m2\d <C/ fh , , ,x))dx ds,
/0 ( £+1X; — X3, $=C) e 2) (14 (8, ) + tm (5, %)) dx ds

and by (2.13),

t
/0 /h(s, x)(un(s, x) + um(s,x))dx ds

- 1/elog(1/¢)
- ¢(/e)

|loge|

(”F“W?,weak(un) + ||F”W$,weak(um)) =< m
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Note that we used the inequality | F'| < M|F| a.e., which follows from Lebesgue’s
points theorem since B Vioc(R?) C L (R?). The function 7j(¢) = (e¢p(e 1)) ™! —
0 as € — 0 since ¢ is superlinear.

Combining the previous inequalities, we obtain (4.2). [

Fix p > 1. The next step consists in deducing from Lemma 4.1 that (X} —&) isa
Cauchy sequence in L? (2, L*°([0, T])). Since F, and o, are uniformly bounded,
it is standard to deduce from the Burkholder-Davis—Gundy inequality that X} — &
are uniformly bounded in L? (€2, L°°([0, T])) for all p > 1, so we only need to
prove the next lemma.

LEMMA 4.2. Forall p > 1,

(4.5) E( sup ]X:’—X;”]p>—>0 asn,m— +0oo.
t€[0,T]

PROOF. For fixed ¢, forany e and L s.t. 0 < e < L,
B(|1x} —Xx7"|") <E(|x7 - x"[";
+ LPP(IX} = X['| = Ve).

— X" > L) +eP/?

Note that

1

(4.6) B(|X7 = X7"|" X7 = X[ > L) < - (B( X} — &) +E( X} ~&[")).

Now the inequalities

sup  E(|X7 — ") < +oo
n>1,t€[0,T]

and

_EQm® 0]

imply that

1 L? n( m)
E(|X! — x"P) < C[z +ePl? 4 Togel (1 + |loge|n(e) + )]

Taking, for example, e = n(n,m) and L = (m + ﬁ(s))_l/zl’, one concludes
that
sup E(|X! —X"|")—>0  asn,m— +oo.
e[0,T]

In order to pass the supremum inside the expectation, it suffices to observe
that the computation of (4.3—4.4) in the proof of Lemma 4.1 can be applied to
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|A" _— A" 12 M — M™_|?, where T is any stopping time and X! =

&+ A + M} is Doob’s decomposmon of the semimartingale X7, that is,
t

t
A?:V/(; F(S,X?)ds and M;l=/(; O(S’X?)dWS

Note that to be fully rigorous, one first needs to regularize the supremum V.
Instead of (4.4), we obtain

2 2
Elog(l + |A?/\r tAr| V2| t/\r B Mtnir| )
&

! o (s, X)) — o (s, X\)|? n(n, m)
<C| E 5 s )d C
= /0 (52+ Ar— Ay —mp) T T2

t F(s, X" — F(s, X™
+C/ ]E( | (: S)m (sns)|m>ds’
0 e+ |A} — AV V My — M}

or

| AT v IME, — M"
E10g<1+ l‘/\‘L’ l‘/\l’ 82 l‘/\‘L’ INT >

ny _ my|2
SC/fE:(IG(s,XS) o(s, X{"| n(z m)

P4 lXy - X

! F(s,X?") — F(s, X"
+C/ E(' (s i) n (Sms)|>ds
0 + 21 X7 = X"

Jas-c

Therefore, the same computation as in Lemma 4.1 gives

sup (|At/\‘[ z/\r|p | AT = /\r|p) -0 asn,m — +00.
te[0,T],
T stopping time

Since p > 1, Doob’s inequality entails
IE( sup |M,"—Mlm|p>—>0 as n,m — +00.
t€[0,T]
Fix n > 0, and fix n¢ such that
sup E(|Afn — AfA ") =
t€l0,T],
T stopping time
forall n,m > ng. Forall M > 0, let t =inf{t > 0: |[A} — A7*| > M}. Then

P( sup |A} —A)|>M IP’(r<T)§_
(te[O,pT]| ! ’| ) MPr
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Now, forall 1 <g < p,

+o00
E( sup |A? —A’t"}q> :q/(; xq_IIP’< sup |A} — A Zx)dx

1€[0,T] t€[0,T]
+00 q/p
561/ xq‘1<lA1>dx=p” .
0 xP P—q
Therefore,

IE( sup |A’;—A;"|q>—>0 asn,m — +00,
1€[0,7T]

which concludes the proof of (4.5). [

From the fact that (X" — &) is a Cauchy sequence in L? (2, L*°([0, T])), it is
standard to deduce the almost sure convergence for the L°° norm of a subsequence
of (X}',t €[0,T]), to a process (X;,t € [0, T]) such that (X; —&,r€[0,T]) €
LP(2, L®°([0, T])) for all p > 1. Since the convergence holds for the L* norm,
the process X is a.s. continuous and adapted to the filtration (F;);>0.

Since u, converges to u in the weak topology of M|, we have for all bounded
continuous function f on [0, T] x R4

T T
E/O f(t,X,)dt:/Rd/O £, vu(dt, dx),

so u(t, dx) is the law of X; for almost all .
Defining for all ¢ € [0, T'],

Y, = /(;t F(s, Xy)ds —i—/ota(s, X)) dWy,
it only remains to check that Y; = X; — & forall r € [0, T] a.s. As
X" _g:/O’ Fn(s,Xg’)ds+/()tan(s,X§’)dWs,
one has Y; = X, provided that
/Ot E(|Fy (s, X") — F(s, X,)| + |on (s, X") — o (x, X5)[*) ds — 0.

From assumption (2.17) and the L°° bounds on F, o and oy, this is implied by:
For any fixed ¢ > 0,

/OT[P(\F(S, X") = F(s, Xy)| > &) + P(jo (s, X") — o (x, X,)| > )] ds — 0.

We prove it for o, the argument for F being fully similar.
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By Corollary 2.4,

T
4.7 /(; /Rd(M|V6(t,x)|)2(u(t,dx)+un(t,dx))dt

<ol 414y + liminf ol 1, < C.
Now by (3.1),
P(lo (s, X7) — o (s, Xs)| > ¢)
<P((M|Vo|(s, X})+ M|Vo|(s, X)) > /| Xt — X))

1
<P(|X] — X,| > 82) +]P’<M|Va|(s,X?) > 2—)
&

1
+P<M|VG|(s, Xs) = —>,
2¢e
and one easily concludes from (4.7) and the fact that | X} — X| — 0 almost surely.

4.2. Uniqueness. Consider two solutions X and Y satisfying the assumptions
of point (ii) in Theorem 2.13. Define a family of functions (L;), in C*°(R%) sat-
isfying

L.(x)=1 if x| > ¢, L.(x)=0 if |x] <¢/2,
ellVLgllzo + &2 |V2Le |, < C,

with C independent of ¢, and Lo (x) > L./(x) forall ¢ <&’ and x € RY, Use Itd’s
formula,

E(Le(X; — ¥)) = LO) + /OtIE(VLE(XS — Y- (Fs, Xo) — F(s, Yy))) ds

n / "E(V2L.(X, — Y,)(X,)
0

(oo" +00*(Ys) —0(Xy)o " (¥s) — o (Ys)o™ (X)) ds.
Hence

o (s, X5) — o (s, Yy)|?
82

t
E(Ls(Xt - YI)) = C[) E(18/2§|Xs_ys58(

n |F(s, Xy) ; F(s, YS)'))ds.

Now denote # = M|Vo| so that

T
/ / (e, x)|* (ux (¢, dx) + uy (1, dx)) dt < C < oc.
0
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Define as well /1, = |F|+ My VF s.t.

Clloge|
/ fh (ux +uy)dxds < = o)

The corresponding computation involving hg is now tricky, precisely because of
the dependence on ¢ in he. To simplify it, we will use a slightly different definition.

First, note that, as observed in Section 2.1.3, one can always assume that ¢
satisfies (2.11), and so ¢ (§)/& is a nondecreasing function which grows note faster
than log&. In particular, there exists a constant C > 0 s.t.

¢&)
£

Consider the partition of (0, 1) = |J; I; where the I; = [a;, b;) are disjoint with
b; = \/a; (except for Iy :=[1/2, 1)). In particular, |/;| := b; — a; satisfies

%w( h< <Cep(e™!)  veel[e712 7]

|1;| ~ /ai when i — +o00.
Now for any ¢ € I;, choose he = Ea,-- One has

|loge| - |log b; | .
£9(¢) bigp(b; 1

/()T/ﬁe(t,x)(ux(l,X) +uy(t,x))dxdt <C
Now by (3.1) and Lemma 3.2,
E(Le(X: — Y1) < C/OtE[(hz(s, Xs) 4 h2(s, Yo)) e ja<|x, v, < | ds
+C /Ot E[(Re (s, Xs) + he(s, Ys))Le2<ix,—1,<¢ | ds.
Denote
ok = /Ot E[(h*(s, X5) + h*(s, Y0))Lyk-1 < x, _y, <2+ ds.
Note that

Zak</ E((h3(s, X5) + h2(s, ¥y)) ds

=/O /hz(s,x)(ux(dx,s) +uy(dx,s))ds < C.

Therefore, o — 0 as k — +o0.
Denote similarly

t _ _
,3/( = ](; E((hz—k(s, XY) 4+ ]’lz—k(s, Y‘Y))]lzikilfu(tfyﬂfzik) ds.
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Denote J; = {k,[27%71,27%) C I;}. Note that |J;| > &|logh;| (in fact, |J;| =
|log b

), and since &, is fixed on € € I,

2log?2
1 Lot
S b= [ [ 6o +uy@x, ) ds
il {7, il Jo
C .
<———0 as i — oo.
bip(b; )

Therefore, B,, — 0 as k — +o0 for some subsequence ny — +00. Consequently,
since the sequence of functions L. is nonincreasing,

sup E(L.(X; —Y;))—0 as e — 0.
1€[0,T]

On the other hand,
E(Le(X; — Yy)) = P(1X; — Yi| > ¢),
and by taking the limit ¢ — 0, we deduce that for any ¢ € [0, T']
P(I1X; — Y:| > 0) =0.
Since X; and Y; have a.s. continuous paths, we finally deduce that

IP’( sup |X, — Y :0) —1.
t€l0,T]

5. Proof of Theorem 2.15. This proof follows exactly the same steps as the
general multidimensional case given in Section 4. The only differences are the
functionals used and accordingly we skip the other parts of the proof which are
identical.

Technically, the reason why the one-dimensional case is so special is that |x| is
linear except at x = 0 (see Section 5.2).

5.1. Existence. For d =1, we replace the functional Qﬁﬁ,)i by

2
i o X7 — X™|
R e R

for U/"™ a nonnegative stochastic process with bounded variation satisfying
dU™ =A™ dr with A7™ an adapted process (measurable function of a con-
tinuous, adapted process) to be chosen later.

Note that f(x) = |x|log(1 + |x|?/&?) satisfies

2
If/<x)|s4log(1+'z—£) and | f"(0)] <

e+ x|
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Therefore, by Itd’s formula,

= t(lo(X]) o (X1 n(n, m)
E(Q%) (¢ <C+C/E< : : )d +—
(00 1) = e )4
t
+ [ (%2 = X2 tog(1 +[x2 - X/

|F(s,X§‘)—F(S,X§”)| n,m
* <4 xi—xp )>ds'
s s

The first term is treated identically as for the multidimensional case. The only

difference here is that the careful choice of Q,(fn)i improved the exponent of
|X? — X{'| to 1 instead of 2 in the denominator. Therefore, this term can be

controlled with the H}/ 2(umm) norm of o by using Lemma 3.5 instead of esti-
mate (3.1).

The drawback is that the term with F must be dealt with differently. We intro-
duce i = M|V F]| s.t.

T -
/ /d h(t, x)(um(t,dx) + u,(t,dx))dt < C.
0o JR
We then choose
AP = A(h(t, X™) + h(t, XT)).
Therefore, we deduce that

supE(Q%) (1)) < C + n(ng’ ™),

t<T

Using a similar method as in Theorem 2.13, we write for constants L and K to be
chosen later

1

n__ ym|p n__ ym|pP.
IE(|Xt Xt | )SE(|Xt Xt ’ + |10g8|p/2

Xt =X'l=L)
+P(U"™ > log K)

+LPP<|X;Z—X;"|2 ;U,"’mflogK).

1
JTogel

Note that
t r
EU"™) = E([ A ds) < 4/ h(s, x)(un(s,dx) +up(s,dx))ds <C.
0 0
Consequently

C
P(UM" > log(K)) < ——.
(t = log( ))_logK
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In addition, for & small enough,

A (€)
P(’X?_XT|Z;;U;H’"1§IO K>§M.
J|loge] 2/|loge|
Therefore, using (4.6) as in the proof of Lemma 4.2,
1 1 1 LPK(14 20my
EX"—X"”’<C<— : >
(1X7 ") = L + |loge|P/? +1og1( + Jloge]

Taking, for example, € = n(n, m), K = |loge|'/® and L = |loge|'/87, we deduce
that

sup E(| X} — X"|")—>0  asn,m— +oo.
t€l0,T]

The rest of the proof is similar.
5.2. Uniqueness. For simplicity, we assume here that F' = 0. Otherwise it is
necessary to introduce U; as in the previous subsection but it is handled in exactly

the same way.
We similarly change the definition of L, in

Le(x)=1lx| iflx|>e,  Le(x)=0 if|x|<e/2,
IVLell= +e|VELe| < C,

with C independent of ¢.
Applying Itd’s formula,

o (X) —o(Ys)P)d&

- t
E(Ls(X, —Y))) < C/O E<]ls/2f|X,—Yt|5e -

By using as before the assumptions, Lemma 3.5 and the corresponding definition
of H%/ 2 (ux) and H}/ 2 (uy), one deduces that

E(Le(X; —Y¥))) =0  ase—0.

This is slightly less strong than before [L.(g) > L.(¢) when & — 0] but still
enough. In particular, one has if ¢ > ¢

1 ~
P(|Xz Y > Ol) = &E(LS(XI -Y)).
Therefore, by taking ¢ — 0, one still obtains that for any ¢ € [0, T],
]P(|Xt - Y[| > O) :0,

which allows us to conclude as before.
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6. Proof of Proposition 2.19. We simply use the energy estimates. The com-
putations below are formal but could easily be made rigorous by taking a regular-
ization of o, F, and hence a and then pass to the limit

%/u“(r,x) dx = —a(a — 1)/ua_1(t,x)Vu(t,x) -F(t,x)dx

—aa — 1)/u°‘_2(t,x)Vu(t,x)Ta(t, x)Vu(t, x)dx

—a(a—l)/ “ex) Yy

1<i,j<d Xi

Bu(t x) daij(t, x)

0x;j
Note that by (2.21)

/uo‘_z(t,x)Vu(t,x)Ta(t,x)Vu(t,x)dx > C||Vu*/?|3,
On the other hand,

[ a0 u ) - P dx < [Vu ] u | Pl

C
< Z||Vu“/2||iz + C/fu“(t,x)dx.

And

du(r, x) da;j(t,
Jueten 3 SRS e 9 s V.
1<i,j<d Xj

< [[Vu*] 20 VallLo [u*"2] .

with 1/2 =1/p 4+ 1/r, which can be done since p > d > 2. Now by Sobolev
embedding

o1y, = (fuac) oyl

for some 6 € (0, 1], precisely 1 /r =1/2—(1—6)/d or (1—-6)/d =1/ p, provided
that p > d. In that case, we immediately deduce that

- /u (¢, x)dx + — /}wa/22dx<c”( +||Va||2/9)fu“dx.

This concludes the bound provided that

T
2/6
| 1vali < oo
which means that Va € L]  (LY) with 1/g =6/2=1/2 — d/2p. This exactly

corresponds to the condition 2/q +d/p =1 with p > d.
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Note that p = d is critical here in the sense that the result could still hold in that
case provided that the norm of Va is small enough with respect to the constant of
ellipticity.

Finally, we hence deduce that for any # and any o < oo

lut, )| o« < |uz=0,],« <C,

with C independent of « since ug € L' N L. This implies that ||u(z, )|z~ < C
and completes the proof.

7. Proof of Proposition 2.24. We are going to prove this result under the
assumptions of Corollary 2.21. The other cases are similar.

Fix a complete filtered probability space (€2, (F;);>0,P) equipped with a
r-dimensional standard Brownian motion W. Fix also ug > 0 in L' N L™
such that fpsuo(x)dx = 1. Then, by Corollary 2.21, on the probability space
R x Q, (BRY) ® F)i>0, uo(x) dx x P(dw)), there is strong existence of a pro-
cess (X;(x, w), t > 0) solution of (1.1) with £(x, w) = x and pathwise uniqueness
holds. We deduce that strong existence for almost every deterministic initial con-
dition x holds for (1.1) on (2, (F1)>0, (Wi)s>0, P). In addition, the family of laws
PP, of the process w — X (x, w) for x € R forms a regular conditional probability
of the law of X given §.

For uniqueness, the two key points are:

o first, that we are always in cases where uniqueness in law is known for all initial
conditions in (1.1), and in particular for all deterministic initial conditions;

e second, that u € L*° by Corollary 2.20 (or is bounded by an explicit function in
the case of Corollaries 2.16 and 2.22), o € H'(u) and F € WV (u) (this is

implied by Corollaries 2.4 and 2.12).

For all x such that strong existence holds for (1.1) with & = x, let X* and X* be
two strong solutions of (1.1) such that X} = )26‘ = x a.s. Repeating the proof of
Lemma 4.1, we have

X7 — X5
Elog(l + —2>
&

t A
< c/ E[M|Vo|(s, X})* + M|Va|(s, X¥)*]ds
0

z A
+ C/o E[(|F|+ M1/eVF)(s, X) + (|F| + M1, VF)(s, X3)] ds.

By uniqueness in law, the two processes X* and X* have the same distribution P,
and so

|XF — X5 ‘ >
Elog<l+8—2)§C/O E.[(MIVo) + |F| + M1 VF)(s. X5)]ds.
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Let us denote by M; (x) the integral in the right-hand side. Note that the left-hand
side may not be a measurable function of x, but M/ (x) is, because (Py), g is a
regular conditional probability of the law of X given &. Choosing ¢ as in the proof
of Theorem 1.1 (see the Appendix),

t
/Rd M; (x)uo(x)ds :/0 /Iz&d((M|Vcr|)2 +|F| 4+ M/ VF)(s, x)u(s,dx)ds

[loge|
c(1+ 250,

Now, copying the proof of Lemma 4.2,

n 1 LM:(x)
E(| XS - X')<C — ! }
(’ t l’)— |:\/E+L+ |10g8|
Let us denote by N/ (x) the r.h.s. Choosing L = (”%M + 71(e))~! with n(e) =
(ep (e~ 1)) ~!, we obtain

1
/ N; (x)ug(x)ds < C(ﬁ + [ — 4+ ﬁ(e)).
R4 |loge|
Since the right-hand side converges to 0 when ¢ — 0, there exists a sequence
ex — 0 such that N;*(x) — 0 for almost all x. The diagonal procedure then shows

/

the existence of a subsequence &, — 0 such that Nf ¥(x) — 0 for almost all x and

for all 7 in a dense countable subset of [0, T']. Since the paths of X* and X* are
continuous, we deduce that pathwise uniqueness holds for almost all x € R?.

APPENDIX: SKETCH OF THE PROOF OF THEOREM 1.1

The only thing left to prove after Theorem 2.13 is: Assume u € L,q,,loc(Lf / (R%Y)
then show that, for some superlinear ¢,

I|UI|H71-(M) S C”O—”Ltzq([O,T],W):’z[’)’ ||F||W?’Weak(u) S C”F”L?([O,T],W):’p)

From the fact that the maximal operator M is bounded on L”, p > 1, this is
straightforward for o (as 2p > 2 > 1).

Therefore, the key point is how to prove that for F when p > 1. We give the
proof for p =1, the case p > 1 can be treated following the same lines.

Now fix L > 1 and denote

IVF(t, 2|1 1vF> JlogL 42
d (L7V 4 |x —z])|x — z]9- 1"

h(t,x)=M;VF = logL+/
R
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As p’ = oo, for almost any fixed ¢, u(z, -) € L9 N L°°, and hence

/h(t, xX)u(t,x)dx

<,/logL
IVF(t, |11y F= JiogT 92
+ max (1, ||u(t, - oo/minl,ut,x =V 08
( )] ) (1, u( ))(L_l-i-|x—z|)|x—z|“'_1

< log L+ Clog L([lut, )| oo + |u@, ) [ L) IVF @, ) yw iz oz 1

by Fubini’s theorem. Note that the term min(1, u(¢, x)) was kept in the integral
because the function x — (L~ + |x — z])"x — z/7@=D is not integrable on
{lx] > 1}.

Therefore, integrating now in time, by Holder’s estimates

T
/0 /h(t,x)u(t,x)dxdt 5,/logLT+ClogL||VFIL|VF|2\/@||L?(L}().

Now, if VF € L1([0,T1, L }C), then de la Vallée Poussin classical integrability re-
sult means that there exists a superlinear ¥ s.t.
v (VF) “L?([O,T],L}C) < 0.
Consequently,
(log L)*2
¥ (VIogL)’

We conclude that |V F|| o veak is bounded for ¢ defined by
T

(u
L _C«/logL_i_ C/logL
¢(L)  logL  y(JlogL)’

which is hence also superlinear.

T
/ /h(t,x)u(t,x)a’xa’th logL+C
0
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