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MCKEAN-VLASOV EQUATIONS AND NONLINEAR FOKKER-PLANCK

EQUATIONS WITH CRITICAL SINGULAR LORENTZ KERNELS

MICHAEL ROCKNER, DENG ZHANG AND GUOHUAN ZHAO

ABSTRACT. We prove the existence and conditional uniqueness in the Krylov class for SDEs
with singular divergence-free drifts in the endpoint critical Lorentz space L°°(0, T'; L% (R%)),
d > 2, which particularly includes the Biot-Savart law. The uniqueness result is shown to
be optimal in dimensions d > 3, by constructing different martingale solutions in the case of
supercritical Lorentz drifts. As a consequence, the well-posedness of McKean-Vlasov equa-
tions and nonlinear Fokker-Planck equations with critical singular kernels is derived. In
particular, this yields the uniqueness of the 2D vorticity Navier-Stokes equations even in
certain supercritical-scaling spaces. Furthermore, we prove that the path laws of solutions
to McKean—Vlasov equations with critical singular kernel form a nonlinear Markov process
in the sense of McKean.
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1. INTRODUCTION AND MAIN RESULTS

Nonlinear Markov evolutions arise in various non-equilibrium statistical models, such as
kinetic equations of Vlasov, Boltzmann and Landau. In the seminal paper [39], McKean
proposed a deep connection between nonlinear Fokker-Planck equations with a wide class
of nonlinear Markov processes. This kind of relationship enables one to study nonlinear
parabolic PDEs through underlying stochastic mechanisms governed by SDEs, now referred
to as McKean-Vlasov equations, and vice versa.

The purpose of this paper is to make progress, in the spirit of McKean, towards the under-
standing of McKean-Vlasov equations and nonlinear Fokker-Planck equations, particularly,
with divergence-free drifts/singular kernels in the endpoint critical case for dimensions d > 2.

One primary model of our nonlinear Fokker-Planck equations is the 2D vorticity Navier-
Stokes equation (NSE)

dp = Ap—div(up), pli=o = ¢, (NSE)
where the velocity field u can be reconstructed from p by the Biot-Savart law
1 (—:Bz,wl)
t,x) = K — t,d K = ——-" = 1.1
) = [ Kosle —jo(t. ). Kos(o) = 3520 (11)

In view of It6’s formula, (NSE) corresponds to the following general McKean-Vlasov equation

dX:/ K(t, X; — y)p(t, dy) dt + V2 dW,
= | (t, X —y)p(t, dy) ¢ (MVE)

p(t) =law(Xy), pli=o = ¢ € P(RY)

with K (t,z) = Kps(z) given by (1.1). The marginal law of McKean-Vlasov solutions satis-
fies the 2D vorticity (NSE), and thus, (1.1)-(MVE) provide a probabilistic interpretation of
(NSE). We note that, rather than in the usual space L7 (R?), the Biot-Savart law belongs
to the critical Lorentz space L**(R?). Hence, the nonlinearity in (NSE) involves a singular
kernel. Therefore, achieving the McKean picture for the 2D vorticity NSE, or more general
nonlinear Fokker-Planck equations

{atp = Ap — div (K = p)p) (NFPE)

pli=o = ¢,
where the interaction kernel K can be singular and time-dependent, requires the solvabil-
ity theory for McKean-Vlasov equations (MVE) with singular kernels. Although the well-
posedness of the 2D vorticity NSE has been extensively studied (see, e.g., [16, 18, 19, 21,
24, 5]), the singularity and criticality of kernels pose a major challenge to solve singular
McKean-Vlasov equations. As a matter of fact, very few results are known in the case of
critical singular kernels in dimensions d > 2.

In contrast to this, the solvability of McKean-Vlasov equations with subcritical kernels has
been extensively studied, see, e.g., [10, 40, 47, 55]. One efficient approach is to analyze the
corresponding linearized version of (MVE), leading to SDEs with subcritical drifts that have
been well explored in the literature. We refer to [35, 41, 51, 52] and the references therein.

The well-posedness of SDEs with critical drifts is much more challenging. Recently, signif-
icant progress has been made by Krylov in a series of papers [30, 32, 33, 34] in dimensions
d > 3, where the strong well-posedness of SDEs with non-endpoint critical Morrey-type drifts
was proved. In the endpoint critical case, the case of drifts in the Lorentz space L§°L§§’°°
under smallness conditions was addressed in [27] and [34]. For arbitrary divergence-free drifts
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in L§°L§l’°° in high dimensions d > 3, the weak well-posedness of the SDEs was proved by
the first and third authors [49].

The remaining 2D case is more subtle than the higher dimensional case. Actually, even in
the simple case of SDEs with time-independent drifts, the standard weak sector condition is
unclear for the corresponding Dirichlet form in dimension two, while it is valid in dimensions
d > 3. Thus, solving singular SDEs with the endpoint critical LfoLg’oo—Lorentz drifts in
dimension two, closely related to the Biot-Savart law, remains a challenging open problem.

In the present paper we address this problem for singular SDEs in dimension two. Fur-
thermore, we achieve the picture of McKean [39] for more general McKean-Vlasov equations
and nonlinear Fokker-Planck equations with critical singular Lorentz kernels in all dimensions
d > 2. The main results can be summarized as follows:

(i) Well-posedness of SDEs with divergence-free drifts in the 2D endpoint critical Lorentz
space L,?OL%OO.
(ii) Well-posedness of McKean-Vlasov equations and nonlinear Fokker-Planck equations
with singular kernels in the endpoint critical Lorentz space L<;°L§’°° for dimensions
d > 2. In particular, uniqueness holds in the Krylov class.
(iii) Nonlinear Markov process, in the sense of McKean, formed by the path laws of solutions
to McKean-Vlasov equations with critical kernels.

It should be mentioned that uniqueness is in general more difficult than existence of weak
solutions to McKean-Vlasov equations and nonlinear Fokker-Planck equations. We refer to
[3] for uniqueness in the case of Nemytskii-type nonlinearities. For non-Nemytskii type non-
linearities like the Biot-Savart law in the 2D vorticity NSE, in the recent work [5], which much
motivated the present work, uniqueness was obtained in a certain (sub)critical regime, and
the nonlinear Markov property of the path laws of solutions to the corresponding McKean-
Vlasov equations was proved in the class L} (L% N LY N L H_ 1, in which strong existence
and uniqueness is also proved for good initial conditions. In the present work, our general
uniqueness results also apply to the 2D vorticity NSE model and render the following new
contributions:

(a) The uniqueness is proved for the 2D vorticity NSE in certain Krylov class, which includes
a supercritical scaling space L;',LEI with 1/p" +1/q" > 1.

(b) The present proof is of probabilistic nature, which is different from the analytic approach
based on the superposition principle in [5]. In particular, it permits to derive the in-
tegration representation formula for solutions to (NSE) and associated (MVE) in the
Krylov class, with kernels satisfying the Aroson-type estimate, which is important in the
derivation of uniqueness.

(c) The probabilistic proof is also stable under small perturbations of integrable exponents,
which reveals that the unique solution class has a non-empty open interior of (p’,q’) in
the supercritical regime.

(d) The nonlinear Markov property of solutions is derived in the Krylov class L?/Lg;l with
1/p"+1/q > 1 for (MVE) associated to the 2D vorticity NSE.

Let us mention that, in view of the Ladyzenskaja-Prodi-Serrin (LPS) criteria, weak solu-
tions to NSE in the (sub)critical-scaling regime are unique and automatically in the Leray-
Hopf class [12, Theorem 1.3] for d > 2. In the supercritical-scaling regime, it is usually
expected that solutions are not unique. This has been confirmed near one endpoint of the
LPS criteria, that is, in the space C;LL with p < 2, for the 2D NSE, recently proved by
Cheskidov and Luo [13]. This phenomenon also occurs near another LPS endpoint in the
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space LYL® with p < 2 for the 3D NSE [12], and near two LPS endpoints for the hyper-
dissipative NSE with viscosity beyond the Lions exponent 5/4 [36]. The non-uniqueness of
weak solutions is also expected in the remaining supercritical regime [12, 36]. Our uniqueness
result in the Krylov class reveals that, even in the supercritical regime, there would exist cer-
tain unique solution class for the 2D vorticity NSE, as well as for the 2D NSE, see Theorem
1.8 and Corollary 5.2 below.

1.1. Main results.

1.1.1. SDEs with endpoint critical drifts. We start with SDEs with endpoint critical drifts,
which will serve as the linearization of McKean-Vlasov equations (MVE) when the drift is
independent of the marginal law p(t).

To be precise, we consider the following SDE in R%:

t
th’m::v+/ b(r, X5%) dr +V2(W; = W), 0<s<t<T, (SDE)
S
where b is a divergence-free vector field and belongs to the critical Lorentz space
||bHdLOOLd,OO = sup sup A |{z: [b(t,x)| > A}| < oo and divb = 0. (Ap)
L t€[0,T] A>0

The criticality can be seen from scaling arguments, see Subsubsection 1.2.1 below for detailed
explanations.

Let h denote the heat kernel for A in R?
h(t,z) = (47t) "% exp (—|x|?/4t) (1.2)
and

I = {(p,q) e(l,oo)Q:ZJrz <2}.

The main results for SDEs with endpoint critical drifts in dimension two are formulated
in Theorem 1.1 below.

Theorem 1.1 (Well-posedness of 2D critical SDE). Let d = 2. Assume that the drift b
satisfies (Ap). Then the following conclusions hold:

(i) Existence: For any 0 < s < T and x € R?, there exists a weak solution (Xf’z)te[sﬂ
to (SDE), such that its density psi(x,-) satisfies the Aronson-type estimate: for any
0<s<t<T and z,y € R?,

1

ol ((t=9)/C.x —y) < psa(z,y) < CR(C(t = 5),2 — ), (AE)

where C'is a constant only depending on ||b]| ;o 2.00. In particular, for any (p,q) € 7,

t Lz
the following Krylov-type estimate holds:

T
B [ J(6X07)0< Ol (KE)

where C' is a constant depending only on p,q,T and ||b]| 2.0
+ x
(ii) Conditional Uniqueness: There exists a pair (p,q) € &, depending only on ||bHL§,OLi,oo,
such that the law of the solution to (SDE) is unique within the class of all processes
satisfying the following generalized Krylov-type estimate

T

B[ JXPA < Colfllaepsrasy € (0.7 =) (KE")
s+
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where Cs depends on 0 as well as p,q,T, ||b| ;o 2.00. Moreover, the collection of distri-
t L
butions Ps 5 of (X57%) forms a strong (linear) Markov process.

In the sequel, we say that a process (X¢)c[s,7] (or equivalently, a probability measure P
on O([s, T];RY)) belongs to the Krylov class if X (or the canonical process under P) satisfies
(KE’) for some (p,q) € .#. With slight abuse of terminology, we also say a time-space

p
function f: (s,T) x R? — R belongs to the Krylov class, if f € Lﬂ%(s +6,T; LE7") for any
5 € (0,7 — s) and some (p,q) € .¥.

Let us mention that in the high dimensional case, where d > 3, the existence of weak solu-
tions and the conditional uniqueness have been proved for (SDE) with the critical L;;OL%‘”-
Lorentz drifts by the first and third named authors [49]. The Aronson-type estimate when
d > 3 is implied by the previous work by Qian-Xi [45] and Kinzebulatov-Seménov [28]. As
a consequence, together with Theorem 1.1 in the remaining case where d = 2, one has the
well-posedness and the Aronson-type estimate for all dimensions d > 2, as formulated in
Theorem 1.2 below.

Theorem 1.2. For any d > 2, the results in Theorem 1.1 hold with the exponents p and q
potentially depending on d and ||b|| ;o ;.0 -
+ T

1.1.2. Optimality of well-posedness. Theorem 1.2 is optimal for dimensions d > 3 as revealed
by the following non-uniqueness result.

Theorem 1.3 (Non-uniqueness of supercritical SDEs). Let d > 3. Then, for anyp € (d/2,d),
there exists a supercritical divergence-free vector fieldb € LY, such that there are two distinct
weak solutions to (SDE) starting from the origin, and both of them satisfy the Krylov estimate
(KE) for any (p,q) € 7.

As a consequence, we also obtain the non-uniqueness for linear Fokker-Planck equations
with supercritical drifts.

Corollary 1.4 (Non-uniqueness of supercritical FPE). Let d > 3, and b be the same
divergence-free vector field as in Theorem 1.3. Then, there exist at least two distinct so-
lutions to (3.5) in CyP, with initial data &y, where CyP, denotes the set of weakly continuous
probability measure-valued curves on [0,T].

Remark 1.5. (i) As mentioned before, the well-posedness of (SDE) in dimension two is
more difficult than the higher dimensional case. The detailed explanations of their dis-
tinctions are contained in Subsubsection 1.2.2 below.

(i) The uniqueness result in Theorem 1.1 is important to establish the uniqueness of so-
lutions to McKean-Viasov equations and nonlinear Fokker-Planck equations with end-
point critical kernels. In particular, the Krylov class in Theorem 1.1 enables to derive
the uniqueness of solutions to the 2D wvorticity NSE in certain supercritical spaces. See
Theorem 1.8 below.

(i) We also prove the uniqueness for the linear Fokker-Planck equations, see Proposition 3.2
below. We mention that the uniqueness for (SDE) in general cannot imply that of
the corresponding linear Fokker-Planck equation. For more details, we refer to the
monograph [7], in particular to Section 9.2 which contains examples for non-uniqueness.

(iv) It is worth noting that the divergence-free condition is necessary in Theorems 1.2 and
1.3 to guarantee both the existence of weak solutions to SDEs with critical drifts and
the uniqueness in the Krylov class. Actually, if the drift b is not divergence free, it
was shown in [6, Example 7.4] that (SDE) may not have weak solutions in the case of
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critical drifts in L%>°(R%), d > 2. The divergence-free condition of drifts also matches
naturally the incompressibility condition of velocity fields in the NSEs.

1.1.3. McKean-Viasov equations and nonlinear Fokker-Planck equations with critical kernels.
By virtue of Theorem 1.2, we obtain the well-posedness results for both the McKean-Vlasov
equations (MVE) and nonlinear Fokker-Planck equations (NFPE) with critical singular ker-
nels in all dimensions d > 2.

Let M(R?) denote the space of all real measures on R? with finite total variation, and
P(R?) the space of all probability measures on R%. We denote by |¢|(R?) the total variation
of ¢ € M(R?). Any ¢ € M(RY) can be decomposed uniquely as

CZC0+Ca’

where (. is the continuous part, i.e., (.({z}) = 0 for all z € R, and ¢, = Y, ¢;0,, is the
purely atomic part. Set

P.(RY) = {¢ € P(RY) : Gu(RY) < e}

We say a map p : [0,7] — M(R?) is narrowly continuous if ¢ — [ fdu; is continuous for
all f € Cy(RY).

Theorem 1.6 (Well-posedness of McKean-Vlasov equations). Let d > 2. Assume K €
LLE™® and divK = 0. Then, the following holds:

(i) For any ¢ € P(RY), there ewists at least one weak solution (X;) to (MVE). Moreover,
for each t € (0,T)] the distribution of X; admits a smooth bounded density.
(ii) There exist (p,q) € F and g9 > 0, depending on d and ||K||; « a0, such that if ¢ €
t T

P..(RY), then the weak solution to equation (MVE) is unique in the class of processes
(Yy) satisfying the following property: for any § € (0,T), there is a constant Cys such that

T
Elf@@“é%Whmmm (1.3)

Parallel to the above results of (MVE), we have the well-posedness of (NFPE).

Theorem 1.7 (Well-posedness of nonlinear Fokker-Planck equations). Let d > 2. Assume
that K € L;?OL;Z’OO and divK = 0. Then, the following holds:

(i) For any ¢ € M(RY), there exists at least one weak solution p to (NFPE). Moreover,
for each t € (0,T], p(t) is smooth and bounded.

(ii) There exist (p,q) € £ and €9 > 0, depending on d and HK”LgOL;l"’O’ such that if {, €
M(RY) with |,|(RY) < o, then the narrowly continuous weak solution to equation
(NFPE) is unique in the class of functions p satisfying the following property: for each
5 €(0,7),

pe19(6,T: 1Y),
where (p',q') = (p/(p —1),9/(a — 1)).

In the specific case where the singular kernel K is the Biot-Savart law, we have the following
uniqueness result for the 2D voricity NSE in certain scaling-supercritical spaces.

Theorem 1.8 (Well-posedness of 2D vorticity NSE). For any ¢ € M(R?), the narrowly
continuous weak solution to equation (NSE) is unique in the class of functions p satisfying
the following property: for each 6 € (0,T),

peLV(8,T;LY), (1.4)
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where p' and q' are the same exponents as in Theorem 1.7 satisfying 1/p' +1/q' > 1.

Remark 1.9. (i) The uniqueness problem of the 2D wvorticity NSE has been extensively
studied in literature. In the remarkable paper [18], the uniqueness was proved for
solutions w € C((0,T); L* N L) satisfying ||w(t)||;x < C for all t € (0,T) and
wt) = p € M(R2) ast — 0. In [16], the uniqueness was proved for weak solu-
tions w € C([0,T); D) N L®(0,T;P) such that Vw € L*/(34=2)(0,T; L7), Yq € [1,2).
Very recently, the uniqueness in the class L H, ' N LH(LE N Lf},;/g) was proved in [5].

In Theorem 1.7, the uniqueness is derived in the Krylov class for general nonlinear
Fokker-Planck equations with critical kernels, which include the 2D vorticity NSE.
(ii) We remark that the Krylov class allows for obtaining uniqueness of solutions to (NSE)
in certain scaling-supercritical spaces Lgng with (p,q) € Z.
Actually, the 2D wvorticity NSE has the invariant scaling

pa(t, ) = N2p(\2t, Ax),  Ky(t,z) := AK(\*t,\z), A > 0.

Note that, the Biot-Savart kernel is invariant under the scaling, namely, Ky(t,z) =
K(t,x), VA > 0. The above scaling leaves the mized Lebesque space LY(Ry; L) invariant
if 1/p+1/q=1. For the exponents (p',q') in (1.4), since 1/p’ +1/q' > 1, one has

_1_ 1
Hp}‘HL?/L';/ :)\2(1 a’ "/) — 0

as X — 07. This justifies to say that L?/LE; is a scaling-supercitical space for (NSE).

It is somewhat surprising to find the uniqueness solution class for (NSE) in a super-
critical regime, because usually weak solutions exhibit non-uniqueness in the supercritical
regime. See, e.g., [8, 9, 12, 13, 36] for NSE in supercritical spaces with respect to the
LPS criterion. In contrast to this, Theorem 1.8 reveals that, even in the supercritical
regime, there exist certain uniqueness class for the 2D vorticity NSE.

(77i) In Theorems 1.6-1.8, the uniqueness results in the Krylov class for McKean-Viasov
equations and nonlinear Fokker-Planck equations also hold for an open set of the index
(p,q) € &, thanks to the stability of our probabilistic arguments under small perturba-
tions of the indices in & .

The present probabilistic proof also avoids the explicit estimates used in [21, (4.19)]
and [24, Theorem 6.1] for proving the uniqueness of (fractional) NSE.

1.1.4. Nonlinear Markov processes. An important consequence of the above results is the
following nonlinear Markov property for the path laws of solutions to (MVE) in the Krylov
class. We refer to Section 6 below for the precise definition of nonlinear Markov process.

Theorem 1.10 (Nonlinear Markov process). Assume that K € LfOL%OO anddivK = 0. Then
there exists a monlinear Markov process {PS7C}(S7<)E[07T]XP(W) in the sense of Definition 6.1,
such that for each (s,¢) € [0,T] x P(R?), the measure Ps ¢ is the law of a weak solution to
(MVE) with the initial condition (s, (), and Ps ¢ lies in the Krylov class with the same index
(p',q") as in Theorem 1.7. Moreover, the following uniqueness results hold:
(i) Psc,s € [0,T],¢ € Py, is unique in the Krylov class, where g > 0 is the small number
as in Theorem 1.6.
(ii) Psc,s € [0,T),¢ € P(R?), is unique in the Krylov class, if d = 2 and K is the Biot-
Savart kernel.

1.2. Related literature.
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1.2.1. SDEs with critical and subcritical drifts. The study of strong well-posedness of SDEs
with irregular drifts dates back to the pioneering works by Zvonkin [56] and Veretennikov

[61]. The criticality of drifts of SDE can be seen by scaling arguments. More precisely, let
X (t) be a solution to (SDE) and X (t) = A~1X(A?t) for A > 0. Then,

dX\(t) = ba(t, Xa(t))dt + V2AW, (),
where by (t,z) = Ab(A\%t, \z) and, by the scaling invariance, W) (t) = A"W (\?t) is another

standard Brownian motion. One has

d

2
Hb,\HLngw(@R) ! Hb”LELZ’T(Q}R)

with Qp = {z=(t,y):s<t<s+R*|y— x| <R}, which remains invariant if the LPS
condition holds

2 d
-+ — =1 with p,q € [2,00] and r € (0, ] (1.5)
q P
(see also [6]). For the small-time behavior of the process, it is more reasonable to con-

sider the local norm HbAHLng,T(QR) with R < oo, rather than the global one. Note that
||b,\HLgL§,T(QvR) — 0 as A\ — 0T, except the endpoint case (p,q) = (d,o0). This intuitively
indicates that the endpoint critical case is more difficult to analyze than the non-endpoint
critical and subcritical cases.

In the literature, there is a large number of results for SDEs with subcritical drifts, see,
for instance, [35, 41, 52] and the references therein. One standard strategy in the subcritical
case is to construct a homeomorphism, e.g. the Zvonkin transform, to deal with the irregular
drifts by solving the corresponding Kolmogorov equations. But it seems not applicable well
in the critical case.

Very recently, the progress in dimensions d > 3 has been obtained by Krylov [31, 32,
33, 34] regarding the existence of strong solutions to SDEs with non-endpoint critical and
supercritical drifts. These developments are based on an analytical criterion for the existence
of strong solutions initially applied in [31]. Related results obtained via Malliavin calculus
for d > 3 can be found in [27] and [48].

Lastly, we also would like to refer to [17, 23, 25, 37, 54] for SDEs in the supercritical case.

1.2.2. Distinctions of critical SDFEs in dimensions d = 2 and d > 3. The subtleness in
dimension two to solve SDEs with critical L%OO—Lorentz drifts can be seen as follows.

From the perspective of the theory of Dirichlet forms, the Dirichlet form corresponding to
the operator A 4+ b -V, where b is time-independent, is given by:

E(u,v) = (Vu, Vv) — (b- Vu,v), Yu,v € HY(RY).
In dimensions d > 3, it is a regular Dirichlet form and satisfies the standard sector condition
£(u,v) <v/E (1w, w)V/E(0,0) + VE (w2
<VE(,u) (VE© ) + Clell e vl g, )
< (1 + Ol pe) VEw W) /E@w,0), Vu,v € HA(RY,

where the last step is due to estimate (A.6) below. Hence, by virtue of the theory of Dirich-
let forms (see [38]), there exists a unique Hunt process associated with the Dirichlet form
(&, H'(R?)). But the sector condition is still unclear in the low dimension case d = 2.
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Another delicate point can be seen from the viewpoint of martingale problems, where a
key step is to find a solution to the associated linear backward Kolmogorov equation (2.11)
below in the space

HeP = {u € L]L} : Ou, V?u € L]LE} with (p,q) € 7. (1.6)

This requires the integrability b- Vu € LILE with (p,q) € .#, which can be achieved in
dimensions d > 3 ([49]), but is more difficult in dimension d = 2.

1.3. Ideas of the proof. The main novelties of our proofs can be summarized as follows.

Meyers-type estimate. The keypoint to solve the backward Kolmogorov equation (2.11) in
the required space (1.6) is obtaining a high integrability estimate of the gradient ||Vul| LILLt
where [ > d and q > 2[/([ —d).

For dimensions d > 3, this estimate can be derived by proving an a priori Hélder estimate
for solutions to (2.11), and utilizing a Gagliardo-Nirenberg type inequality together with the
Li-LP theory for parabolic equations. See [49] or Figure 3 in Subsection 2.3 below.

For dimension d = 2, the primary obstacle is that the L9-LP theory gives only a priori
estimate of ||Vul|py s with o < 2 = d, and the standard energy method gives merely an
upper bound of || Vul| 2 - These low integrability estimates, however, are insufficient to solve
the backward Kolmogofov equation (2.11) in second order Sobolev spaces.

To overcome this limitation, we introduce upgradation procedures to upgrade the integra-
bility of the gradient of solutions. For the convenience of the readers, we present Figure 1
below to illustrate the proof strategy.

Lem. 2.13 (o, - 77 )
v - Vue L,
eyers-type estimate l J
(Ferrini)H > 2
Thm. 2.1 ] [
[U € LtooLQl bu € LtVLg Base estimate
r>2 p=F<2,v>1
Prop. 2.8
b-Vu e LILL|—=
_ 2
[>2,1<q< % p=35
Prop.B.2, 2.6 Prop. 2.8
- 7 qrkl . arp 2,p
Second upgrade Vu € LiLs b-Vue LiLy
1-a/2 — 2t
6:27Z§27[:§,q:% p72+[ (p>q)€j

FIGURE 1. Proof Strategy when d = 2

We first prove that, in addition to the standard energy bound, the gradient of solutions
indeed obeys a Meyers-type estimate. That is, the gradient of solutions has an improved
integrability in LZI for some v > 2, see Lemma 2.13 below. The Meyers-type estimate relies
crucially on Gehring’s Lemma (Lemma 2.10) and the reverse Holder estimate (Lemma 2.12),
and serves as one of the key steps in upgrading the integrability

||Vu||LgL;,1 < 00
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for certain exponents ! > 2 and 1 < ¢ < 21/(l—2). It is important that the spatial integrability
exponent here can be raised above 2.

Then, in the second upgradation step, we make use of the refined Gagliardo-Nirenberg
inequality (see (B.2) below) to further improve the integrability

IVl pag < oo,

where the exponents [ > 2 and q > 2[/([ — 2). In both steps, it is quite delicate to select
appropriate integrability exponents to ensure that the final upgraded integrability exponents
(p,q) € Z, ie., 1/p+1/q <1, as required by the Krylov class.

As a result, we can solve the backward Kolmogorov equation (2.11) in the desired Sobolev
space (1.6) in dimension d = 2. To the best of our knowledge, the solvability of equation
(2.11) in H?I’p for dimension two is new in the existing PDE literature.

AZd
Cl ‘ Cn /_/’j

A 4

FIGURE 2. Solution paths
The solution process starting from x™ exhibits the green trajectories with high probability.

Construction of non-unique solutions. Concerning the non-uniqueness in Theorem 1.3,
the key observation is that the drift in the supercritical regime can be very singular, say,
near the origin, so that it suppresses the fluctuations of Brownian motions, thus results in
different concentrations of solution paths.

More precisely, we construct a divergence-free vector field b € LY, p € (d/2,d). It is
anti-symmetric with respect to the hyperplane IT = {z € R? : 2; = 0}, and when z is located
in the cone Cy, = {z : 4 > k|Z|} with k£ > 1, it can be very singular in the direction of the
last coordinate

b(xz) =~ (0,---,0,sgn(xq)bg(z)) ~ (0,---,0, Sgn(xd)|x\*d/p)_

Then, we consider two sequences (z") C {# = 0} and (y") C II converging to the singular
point 0 in different ways. Because of the anti-symmetry of the drift, the corresponding
martingale solutions {P,»} are invariant under reflection across the hyperplane II, and so is
the limit Py.

In contrast, for the martingale solution P,», the singularity of the drift along the axis x4
forces the solution trajectories starting from the small cone C,, with a uniform probability
(independent of n), to stay in the larger cone C; and return back to C,, after certain time. As a
result, the trajectories are more likely to intersect with the hyperplane {x4 = 2} before exiting
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C1, and to remain in the region {x4 > 1} for a unit time. Intuitively, as illustrated in Figure 2,
the solution process follows the green trajectories with high probability. Consequently, the
limit Py of (P4 ) is more concentrated on the half space Iy = {z € R% : 24 > 0}, and thus,
leads to the non-uniqueness }TDO = Pp.

Uniqueness of solutions in the Krylov class. Uniqueness is usually more difficult than
existence of weak solutions to McKean-Vlasov equations. See, for instance, the recent work
[4] and [5] for an analytic method based on nonlinear Fokker-Planck equations and the super-
position principle, and [24, Theorem 6.3] for the well-posedness with initial data in certain
Besov spaces including L'*¢ N L' based on the semigroup method.

In the present work, we provide a direct probabilistic method to obtain the uniqueness
of solutions in the Krylov class. Building upon our well-posedness results for critical SDEs,
we derive an integral representation formula for the solutions in Krylov class to nonlinear
Fokker—Planck equations

p(t,y) = /Rd pos” (@, )¢ (x)d,

where the kernel pé(t*p (x,y) satisfies the Aronson-type estimate (AE), see (5.6) below. The
representation formula is important to close Gronwall-type estimates of solutions in the
derivation of the uniqueness.

Concerning the nonlinear Markov property, the one-to-one correspondence for a large class
of nonlinear parabolic PDEs and nonlinear Markov processes was proved in [46]. See also [5]
and [2] in the case of singular drifts.

Let Q@ C P(R?). In view of the criteria in [46], two conditions are crucial for verifying the
nonlinear Markov property for the path laws of solutions to McKean—Vlasov equations:

e Flow property: the marginal distribution (NS’C)te[s,T} satisfies

5.¢
e Q and pit =t Vs <r<t, (€ QCPRY. (1.7)

e Extremality: ;¢ is an extreme point in the convex set of all weakly continuous
probability solutions with the initial datum (s,() to the linearized Fokker-Planck
equations obtained by freezing p = u®¢ in the convolution term in (NFPE).

Thanks to the uniqueness result of solutions to the nonlinear Fokker—Planck equation,
the flow property in the present work is guaranteed. Moreover, our well-posedness result for
SDEs ensures that ;¢ is an extreme point of the aforementioned solution set of the linearized
Fokker-Planck equation. As a consequence, we obtain the nonlinear Markov property for
(MVE).

Organization: This paper is organized as follows: Section 2 is dedicated to establishing the
solvability of the linear backward Kolmogorov equation (2.11) in certain second order Sobolev
spaces when b satisfies (Ap). The proofs of Theorem 1.1 and Theorem 1.6 are presented in
Section 3 and Section 5, respectively. In Section 4, we provide an example demonstrating
the optimality of the condition (A;). At last, in Appendix A we present the preliminaries of
Lorentz spaces. Then, Appendix B contains several useful interpolation estimates in Lorentz
spaces used in this paper.

Notations. Let T be any fixed time horizon. For p € [1,00], p’ denotes its conjugate number
S5 Forz = (t,2) € Rx R?, we set Qr(2) := (t — R%,t) x Br(z) and Qg := (—R?,0) x Bg.
For any p,q € (1,0), let

HfHLfLI; = HfHLq([O,T};LP(]Rd))'
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N

Moreover, let [|fl| gz = 1A% fllpz and [/l zze = |fllzg + A% Fll 2, where A == (~A)3.

2. LINEAR BACKWARD KOLMOGOROV EQUATIONS

In this section, we study the solvability of the backward Kolmogorov equation correspond-
ing to (SDE) when the drift b satisfies (A4;). We mainly focus on the most delicate case where
d = 2. The method also applies to high dimensions d > 3.

Define the Kolmogorov operator by
A= Au+b(t,-) - Vu,
and the dual Fokker-Planck operator
Aju = Au — div(b(t, - )u) = Au — b(t,-) - Vu.

To avoid inessential issues arising from the singularity of b, in the rest of this section, we
assume that b € C°(R41) and b is divergence-free. We note that the constants in all of
the following a priori estimates do not depend on the regularity of b, but only on the critical
Lorentz-norm ||b|| Leerdee » SO the results in this section are valid for the drift b satisfying

(Ap).

2.1. Aronson-type estimate. Let us first prove the Aronson-type estimate for the funda-
mental solutions of 9, — Aj.

Theorem 2.1 (Aronson-type estimate). Let d > 2. Then, 0y — A} admits a fundamental
solution ps(z,y),t € [s,T],z,y € RY, i.e.

{8tp8,t(x7y) = [A:pS,t(xa )](y)
hmtis ps,t(xv y) = 5($ - y)a

and psi(x,y) satisfies

/ Do (T, 2)Dri(2,y)d2z = psy(2,y), / psi(z,y)dy =1,
R4 Rd

and

S (= 5)/Co —4) < poalary) < Ch(Clt — 5),— ). (2.1)

where h is the heat kernel for A on R? given by (1.2), C' depends only on the dimension d
and ||b]| ; oo ;4.0 Moreover, there exist constants o € (0,1) and C' > 0, only depending on d
+ T

and ||b]| ; s ;d.0, such that for any t > s and z,y,y" € RY,
¢ Lz
|ps,t () — psa(a,y)|

<C [(’\y/%’!)a A 1] [W(C(t—s),2—y) + h(C(t—s),2— /)] .

Remark 2.2. (i) The case where d > 3 follows from [28]. For the convenience of readers,
we give a unified estimate for both the cases d =2 and d > 3.
(11) Since psi(z,y) also satisfies the backward equation

{asps,t(mv y) = [Asps,t(" y)](l')
limgys ps¢(z,y) = d(x —y),

(2.2)
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and the operators Ay and A} have the same form, except the opposite signs of the drift

coefficients, we also have
|ps,t(2,y) — psi (2, y)|

<C [(‘H)a A 1] [W(C(t—s),2 —y) + h(C(t—5),2" —y)].

(2.3)

(iii) In light of Theorem 2.1, using standard approzimation arguments one also has that for

any drift b satisfying (Ayp), there exists a Markov process (Ps o, Xt) such that

Ps,x(Xs = .I') = 17 ]P)s,:p(Xt c A) = / ps,t($7y)dy7
A

where ps ¢ is the fundamental solution as in Theorem 2.1.

The proof of Theorem 2.1 follows from the Nash iteration as in [42, 15, 45]. Two key

ingredients are Nash’s inequality
243 2 3 1~ 77l
ullz,® < CallVullzallullz,, Yue L NH,

and the following lemma.

(2.4)

Lemma 2.3 ([15]). Suppose that w is a nonnegative, nondecreasing continuous function on
[0,00). Letp > 2,a,8,T' >0 and § € (0,1]. Then, there exists C depending only on a and 3

such that if

oAt ()
w'(t) < _EW + pLu(?),

then
1
Bp
£5 Fru(t) < <Cp> e w(t).
Proof of Theorem 2.1. (i) Upper bound: As in [15], for any o € R?, we define
pla)=a-z, ¢=e% Al f=0¢ Al (f0),
and
pii(@y) = ¢ (Wpsi(z,y)(x), P f = oz, ) f(z)da
ERAGE s,;t\ Ly Y ) s,t . Rd p57t 9 .

By definition, p?, is the fundamental solution of &; — A7", and

AP f = A(fo) — ¢ b V()
=Af+2Vf- Vlog(qS) +fi;b —-b-Vf— b-V]og(qS)f

=Af—(b+2a)-Vf+(la?+a-b)f.
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For any f € L1 N LX, put f; = Py; f. Then 0, f; = Af" f;. Using (B.6), (2.4) and (2.5),
we get that for any p € [1, 00),

G [ 5= [ 5o = [ £tar,
=—(4-2/p) /lvft|2+2p/lal +2p/a'bft2p

— (4 =2/p) IVfPIZz + ploPIFEIIZ2 + Cplallbll o oo | N 22 IV 1l 2

(2.6)
<= VAR + (14 ClBIE . pame ) PPl 211

Rl
Wellge ™
<- + (14 CIbIE « pae ) PPl

1212,
where ¢ and C' only depend on d.

Let
d_d
up(t) := | fillpzes wp(t) := sup st fillg.
\s\

Then, (2.6) implies

iy < CT ()
S )

+ O (14 b1 e ) Pl (t).

Applying Lemma 2.3 we get
| ftlloo < limsupwqr(t) < C(e) exp (s|a|2t) wa(t)
k—o00
<C(e) exp (€|a|2t) sup || fsllz2-
s€0,t]

Using (2.6) again with p = 1 we derive that
1fill2e < exp (C (14112 o ) o) 1122
+ T

Combining the above two estimates together one sees

IR ez ne < Coxp (C (L4 B2 . ame ) laf?t)
Noting that b is divergence-free, by duality, we also have

1Pfaullns sz < Cexp (C (14 bl ame ) laf?t)
Therefore,

1RE s < Cexp (C (14 b2 . o) laft)
ie.,

po(a.y) < Cexp (C (14 b2 . pane ) ol +a- (y =)

Letting a = (y — z) (2C(1 + HbHiNL )t)_l, we then obtain the upper bound estimate.
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(7i) Lower bound: Regarding the lower bound, following [15], we set

p(w) = (2m) 7 exp (—|af?/2)
and

G(t,y) == /Rd logpi—¢1(x,y) p(xz)dz, te(0,1] andy € R,

By a straightforward computation with the integration-by-parts formula, we obtain

0:G(t,y) —/ [Azpri—ta1(z,y) +b(1 —t,2) - Vapr_1(x,y)] . dx
Rd P1—t1(2,Yy)

:/d [z Valogpi—i1(z,y) + |Valogpi—ei(z,y))?] plz)da
R

+ [ b o) (V) g prsa (o) do
R
>—C|V,1 Vel 7
> = C|Valogpi—ta( 9)ll L2 + IValog pi—ea (5 9) 72,
= Olbll oo g I Vielog pr—sa (5 y) | v
3
>-C-C ”| : | logplft,l(‘a y) ,U”Lg’J + Z”Vx Inglft,l('ay)H%a(#)-
In the case where d = 2, we have by (B.6),
1 2
- 1fpll 2 <CN - gl ozl £z a2
2 1 2 1
<ClFRA LIV (b2,
2 2 2
SCellfpsllpz +ellfl-lpsliz + el Vs

<Cell fllz2qu + 5”VfH2L2(u)§
While for d > 3, Hélder’s inequality (A.2) yields

- 1fll s < CHIL- I\/ﬁHL 20, |lFvillz < Cllfll2gu)-

d
T

Thus, we conclude that for any d > 2,

1
O(G(t,y) = §||Vz log 11,1 )I72(,) — Clllog p1—t1 (- y)l| L2 () — C- (2.7)

Then the proof for the lower bound can be argued in an analogous way as in [15] and [45],
so the details are omitted here.

(7i7) Holder regularity estimate. We note that the Aronson-type estimate implies Nash’s
continuity theorem (see, e.g., [42]): suppose that u is a solution to equation

Ou = Afu (or Opu = Au)

in Qgr(7,§), then there exist two universal constants « € (0,1) and C' > 0 such that
1/2

}u(t,y)—u(t/,y/)’<C<‘t_t/| R+ |y_y/|> (sup u— inf u) (2.8)

Qr(7.£) Qr(7:¢)

for all (ta y)7 (tla y/) € QR/Q(Ta 5)
Below we set that for any 0 < s < t < o0,
R? 9R?

R:=+vt—s and T:zt—l-?:S—l-?.
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QR(Tv '5)

FIGURE 3. Cube Qg(T,&)

We consider two cases where |y — ¢'| < R/2 and |y — | > R/2, respectively.
(iii.a) Suppose that y,3’ € RY satisfying |y — /| < R/2. Let £ = %‘y/ Applying (2.8) to
u(t,y) = ps(z,y), we obtain that

/ «
y—y
|pst(z,y) — psp(z,y)| <C <|R|> sup  psq(w, 2)

2€BR(£);
re(t—R2,T)
<C\y—y'|°‘(t—s)_d+Ta sup exp (—]x—z|2>
h “€BR(e); CR?
re(s+R2/8,s+(9R?/8))
Since ) )
“Jz 2| x|
Zesgg)(g) exp ( 72 <1< Cexp o2 when z € Bag(§)
and
sup e —lz—2f e =yl hen z € B5p(y)
xp| ——— | Xexp| —— | W
ZGBIE)@) p CR2 p C’RQ 2r\Y),
we get
Dt (x,y) = psa(@,y")| < Cly —¢/|*(t = 8) "2 h (C(t — s),2 —y). (2.9)

(iii.b) If |y — ¢/| > R/2, then we have
|ps,t(x> y) — Dsit (l’, y,)} < |ps,t($7 y)| + ‘ps,t (.%', y/)‘

, (2.10)
<h(Ct—s),z—y)+h(Ct—s),z—y).
Combining (2.9) and (2.10) together we obtain the desired conclusion. O
2.2. Holder regularity estimate. Now, let us consider the Kolmogorov equation
Ou=Awu+cu+f, u0)=0 (2.11)
or
Osv+Asv+cv=f, v(T)=0. (2.12)

The main result of this subsection is Proposition 2.6 below concerning the Holder regularity
estimate of solutions to the Kolmogorov equation.

Definition 2.1. Let I be an open interval in Ry and D a domain of RY. Set Q := I x D.
We say that u € L°L2(Q) N L2HL(Q) is a subsolution (resp. supersolution) of

Ou = A+ cu+ f (2.13)
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in @, if for any ¢ € C(Q) with ¢ >0
/ [—udip + Vu - Vo + (b Vu)p — cup] < (resp. 2)/ feo.
Q Q
Ifu € C L2 N L2H] is a solution to (2.13) on (0,T) x R? and u(0) = 0, then we say that u
is a solution to (2.11).
We first have the following energy estimate, the proof is standard and thus is omitted.

Proposition 2.4 (Energy estimate). Assume that f = g + divF with g € L}L2 and F €
L2(R%RY). Let w € CLE N L2H] be the solution to (2.11). Then

lullzgezs + IVull e <€ (lgllzyze + 1Fllzz )
where C' only depends on ||c||p~ and T'. When d =2 and ¢ =0, one has
Jull e + IVl < a7

f* s

where C is independent of T
The following fact will be used frequently in this paper.
Lemma 2.5. Let h be the heat kernel given by (1.2). Then, for any l,«a > 1, it holds that
LICBIFERES Ct*%“*%)- (2.14)

As a consequence, for any (p,q) € I, r=p and >

/ft—s ) % h(s)ds

Proof. Since h(t,x) = t_ih(l,x/\/i), one has

I e = 20Dl e

from which (2.14) can be derived.
Then, an application of Proposition A.1 (iii) and (2.14) yields

/ fi—s)=h(s)ds| <O sup / 26D £t — s, )l g ds < Ol Ly

o8 te[0,7] J0
where we also used the fact that —%(% - b - é)_l > —1 in the last step, due to the

conditions on p, g and r. Thus, (2.15) is proved. O

sup

<O gz (2.15)
te[0,7

sup
te[0,T]

Proposition 2.6 (Holder regularity estimate). Let d > 2 and (p,q) € #. Then, for any
f € LILE, the Kolmogorov equation (2.11) admits a weak solution u such that

sup [lu(t)llcg < Cllfllzgze, (2.16)
te[0,T]

where o depends only on d,p,q and |[b|| ;o a0, and C depends on d,c,p,q, T, ||b]| ;oo pd.co
t x t T

and [|c[| Lgs, -

Proof. By standard approximation arguments, it suffices to consider the smooth case where
b,c, f € C2°(R?) and to prove that

lo(®)llce < Cllfllzgze, ¢ <[0,T],
for v satisfying (2.12).
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For this purpose, by the Feynman-Kac formula, we derive

v(s,x) =E;4 /T f(t, X¢) exp (—/t e(r, Xr)dr> dt,

where (Ps 5, X¢) is the Markov process corresponding to A;. Then, the Aronson-type estimate
(2.1) yields

[v(s,2)| < Celldl=T /T/R () B(C(t - 5), 2 — y) dydt.

Let [ =p/(p—1) in (2.14). Since d/p+2/q < 2, we get

T—s 4
[o(s, g < C/ t2e | f(s+t,)llr dt < O fllpgre- (2.17)
0
Similarly, one can also derive that
[vllaze < Cllfllpaze. (2.18)
Now, let g := cv + f. Since
Osv+Asv+9g=0, v(T)=0,
it holds that
T T
’U(Sa .ZU) = Es,:p / g(tv Xt)dt = / /d ps,t('rv y)g(ta y) dydt
s s JR

Let R = |x — 2/| < 1. By (2.3) and Holder’s inequality, there exits o € (0, 1) such that
T
[v(s, ) — v(s,2")] </ 9t )] |pse(z,y) — pse(a’,y)] dt
S

s+R2
<C/ 19t )| (Pst(@,y) + psp(2’, y)) dydt

+CRa/T (t—S)_gdt/ lg(t, )| (t — )% exp (—!x—y|2> a
s+R2 Rd ) C(t_s)

R? d T « d
QC/ t_2p||g(s+t,-)HLgdt+CRa/ t_f_ﬁng(ert,-)HLgdt
0 R?

9_d_2 N T _ad _ag N\
<SCR™ » gl pasryezy + CRY| gl Lagsrirm) /RQt 2owdt) .
Re-selecting the parameter o« € (0,2 — d/p — 2/q) and combining (2.18) with the above
estimate we thus obtain
[v(s,2) —v(s,2")| <Clz —2'|*(lgll Laori2)
<Clz— ' (1ol sz + 1 gz )

<Clz — $l|a||f”L§L§-

This together with (2.17) prove the desired assertion. O
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2.3. Sobolev regularity estimate. The main result of this subsection is the following
second order Sobolev regularity estimate for backward Kolmogorov equations, which is crucial
in the proof of Theorem 1.1.

Theorem 2.7 (Second order Sobolev regularity estimate). Let d > 2. Assume that b satisfies

(Ap). Then, there exists (p,q) € &, which only depends on d and ||b|| ;. d.cc, such that for
t T

any ¢ € LP(LL N L) and f € L°(LL N LY), the weak solution u to (2.11) satisfies

lell paw2e + 0l Loz < ClifllLeerrnrg), (2.19)
where C' only depends on d,p,q,T, ||b||L?OLg,oo and ||c||lpse(LinLee)-

In order to prove Theorem 2.7, let us first recall the following L?-LP estimate for the heat
equation proved by Krylov [29].

Proposition 2.8 ([29]). Let p,q € (1,00), a € R. Assume that f € L{Hy"?. Then, the heat
equation

du—Au=f in(0,T) xR? u(0) =0, (2.20)
has a unique solution in L§H§+a’p, which satisfies the estimate

10sull g mrer + Jull o g2rer < Ol fllzgme, (2.21)
where C = C(d,p,q,T).

The next result gives a parabolic version of Sobolev’s embedding (see, e.g., [49]).

Proposition 2.9 (Parabolic-type Sobolev embedding). Let p,q € (1,00), © € [p,00) and
s € [q,00). Assume Oyu € LILE, u € L;IW%”. If1<2/q+d/p=2/s+d/r+1, then

IVullrze; < C (10wllgor +192ulg22) (2.22)

where C' only depends on d,p,q,r,s.

The case where d > 3: The proof is essentially presented in [49], see Figure 4 for the
strategy of the proof. Hence we omit the details here, but remark that the strategy presented
in Figure 4 can be implemented by selecting the parameters as
d 2
"Cis—2 1T —dir—2
such that
d+2:1+25+6(d+2> <2.
b q roq
The case where d = 2: As mentioned before, the 2D case is much more delicate than the
high dimensional case d > 3. One major obstacle is that the above strategy can not establish
Vu € LILL, with [ > 2 = d. Tt thus limits the application of Proposition 2.8 to implement
the above strategy.
To overcome this problem, we introduce the upgradation procedure as shown in Figure 1
of Section 1, based on a new Meyers-type estimate and the refined Gagliardo-Nirenberg
estimate. In order to implement the upgradation strategy, let us first recall the famous

Gerhing’s Lemma. Let
7 1 ;
bt = (f,10) = (o fue)”
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Prop.2.6 Prop. 2.8
R p

r> 24 l=g>1
Prop. 2.8 Prop. B.2
rop. 2.
dl
p=45 5e(0,1),1=2q=1
qrp Prop. 2.8 q 2.p qrp
—b-Vue L/L; ue LiW;", O e L{Ly
_dl
P=an

FIGURE 4. Proof Strategy when d > 3

Lemma 2.10 (Gerhing’s Lemma, Proposition 1.3 of [20]). Let 6 € [0,1). Assume that

Hodt Lo (@ a2)) < Mot Lo(Qr(2)) + Cottott L1(Qp(z)) + Cott gt Lr(@r(2))

holds for any z = (t,x) € R and R > 0, where Q.(z) = (t — R, t) x B.(x). Then, there
exists ¢ = q(d, p,0,Ca) > p such that for any z € R¥! and R > 0,

WO La(@Qrya(2)) S CNUIT LY (@Qr(2) T O I LUQR(2): (2.23)
where C' only depends on d,p,0,Cy and q.

Lemma 2.11. Let d = 2. There is a constant C such that for any R > 0 and u € W12(Bg),

lulldsip < CllulZasn / (Rl + [Vul). (2.24)

Br

Proof. Let E be the standard extension operator in the theory of Sobolev space (see [14]),
which continuously maps L?(B;) and W12(By) to L?(R?) and W12(R?), respectively. By
the classical Ladyzhenskaya inequality on R?, we have

HUHiLL(Bl) < \\Eu\\‘i4(Rz) < CHVEUH%Q(RQ)HEUH%%RZ) < CHUHIQ/I/L?(Bl)HUH%Z(Bl)'
The desired inequality follows by the above estimate and scaling. ]
The following lemma is crucial for the proof of Theorem 2.7.

Lemma 2.12 (Reverse Holder estimate). Let d = 2, p > 0, and u be a weak solution to
(2.13) in Q, with ¢ = 0. Then, there exists a constant C3 only depending on ”bHLOOL2,:>O(Qp)
t x

such that for any R € (0, p] and € € (0,1),

Vul? <e (14 fule // Vu?
/Lg ( Lt Lz(QP)) QR,
%
coetn ([ wui) et [,
Qr QR

4
for any u € L?oLi(Qp) and f € L} ,(Qr)-
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Proof. We use the cut-off function ¢ € C2°(By) satisfying ¢ € [0, 1] and <p|Bl =1, and let
2
¢ € C°((—1,1)) satisfy ¢ € [0,1] and ¢\[_; 1 =1. Let
272

x t

enta) = o(7). onlt)i=6 (7).

-1
Up = (/ U%%?) </ @%—‘?) , URI=U—Up.
Br Br

For simplicity, the subscript R is omitted below. Multiplying both sides of (2.11) by up!'%¢?
and using the integration-by-parts formula, we have

/ Dy g2 = / Oh(u — ) (1 — 1) 9"
Qr

R

:1/ at(,aQSplong) _ // ﬂ2¢10¢¢/’

2 Qr R

—/ Au ap'0¢? = // |Vu|29010¢2+10// ap’¢? Vu - V.
Qr Qr R

Since b is divergence free, we get

// b Vu upl¢? = // ©? b-V(a :—5// w2p%¢% b- V.
Qr Qr
Thus,
sup / 10(252 // ‘VUF 10¢2
te(—R2,0)

=:J1

< [ o | R\vmw%? 2 weedec [ s

and

and

) (2.25)
// V208 +05—3// |f|3+// al (v > 0)
2 Qr
// 2oTo+ // b a?7” .
R
=:I1 =:I>
For I, by Holder’s inequality and the Poincaré-type inequality (B.8), for any ¢ > 0,
C C 2 10 2. 4
I :RQ// T < RQ// (usp's ¢3)us
R R
c [ 2 10 42 ; 2 ;
<o [ ([ #oeren) ([ ww) a
—R Br Br
3 (2.26)

/_; R? </BR z‘ﬁ(t))g dt] 2

<6 sup /ﬁz(t)w10¢2(t)+5_5
te(—R2,0)/B

3
<6Jy + Co 2 R2 (// |vu|§) ’
Qr
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Regarding Iy, by the Holder inequality (A.2), the Ladyzenskaja-type inequality for Lorentz
spaces (B.6) and (2.26), we obtain that for any € > 0,

_ 9 192
BE bl o2 0 505 613 12 1

C 0 _ 9 2
<Gz [ IO e,

S p—— OR la()e3 o)z |V (aeiow)|

C
< (1+ r—— // 2o < // Vul?
-1 —1e—1 59 4 2 3 )
<Ce 7 6J1+Ce "9 2R |[Vuls | + = |Vul“.
R 2 Qr

Combining (2.25)-(2.27), we get

(1= Cad/e) s+ Jo <e// Vul? + 5// !
R R
3 . )
L Che IR ( Il \Vuré) st [ 1
Qr Qr

where C4 only depends on HbHLmLz Q)"

L dt (2.27)

Using (2.24) and the Poincaré- type inequality (B.7), we have

//QR |u]4<C’/R2 dt/BR (/ R2Ja(t)? + yvu(t)|2>
/R2 dt/BR /BR |Va(t)|?
<C s </BR W(t)) //QR Vul?
<Cs_sw (/BR u2(t)> //QR Vul,

where C' is a constant independent of § and €. Thus,

(1= Cad/e) s+ Jo <s// IVl +6C5  sup (/ u2(t)>// Vul?
R tE(*Rz,O) Br R
3
+Cue IR (// |vu‘§>2 +c45é// 113,
Qr Qr

For any ¢ € (0, 1), by choosing 6 = ¢/(C4 + C5), we obtain the desired estimate. O

(2.28)

Lemma 2.13 (Meyers-type estimate). Let d = 2. There exists a universal constant v > 2
only depending on |[b||; o« 2.0 such that for any weak solution to (2.11) on [0,T] x R with
+ T

c =0, it holds
1 2
IVullzy < CIFIE, APy, (2:29)
t,x Lf; L?
t,x t,x

4 2y
for-any f € L{, N L. Here the constant C' only depends on vy and ||b]| ;2.0
; 5 t T
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Proof. As before, we assume that b € Cp°(R?) with divb = 0, f € C°(RY). Then (2.11)
admits a classical solution u that can be extended continuously to (—oo,T] x R? by setting
u(t,-) =0 for all ¢ < 0.
Let
foMﬂE% UZUMMém

By the linearity of (2.11), @ also satisfies (2.11) with f replaced by f. Thanks to Lemma 2.12
and Proposition 2.4, for any R > 0 and z € (—oo,T) x R?, it holds that

// V2 <5(1+01)// V2
o) Q)
2
+ C3e™ SR (// |Va|s ) + C3e™ é// f
Qr(z Qr(z

Letting € := 2719 (1 + ;)" and

(2.30)

wm

we obtain that

1
Tl Lo (@pj) S GO Lr(@R) + CottvltLiQp) + Cott ot Lo(@r)»

where Cg only depends on ||b]| Leo 2o In the light of Lemma 2.10, there exists v > 2 only
depending on HbHLwL2 o, such that for any R > 0,

v/2 _
J |va|7<034—27<// |va\2> e [ 17E
QRy/2 Qr Qr

<R & c// %
Qr

where C' only depends on v and [|b]|; . 2.. Letting R — oo, we obtain (2.29). O
t x

We are now ready to prove Theorem 2.7 in the case where d = 2.

Proof of Theorem 2.7. The proof relies on three steps to upgrade the integrability of the
gradient of solutions. Again we focus on the smooth case where b € Cboo(Rd) with divb = 0,
f € C®(R%), and additionally ¢ = 0. Then (2.11) admits a classical solution u which can be
extended continuously to (—oo,T| x R? by setting u(t,-) = 0 for all ¢ < 0.

(i) Base estimates: Let 7 be the solution map for the heat equation (2.20), i.e

)(t, x) // (t—s,y)f(s,y)dyds,
R2

where h is the heat kernel as in (1.2). Then
u:Tf—i-T(b-Vu) =Tf+V-T(bu). (2.31)
Set
WA == 1 zeezs + [ fll Lo r2-

For any p € (1,2) and v € (2, 00), choosing

1 1 1\ !
n:(u++) € (1,2),
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and using the L9-LP estimate in Proposition 2.8 and the parabolic-type Sobolev embedding
in Proposition 2.9, we have

19Tz < © (10T (Dlly, + IV T(Dllgy. ) < Cl g, < CNA

Moreover, using Theorem 2.1 and Lemma 2.5 we come to

: 1 1\!
ell ez < CUANL with v ={2=5)

Thus,
[bullpy e < Clbll oo 20 [t oo 1 < CHIFI- (2.32)
Therefore, using (2.31)-(2.32) and Proposition 2.8 again we obtain
IVully e < CIVPT (0wl e + CIVT ()l gz < IS (2.33)

(ii) First upgradation: We note that the integrability exponent p in the last estimate
(2.33) is strictly less than two, which is insufficient to derive (2.19). The key idea in this step
is to make use of the Meyers-type estimate to upgrade the integrability of the gradient of
solutions.

More precisely, let v > 2 be the integrability exponent as in Lemma 2.13 and ¢ € (0,77 1)
be a small parameter to be determined later. Set
1—ey 1—ey

€(1,2), v> ———77—V1

1/2 — (y/4+1/2)¢ (1,2) (v/4—1/2)e
Combining (2.33) and the Meyers-type estimate (2.29) together, we can upgrade the integra-
bilitiy of Vu by

6:1—5’)/6(071), n=

0 —0
190l g0 < IVully 1 I9ul15° < AL

where

1 0 1-6 1 6 1-6
S=—t— =4 —>c
L p Y qg v Y

Note that, by our choice of parameters, one has

1 1 ~e ¢ 1 1 ~vye ¢
== < = < — 4= 2.34
T2 12y Sy Su T3 (2:34)
In particular, the integrability exponent [ of the energy is now raised above 2 = d. Put
2
P=95T
Then
b~ Vullzzzz < Clbll e 2 [Vl s < CIIFI- (2.35)
Note that
11 1 1 1 3 v
1 >—+-=—-—+-+->1 ———]>1 (fy<6 2.36

due to (2.34).
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(iii) Second upgradation: We still need to further upgrade the integrability of Vu. For
this purpose, using the LI-LP estimate in Proposition 2.8 again and (2.35), we see that

IV2ullygry < € (b Vullgor + 1 lgzz ) < CIIF-
By virtue of the fractional Gagliardo-Nirenberg estimate in Proposition B.2, we obtain the
improved estimate
&i 1-6;
IVull oo < IV2ullappllull iz ees < CUFIL

where 0 < a1 = %a,ag =, 0 = 7;:37

i

and « is the constant in Proposition 2.6, and

Using the interpolation estimate (B.1) again we have

190l g < € (190l a1 + [Vl 2 ) < CIA

where
1—a/2
2—a/2

[::E, q::% with 0 <0 =

5 <

1
5
This further yields the improved integrability estimate

16~ Vullpars < Clbll oo 200 [Vl o pir < CILA,

where
11 . I n 1
p L2 p 2
Now choosing € < % A (% — 1) and using (2.36) we infer that the improved integrability

exponent (p,q) exactly lies in .#, that is,
1 1 1 1 1 1 1
St =464 -+-)<=4601 1.
i 5+ <2+l+q><2+(+s)<

Thus, applying the L?-LP estimate in Proposition 2.8 again we obtain the desired estimate
(2.19) in the case where ¢ = 0.

Now, the case where ¢ € L{°(LL N L) can be estimated easily by applying the second
order Sobolev estimate (2.19) for ¢ = 0 and (2.16):

[ull pay2e + 10cull Loz < Cllew + fll < Cllullzg, el e zinrgey + ClIFAN < ClIFI;

where C only depends on d,p,q, T, [[b ;e 4.0 and |[¢||pee(r1nLz0). The proof is complete. [
t T T T

3. SDESs WITH ENDPOINT CRITICAL DRIFTS

In this section, we aim to establish Theorem 1.2 with the endpoint critical drifts. Without
loss of generality, let us assume s = 0 in (SDE).
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3.1. Existence. To begin with, let us start with the generalized It6 formula.

Lemma 3.1 (Generalized It6’s formula). Let (p,q) € .. Suppose that X; is a solution to
(SDE) with s =0 satisfying the following Krylov-type estimate

T
E /0 F(X)At < O e

and u € L;’Wﬁ’p with Oyu € L{LE. Then, for any 0 <t <t < T, we have
t t
u(t, Xy) —u(t', Xyp) = / (O + Ap)u(r, X, )dr + V2 [ Vu(r, X,) - dW,. (3.1)
% v

Proof. Take any mollifier o € C2°(R%*1) such that [ o = 1, and let o"(¢,z) = n?*2o(n?t, nz).
Let u™ = u o" € C®°(R x R%). Itd’s formula gives that

t t
u(t, Xy) — u(t, Xy) = / @y + A)u"(r, X, )dr + V2 | Va(r, X)) - dW,,  (3.2)
t’ t!

where A, is the Kolmogorov operator as in Section 2. Since
(0 + Ar)(u — un)”L§L§ <[|Opu — Opu * Pn”Lng + || Au — Au * Qn”Lng
+ HbHLOOLd7°°Hvu_vu*QnH dp

t z Lq

<C|0pu — dyu* @™ || arp + C|IVu = Vusx ¢"||agp = 0

as n — 0o, by the Krylov estimate one has

t t
/ (0r + Ap)u™(r, X, )dr — [ (0r + Ap)u(r, X,)dr in LY(Q,P).
t t
Moreover, noting that

d 2 d 1
-+ -<—+-+1,
P oqa 2p q
by the parabolic-type Sobolev embedding in Proposition 2.9, there exists [ > 2¢ such that

190 = Va2 < € (00— "l zp + 9% = T2 12 ) 0.

This along with Doob’s inequality and Krylov’s estimate yields that

t t 2

vu'(r, X,) - dW, — | Vu(r, X,)-dW,

t/ t’

E sup
o<t/ <t<T

T
<CB [ 19w X,) - 19 ) B
0

<C[[(Vu" - VU)lliqugp < O[(Vu" = V)| =0,

2
LLLzp

where the last step is due to [ > 2q. Therefore, the right-hand side of (3.2) converges to that
of (3.1). Taking into account that for any 0 < a < (2 — % — %) A1,

lullee < € (100l zgez + 92l a1z

(see [35]), we also infer that the left-side of (3.2) converges to that of (3.1), and thus finish
the proof. O

We are now in a position to provide the
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Proof of the existence part of Theorem 1.2: Let s = 0 for simplicity. Take any mollifier ¢ €
C>(R¥*1) such that [ o =1, and let ¢"(t,x) = n®2p(n?t, nz). Set
b1 = blyps1y, b2 = blyp<iy and b =b;* ", b" =bx o".
Let
p1 =3d/4 and ps =2d
and (p;,qi) € #, i = 1,2. Noting that

111 o < Cll0N / APTITEAN < Clbll
t bz 1

Lo L& Lo L&
and
d —d d
IIbzl’Z}ng < CllbzlngoLd,oollbzllﬁéfz < Obl| o0 oo

we have that Cg° 3 b — b; in L{*LE'. Since b™ € Cg°, the classical SDE theory guarantees
the existence of a unique strong solution X™ to (SDE), with b replaced by b", starting from
s = 0. Moreover, by the classical parabolic PDE theory, for any (p,q) € .#, t; € (0,7] and
f € LILE, there exists a unique solution v" in LgWg? P satisfying

" + AV + 0" -V + f =0, v"(t1)=0.
Then, by It6’s formula and Proposition 2.6, there exist a € (0,1/2),C > 0 such that for any
0<ty <t £ T,

t1
supB [ f(t,X7)dt < sup 0" (t0,0)] < Ct1 — t0)° | F g1z (3.3)
n to z€eR

Now let 7 € [0, 7] be any bounded stopping time. Since
(T+OAT
X(rfr-i-é)/\T - X' = / by (t, Xi")dt + \/§(W(7—+5)/\T - W;), 0>0,
applying (3.3) to f = b} we get
(T+0)NT
B[ Bl X0 < o (1 epn + 1851,) < O5°
So one derives that

T+0
E sup [X7., — X7| < E/ bl (8, X1t + V2B sup [Wyy5 — W] < C5°,
o<u<d T o<u<d
where o and C' > 0 are independent of n. Hence, by [53, Lemma 2.7], we obtain
sup E sup |X(7§+U)AT—X[L\1/2 < 069,
n t€[0,T);u€el0,d]

which along with Chebyshev’s inequality yields that for any € > 0,

lim sup P sup | X7 () = X{'(z)| >¢e | =0.

0—=0 n <tE[O,T];uE[O,5} ()T !

This implies the tightness of the probability laws {P o (X™, W)~!} in P(C®2%([0, T];R%)).
Hence, by Skorokhold’s representation theorem, there exist a probability space (2, F, Q),
and C%?%([0, T); R%)-valued random variables (Y, B") and (Y, B) on (Q, F, Q) such that

(X", W) < (y", B")
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and up to a subsequence (Y™, B")—(Y, B), Q—a.s.. it is clear that B is a Brownian motion.
Moreover, for any (p,q) € . and f € L]L%,

T T
Eq /0 F(t, Yt Eq /0 F(YDat < Clfllgo e, (3.4)

where C is independent of n.
In order to prove that (Y, B) is a weak solution to (SDE), we only need to show that

T
/ b(t,Y}) — b*(t,Y")|dE — 0, in Q — probability.
0

To this end, using (3.4) we derive that for any fixed N,n > 1,

T
Bq [ [b(e,¥) ~ bty )lde
0

2 T 2 T
<3 Eq /0 (6, Y2) — BN (1Y)l + 3 Eq /0 BN (6, Y7) — W (1, Y e
=1 =1

T
L Eq / BV (¢, V) — bV (8, Y dt
0

2 2 T
<C Y Nbi = 0l gaipre + C Y 10 = bl s e + /0 Eq [b"(t,Y") — o™ (t,Y7)| dt.
i=1 i=1
Letting n — oo and then N — oo, we thus obtain the desired existence result.
At last, by Theorem 2.1, for each n, X" admits a transition density function pgt(x,y)
that satisfies (AE) with the universal constant C. Therefore, each limit point of {X"} also
satisfies estimates (AE) and (KE). O

3.2. Uniqueness. Let us continue to prove the uniqueness part of Theorem 1.2.

Proof of the uniqueness part of Theorem 1.2: Suppose that (Q1, 71, 7} PL X1 W) and (92,
F2, F2,P% X2 W?) are two weak solutions to (SDE).

Let us first consider the case where each X (i = 1,2) satisfies the Krylov-type estimate
(KE), with (p,q) = (p,q) € .#. Here (p,q) is the same pair as in Theorem 2.7.

For any ¢, f € C®(R x R?), in view of Theorem 2.7, equation (2.12) has a solution v
satisfying that v € L§W§’p and Qv € LgL’; with d/p + 2/q < 2. Then, by the generalized
Ito’s formula (3.1),

d <exp (/Ot c(s,X;')ds> v(t, X;‘))
= exp </0t c(s,Xg)ds> f(t, X})dt + V2 exp (/Ot c(s,X;)ds) Vo(t, X;) - dW}.

Taking expectation one gets

v(0,2) = Epi /OT exp (/Ot c(s,Xé)ds) f(t, X})dt.

Thus, by the density argument, this yields that for any A > 0,

T t T t
Ep: / exp (/ c(s,Xsl)ds> e Mdt = Ep> / exp (/ c(s,Xf)ds) e Mdt,
0 0 0 0
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and so
1

Plo <exp (/Ot c(s,XSl)ds>>_1 =P?o <exp </01t c(s,Xg)ds>>_ , telo,T).

Therefore, again by the density argument, for every A € B(R?) and t € [0, 7], the moment
generating functions of f(f 14(X?%)ds are identical for i = 1,2, which implies the uniqueness
in law Pt o (X1)™! = P? 0 (X?)~!. This together with the existence part of Theorem 1.2
imply that the unique solution admits a transition density function satisfying (AE).

Now, suppose that X is a weak solution to (SDE) satisfying the generalized Krylov estimate
(KE’) with s = 0, where the pair (p, q) is the same as in Theorem 2.7. We claim that it indeed
satisfies (KE) for (p,q) = (p,q) and s = 0. Thus, by the arguments in the previous case, we
obtain the desired assertion.

To this end, note that for any § € (0,T), the process (Xi)c[s,1) satisfies

t
X, = X; +/ b(s, Xs)ds + V2(W; — W),
§

and (KE) with (p,q) = (p,q) € .#, C = Cs and s replaced by 0. Then, as in the previous
case, one has

T
E / £t X0)dt < Eu(8, X5) < [ollsze, < OIS page-
5 ,

Here v € L{L} is the solution to (2.12) with ¢ = 0. Note that, thanks to Theorem 2.7, the
constant C' on the right-hand side of the inequality above is universal, i.e., independent of
d. Thus, taking the limit as § — 0, we conclude that X satisfies the Krylov estimate (KE)
with (p,q) = (p,q) and s = 0. Therefore, the proof for the uniqueness part of Theorem 1.2 is
complete.

The proof for the Markov property of (P, X) is standard (cf. [50]), so we omit this
here. g

In the end of this section, we also have the well-posedness of the following linear Fokker-
Planck equation for all dimensions d > 2,

Oip = Ap —div(bp), pli=o = ( € M(R?). (3.5)

Definition 3.1. We say that p € Cy M, is a distributional solution to the Fokker-Planck
equation (3.5), if b € L'(p) and for any ¢ € C°([0,T] x RY), it holds that

{p(t), 0(1)) = (¢, 9(0)) :/0 (p(5), 0s0(s) + Ag(s) +b(s) - Vo (s))ds, te€[0,T],  (3.6)
where {-,-) denotes the integration over R%.

Proposition 3.2 (Well-posedness of linear FPE). Let d > 2. Assume that the drift b satisfies
(Ap). Then, the Fokker-Planck equation (3.5) has a unique distributional solution p € CyMy
satisfying

peLYV(6,T;LY), Vo€ (0,7),

where (p, q) is as in Theorem 1.2, and p’, q' are the conjugate numbers of p and q, respectively.

Proof. By Theorem 1.2 and the linearity of (3.5), the function p(t) := [p4 po,(z,y)¢(dz) is a

distributional solution of (3.5), where pg; is the transition density in Theorem 1.2.
Regarding the uniqueness, as in the proof for the uniqueness part of Theorem 1.2, we can

assume p € CyM, N Lg/Lg. Let v € LIW2P with 9,0 € LILY be the solution to (2.12) with
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c=0and f € C®((0,T) x R?). Then, using a standard limiting argument, it can be shown
that (3.6) holds for p € CyM, N L{ LY and ¢ replaced by v, which leads to

T
~(Co0) = [ (ple). F)s. I € C2(0.7) x RY,
thereby yielding the uniqueness of p. O

4. CONSTRUCTION OF NON-UNIQUE SOLUTIONS

This section is devoted to the non-uniqueness problem of SDEs and Fokker-Planck equa-
tions in the supercritical regime.

4.1. SDEs with supercritical drifts. Let us first prove the non-uniqueness result in The-
orem 1.3 by constructing a divergence free drift b € LP*°(R?%) with d/2 < p < d and d > 3,
such that (SDE) have at least two distinct weak solutions starting from the origin.

Proof of Theorem 1.3. The proof mainly proceeds in five steps.

Step 1: Construction of the drift. Let us first give the specific construction of the drift
b in the Lorentz space LY with p € (d/2,d).
Let g be a non-negative smooth function on [0,00) such that ¢’(r) > 0 for all » > 0,
g(r)=0if0<r<1/2and g(r) =1if r > 1. Let
0= (1,2). (4.1)
p

For any x = (21, - ,2q) € R? with x4 > 0, set
ro= (:c% 4+ 4 xﬁ_l)l/z and H(z):= Tdilxgo‘g(xd/r).
We define the drift b by
ba(x) :=Nr*9,H (x)
=N(d - 1)z, *g(wa/r) — Nr~ta 2 g (xq/r) if x4>0
and for 1 <i<d—1,
bi(z) := — Na;r' =0, H (x)
=Na(z;z;* g(za/r) — Nrtaz;g (va/7) if 24 > 0.

(4.2)

(4.3)

Set
b(xy, - ,xq-1,2q) = —b(x1, -+ ,xq-1,—xq) if 4<0
and, if x4 = 0,
b(xz1, - ,24-1,0) :=0.
Next, we shall verify that the constructed drift b belongs to the Lorentz space Ly> and is

divergence free divb = 0.
To this end, we infer from (4.2)-(4.3) and the anti-symmetry of b about the x4-axis that

1b(z)] < Clza] ™" L{r<ofey))- (4.4)
Thus, by the choice (4.1),

< C < 0.

_1
ey

1615 = supt” [{a : Ib(a)| > t}] < Csupt” |B,
t>0 t>0

Note that, b is smooth on R%\{0}.
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Moreover, by the construction, we have

dgba(z) = Nr*7492, H(z), for all z4 >0

Iy
and
dibi(x) = =N[r'™¢ + (1 — d)z?r— 10, H(x) + Na;?r_dé??de(x),
for all z; > 0 and 1 < i < d — 1. Taking into account (4.4) and the anti-symmetry of b about
the z4-axis, we obtain that divb(z) = 0 if  # 0.
In order to verify that divb = 0 in the sense of distribution, we need to show that [ -V = 0
for any ¢ € C2°(R?). Actually, by the integration-by-parts formula and (4.4), for any p > 0,

/b-wz/ b-w+/ bgo-d&—/ divh - Vi
B, dB, B
_/B,,

which tends to zero as p — 0T, due to the fact that o € (1,2) and d > 3.

b- Vo +/ by - dg < Cp~atd—1,
9B,

Step 2: Contradiction arguments. Let Q = C(R;R%) and w; be the canonical process.
We consider a continuous functional .7 on P(2) defined by

7(P) = Es [ et dt} |

where

f(x) = sgn(za)g(|zal)-
Since 9‘[0,%] = 0, f is a continuous function on R%. Thus, the map w fooo e ! f(w)dt is
continuous from € to R. This yields that .7 is continuous on P(f2), i.e.,

T (P,) - 7(P), if P,=P. (4.5)

Thanks to [54, Theorem 1.1], there exits at least one weak solution to (SDE) satisfying
(KE), for any = € R? and s = 0.

Below we shall prove the non-uniqueness of solutions by contradiction arguments. Assume
that the law of weak solutions staring from the origin is unique in the Krylov class (KE).
Noting that b is smooth and uniformly bounded on BE(0) for any € > 0, our assumption and
[50, Theorem 6.1.2] imply that martingale solutions to (SDE) staring from any z € R? is
unique in the Krylov class (KE).

Let P, denote the unique martingale solution starting from x. Our strategy is to find two
sequences (z™) and (y™) in R? converging to zero such that

P =Py and lim 7 (Pyn) = po >0 (4.6)
n—oo
for some pg > 0, and
Pyn = Py and lim 7 (Py») = 0. (4.7)
n—oo

Then, the continuity of .7 and (4.6)-(4.7) yield that
0<po < li_>m T (Pgn) = T (Py) = li_>m T (Pyn) =0,

which leads to a contradiction.
In order to construct such sequences, we first note that, since both b and f are anti-
symmetric about the hyperplane I = {z € R? : 4 = 0},

7(P,) =E, UOOO e ' f(w) dt] =0, if y3=0. (4.8)
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(Here we write E, for Ep, for simplicity.)

Let RA\{0} > 2™ — 0. As shown in the proof of Theorem 1.2 (using [54, Theorem 2.2
instead of Proposition 2.6), {P,» } is tight in P(£2) and its accumulation points are martingale
solutions to (SDE) with s = 0 and = 0 and satisfy (KE). But by the uniqueness assumption,
one has P,n = Py, n — oco. Therefore, if y” — 0 with (y™)s = 0, then (4.8) implies (4.7).

It remains to construct the sequence 2™ — 0 verifying (4.6).

Step 3: Reduction to exit probability estimate. In order to find such {z"} satisfying
(4.6), we define the cone

ck,hz{zeRd:k(zﬂ---Hg_l)%<zd<h, k,h>0}, Cr = Chooo.

Let
T=inf{t >0:w; ¢ Ci2} and 7=1inf{t > 0:w; ¢ C1}
be the first exit times of the canonical process from C; 2 and C, respectively. Also let
oo =1nf{t > 0: (wr)g =0}, o1 =inf{t >7: (w)g =1}

be the first hitting times of w to the hyperplanes {zgy = 0} and {z4 = 1} after time 7,
respectively. Let
ke (l,(d—1)/a).

Claim: We have the exit probability estimate: there exists a positive constant p; such that

inf Po(T<1AT, 01>147)=p1 >0 (4.9)
xelp,1

Intuitively, estimate (4.9) shows that the solution trajectories starting from x € C,; are likely
to reach the hyperplane {z; = 2} before exiting C;, and remain in the region {z4 > 1} for a
unit time with high probability.

Suppose that the exit probability estimate (4.9) is true. Then, taking into account the
uniqueness assumption, {IP;} forms a strong Markov process (see [50]), we infer that for any
T e CK,l?

7(P,) =E, /O " et fwn)dt + By [e—ffo ( /0 et f(wt)dt> o 900}

g1
—t
>Ex |:1{7'<1/\T, O’1>1+’7’}/T ¢ dt:|
o
FEe B, [ e itz ple o) =g >0,
0

where 6; is the shift operator, and we used the fact that f(x) =1 for all  with 4 > 1 and
(4.8), (4.9) in the last step. This leads to the desirable limit (4.6).

Therefore, we are left to show the exit probability estimate (4.9).
For this purpose, we let

¢
Bi(w) := wp — wp — / b(ws)ds, t =0,
0
which is a Brownian motion under P, with variance 2t, for any « € R%. Set

1
Oy = {w € Q:|Bs(w) — By(w)| < N2(te) |s — t]l%a,s,t € [0, 10]}

and
Q% ={weQ:wy=x}and Q% :=QyNQ*, for allz € RY.
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Since 0 < 1/(1 4+ «) < 1/2, we can choose N > 1 such that
P,(Q%) >1/2, for all z € R%
Rdl\:leyzt ;vg}a;)rgfzjestlil;vz ‘;h/z\itT f;)él Eic]};a:» ELC,;jéj all paths in QF; reach the hyperplane {y €
T(w) < 1AT(w), forallzeCy;andw e Qy. (4.10)

In other words, all trajectories in 2%, correspond to the green paths depicted in Figure 2.
If (4.10) holds, then

Po(F < 1AT)>Pu(Q%) > 1/2, z€Cpy.

Since b is uniformly bounded on {z € R? : 24 > 1}, there exists a positive constant py > 0
such that

inf P.(o1 >1) = py > 0.
{z€R4: x4=2} a:( ! ) P2

Using the above two estimates and the strong Markov property, we thus obtain that for all
T € C,@71,
Po(T<1AT, 01 >1+47) =P, (T<1AT, 01067 >1)

2P, (T<1AT) inf P,(o1 > 1)
{-’EGRd:deQ}

2p2/2=:p1 >0,
which yields (4.9), thereby finishing the proof.

Step 4: Trajectories wander within the cone. Now, the proof reduces to proving (4.10).
For this purpose, we shall first show in this step that for IV large enough,

O C{weQ": w €y, Vte[0,ty]; wi, €Ch}, € Cr2\{0}, (4.11)
where
ty = N Yzt zeRY (4.12)

The above inclusion indicates that the solution paths starting from = € Cy 2 stay in the larger
cone C; over a certain time interval [0,t,], and return back to the small cone Cy at time t,.

In order to prove (4.11), we define

t
Vi (w) == xy4 +/ bi(ws)ds and T := (z1,---,24-1).
0
Obviously,
(w)g = V¥ (w) + (Bi(w))g, forall we Q.
Then, by the construction of the drift in (4.2) and (4.3), we have that
ba(y) = N(d—1)y;“, forallyeC
and for 1 <i<d—1,
bi(y) = Na(yiyd_o‘_l), for all y € C;.
Thus, for all z € C;,w € Q% and t € [0, 7(w)],

V)~ za = [ balds = N 1) [ 7@+ (Bl s >0,
o 0 (4.13)

Gy — 3 =Na / V(W) + (Bs(w))a] = Gsds + Bi(w).
0
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Then by (4.13) and (4.12), we have

1
’Bt(&)) - BO(W)| = |Bt(w)| < Nmt‘%ﬂx (4 14)
=e(N)zg < e(N)V¥(w), forall z € Cr2\{0},w € QF and ¢t € [0,t, A 7(w)],

where
e=e(N):i= N 7050 50, as N — oc.
This together with (4.13) yield that
dVif(w)
dt

for all z € Cr2\{0}, w € Q% and ¢t € [0,¢, A 7(w)]. By virtue of Chaplygin’s Lemma, we
derive

(1+e)7*N(d =DV (W)™ <

< (1) *N(d ~ D(VF ()™,

VE(w) = [2579 4 (1 + &) ON(d — 1)(a + 1)] 7= o)
VE(W) < [2579 + (1 - &) N (d — D)o + 1] 7% = Vo (w),

for all z € C,, 2\{0},w € Q% and t € [0,¢, A 7(w)]. This along with (4.14) yields that
(Wi)a = Vi (W) + (Bt(w))a = (1 =€)V (w) = (1 — )V (w), (4.16)
for all z € C,, 2\{0},w € Q% and t € [0, ¢, A T(w)].
Next we aim to show that

ty < T(w), forall z € Cx2\{0} and w € QF. (4.17)

Actually, since 1 < k < (d—1)/a, |Z| < x4/k for each x € C, it follows from (4.13) and
(4.14) that
+|By(w)|

t
!@\<WM+NO(/E%H?@A+%wandﬂ“%h
0

t
<[zl +eVif(w) + Na/o Vi (w) + (Bs(w))a]“ds

d—1
« 1 a

< — |v® Sl

\(HJ_JW@H(Hd_J%

1 _
< (5 + ﬁ) V¥ (w), forall z € Ch2\{0},w € QY and t € [0, A T(w)],

=[]+ eVif(w) + (Vi (w) — za) (4.18)

where the last step is due to the fact that 4 < V;* implied by (4.13). In the second inequality
above, we also used the fact that |&;] < (w¢)q when t € [0,7(w)]. Combining the above
estimate with (4.15) and (4.16), we come to

(wt)d
=1

1\ -
> (1-¢) (8 + F&) >1, forallz € Ch2\{0},t €0tz AT(w)] and w € QF,

provided that N is sufficiently large. Since 7(w) is the first exit time of w; from Ci, we get
ty A T(w) < 7(w), which is (4.17). _
Moreover, via (4.15), for sufficiently large N, x € C,2\{0} and w € Q%,, we also have

Vi) 2 Vi(w) > Vi (w) > 2",
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and so by (4.16)-(4.18),
(wra)a (1 -2V, (w)
Bl ) Ve (= ) o
> (1-2)VE, (w)
[+ 27131 4 (1 - 271/3) 32 | V7 (w)

> K,

where the last inequality was also due to (4.12), (4.15) and the fact that £ < (d — 1)/« and
that ¢ = 0 as N — oo. Thus,

wt, € Cy, for any z € C,2\{0} and w € QF,

provided that N > 1.
To sum up, we obtain the desired inclusion (4.11) for N large enough.

Step 5: Proof of exit probability estimate. Now we are ready to prove (4.10), and so
the exit probability estimate (4.9).
We begin by showing that

7<1, forallzeCyyandw e Qy. (4.19)

If not, then there exit # € Cy1 and w € QF; such that (w;/2)q < 2. On the other hand, using
that by(y) = N(d — 1)y, “, y € C12 and (4.13), we have

1
(wiy2)a = Vijp(w) + (B1y2(w))a = zq + N(d — 1)2771 — N20+a] > 2,

This contradiction implies (4.19).

So, it remains to show that 7(w) < 7(w) when € Cy 1, w € Q% (this implies the red path
depicted in Figure 2 cannot belong to Q%;). Suppose, for contradiction, that this is not the
case. Then there exist € Cx; and w € QF; such that T(w) = 7(w) and wr € 9C;. Let S(w)
denote the last time at which w exits Cy 2 before 7(w), i.e.

S(w)=sup{0 <t <7T(w):wt¢Cuo}.

Then S(w) < F(w) < 1, wg € 9Cyx2\{0} and t,, < N7123 < 9. Therefore, the inclusion in
(4.11) for z € C2\{0} and w € Q% also holds, respectively, for the new starting point wg
and the new path Osw. Thus, we have

Sw) < S(w) +tsw) <7(w) =7(w), wsttg € Cr2,

which however contradicts the definition of S. Finally, we obtain (4.10) and finish the proof.
u

4.2. FPE with supercritical drifts. We close this section with the proof for the non-
uniqueness of linear Fokker-Planck equations with supercritical drifts.

Proof of Corollary 1.4. Let b be the same drift constructed in the above proof of Theorem 1.3.
By [54, Theorem 1.1], there exists at least one weak solution to (SDE) satisfying the Aronson-
type estimate (KE) for any 2 € R?, and the one-dimensional marginal distribution of this
solution solves (3.5) with the initial data d,.

Suppose that there is only one solution p to (3.5) with p(0) = &y in CyP,. For any
r € RY let P, be any martingale solution to (SDE) with s = 0. We shall prove that the
one-dimensional marginal distribution of P, is unique.
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For this purpose, let o = inf{t > 0 : w; = 0}. Because the drift b is smooth in R\ {0} and
bounded on B£(0) for any € > 0, by the standard SDE well-posedness theory, for any x # 0
away from the origin, the restriction P, [z, of the martingale solution P, to the filtration F,
is uniquely determined. Then, for any x # 0 and any bounded measurable function f,

Eo(f(wr) =Es (f (@) l{o<ry) + Eo (f(w)1{o1})
=E, [1{a<t}Em (f(wt)u:a)] + Eq (f(wt/\a)l{a>t})
=E, [(fa po(t - 0)>1{a<t}} +E; (f(wt/\a)l{a>t}) ) (4'20)

where the last identity was due to the uniqueness assumption and the fact that the regular
conditional probability P,(-|F,)(w’) is also a martingale solution to (SDE) starting from 0,
for Py-a.s. w'. Taking into account that the distribution of (o, w.xs) is uniquely determined
under P,, we thus infer that any one-dimensional marginal distribution of weak solutions to
(SDE) satisfies the same identity (4.20), and thus, is unique for all z € RY,

Consequently, in view of [50, Theorem 6.2.3], we infer that P, is uniquely determined for
every z € R%, which, however, contradicts the non-uniqueness result in Theorem 1.3. ]
5. MVE AND NFPE WITH CRITICAL SINGULAR KERNELS

5.1. Existence. Let us start with the existence part in Theorem 1.6 (7).
Proof of Theorem 1.6 (i). Let
K1 = K1{|K|>1}, K2 = K1{|K|<1} and K" := K x Qn, Kln = Ki * Qn,

where ¢" is the mollifier as in the proof of Theorem 1.2.
Consider the approximate McKean-Vlasov equation

{ AX] = K™(t, X} — y)p"(1)(dy) + V2dIV,
P (1) = law(X}), p"(0) = € P(RY).

Its well-posedness is standard, see, for instance, [47, 55]. Set

b (t,z) = K"(t,x —y)p"(t,dy) and b}(t,x) ::/ Ki'(t,x —y)p"(t,dy), (5.1)
R4 Rd
where ¢ = 1,2. Then
divd" =0, s%p anHL?OLg,oo < C’HK”HL?OL%OO < CHKHL?OL?OO < 0.
Arguing as in the proof of Theorem 1.2 and applying the Skorokhold representation theo-

rem we infer that there exist a probability space (2, F,P) and a sequence of random maps
(Y,B) and {(Y"™, B")} such that, B", B are Brownian motions,

(xm,wm Ly BY), (X,W)Z(Y,B), and (Y",B") = (Y,B), P —a.s..
Moreover, for any (p,q) € .#, the Krylov estimate holds

T T
B[ ey B [ i< Ol (52)

In order to prove that the limit (Y, B) is a weak solution of (MVE), as in the arguments
below (3.4) in the proof of Theorem 1.2, it suffices to show that
b = b :=K;*pin LFLY i=1,2, (5.3)
where p(t) is the distribution of Y; and (p;,¢;) € # is as in Subsection 3.1.
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For this purpose, given a large number N € N, by the triangle inequality
BT = bi| <|(K1 = K1) p| + [(KT = K1) % p"| + [KD % p — K7 p"|
=11+ 1, + I3.
Noting that Ky € L°LE') we have
. . N
A}TOOHIlHLflLil < A}gnOOHKl — K g =0
and
i limsup [ Bl g gz < lim lmsup || K7 — K[| g g1 = 0.
Regarding I3, since K{¥ € C2°(R*H!) and supyepo 7 |Ye — Y{*| = 0, P-ass, it holds that
K{V*p(tvx)iK{V*pn(t’x) (5 4)
=E[KN(t,z -Y;) — KN(t,z —Y")] =0, asn—oo, tel0,T],zecR '

Moreover, thanks to (AE), we have

KN 5 p7|(t2) < C /R KN - )y /R W(Ct - y)o(de) = FV(La). (55)

Note that

1N o SCUEN on a 1A(C) * Cllpgers < CIE | e

1

da o) 1
<CIKI o ( / Apl-l—ddx) <c,
LELY 1
which along with (5.4), (5.5) and the dominated convergence theorem implies that
Jim [ 73] g2 g1 = 0.
Combining the above estimates for I;, i=1,2,3, we obtain

3
n N ‘ -~
167 = bul[ pon g1 < A}gnoo h;rlj;pz; [ Zil L1 gor = 0.
1=

lim
n—oo
Similar arguments also apply to the b3 component:
: n_ _
Jim [|by — bl g pr2 = 0.
Thus, we obtain the desired limit (5.3) and finish the proof of the existence part.

Now, let X be the solution to (MVE) obtained by the above approximation procedure.
Note that, the drift satisfies the condition (A4p), and thus, by Theorem 1.1, for each ¢ € (0, 7]
the distribution of X; has the density (still denoted by p(t)) satisfying

plt) = [l mlotioade. o€ (0.0)

where the drift b(¢t,2) = K * p(t,x), and pl‘;,t is the transition density corresponding to the
backward Kolmogorov operator d; + A + b - V, which satisfies the Aronson estimate (AE).
Furthermore, the drift is bounded on positive time, that is,

_1
10l o (2,71 xRy S Clo™ 2 [ K| o proe < 00, o € (0, 7).



38 M. Rockner, D. Zhang & G. Zhao

iy,

b
Since for each tg € (0,1), pft’mt =Py, and blp, 7 is bounded, in view of [11, Theorem 2.3],
we get

1
|Vp(t,y)| ’/ Vypto ;OT (x,y)pt, (dz)| < C(d, to, K)|t —to| "2, to<t<T.

An application of inductive arguments then leads to
IVFp(t)||zee < C(Kyt) < k>0, te(0,T).
This gives the regularity of the corresponding density. O

Proof of Theorem 1.7(i). Let K™ be the same kernel as in the proof of Theorem 1.6, and let
p" be the solution to (NFPE) with K replaced by K™. Let b"™ be given by (5.1) and p™ the
transition density function associated with the operator A 4 " - V.

We first claim that (p™) is relatively compact in C; M. To this end, we note that

1"l < H/ Pl <l <07

which implies that (p™(t)) is compact in M, for each ¢t € [0,7]. According to the Arzela-
Ascoli theorem, we only need to prove that (p™) is equicontinuous in CyM,,. For this purpose,
taking any f € Co(R%), we have

(s =00 ) = [ [BBeatee) = il )] 1) GCda) dy

= [t [ st ([ st )10 = 50) ) o

Since
[ Phusstn 11z = 1)
< fy) = f(2)|ptss(y, 2) dz + 2| f oo/ Priss(y, 2)dz
/|Z y|<%| (y) = f()Iptes(y: 2) [Faly? e U5 tivs(Ys 2)
<[ )= @Iy~ +Cl = [ h(Chy-2)d:
lz—y|< V6 lz—y|> /5
<C Osc f+C9,
Bys(y)
We get

sup | (piys — p"(1), f)| < C sup Osc f+05—0,
n ye Vs

which yields the equicontinuity of (p™) , as claimed.

Now, let p be the limit of (p™) along a subsequence, which, for simplicity, we still denote
by n. Noting that p" is bounded in L{LE, for any (p,q) € .#, therefore, we also have p™ — p
in LY. Then, as in the proof of (5.3), one can verify that

/0<P"(8) p"(s) - V(s d8—>/ ), K % p(s) - Vo(s))ds, ¢ € CZ([0,T] x RY),

which implies that p is a distributional solution to (NFPE). O
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5.2. Uniqueness. Next, we prove the uniqueness part in Theorem 1.6. Recall that ¢ €
M(R?) can be decomposed uniquely as ¢ = (. + (4, where (. is the continuous part, i.e.,
C.({z}) =0 for all z € R%, and (, = Y, ¢;0,, is the purely atomic part. Also recall that h is
the Gaussian kernel given by (1.2).

We shall use the following estimate for Gaussian kernel proved by Giga-Miyakawa-Osada
[21].

Lemma 5.1 ([21]). For anyr > 1 and § > 1,

. d
limsup ¢27 [|h(t) * (|| .r.p < C7(d,7)[Cal,
t—0 ¥

where |Cy| is the total variation of (, of R, and r' is the conjugate number of r.

Proof of the uniqueness part in Theorem 1.6: Suppose that YW and Y@ are two weak so-
lutions to (MVE) with the density p(!) and p(), respectively, and satisfy the Krylov-type
estimate (1.3). Put b®) = K % p() i =1,2. Since

169 e < CONK oo

thanks to Theorem 1.2, we have the representation formula of solutions
i (%) .
pOt9) = [ b @acla)da, i=1.2 (56)

where pgf? is the transition density of the unique solution to (SDE) with the drift b = b(®)
starting from the initial time s = 0. Moreover, by (5.6), the Aronson-type estimate (AE) and
Lemma 5.1, there exists Ty > 0 such that

d .
sup ¢27 [|pD (1) rs < CslCal, Vr>1, B> 1. (5.7)
t€[0,Tp)

Set
p(t) := pM () — pP () and b:=bM —p?).
It follows from the Duhamel formula of p(i), 1 =1,2, that
t t
o) = [ Vbt =) (00(s) pl))ds — [ Vbt = 5) s (0(s) o (5))ds
0 0
=: Ji(t) — Ja(t).
In light of Lemma 5.1, we set the following norm as in [21]

_d_
[f Iz == sup 27 || f ()]s
te[0,To)

(5.8)

for any r € (1,d'), where r’ is the conjugate exponet of r, which measures the propagation
of heat flows.
By (5.7) and Young’s inequality (A.4), for any s € [0, Tp],

16D (s) p()llzy <UDV ()25 lo(3) 2 < CllpD (3)l] v lo(8) 2
1
<ClCals™2lp(s)| -
This yields that

_d_ t 1 _1 d
1 71llnzy <Clcal sup t37 [/ (t —s)" 25729 ||, 1, ds
t€[0,T] 0 (5.9)

11 d
<cB (5.3 (1- ) 1Gllsloa




40 M. Rockner, D. Zhang & G. Zhao

Regarding the second term J, using (5.7) and Young’s inequality (A.3) again we derive

1
16(s)p ()1l < 16() 2 0P () par < Clals™ 2 ll(s)ll 15
with r € (1,d") and 1/l =1/r +1/d — 1. Thus, we have

_d_ t 1 1 d
12llrz SlGal sup 27 [/0 (t = 5y s 50 pllomy ds
€10,

11 d
<08 (3.3 (1-5)) lallolhz

Therefore, plugging (5.9) and (5.10) into (5.8) and using the smallness of the initial mass
we thus get

(5.10)

lpllrz0 < Colalllpllrzy < 20Collpllr.1,
where Cy only depends on d,r and HKHL?OL%OO. It follows that ||p]l.7, = 0 if g9 < Cg '
Note that for any p € CyP,, the convolution K * p belongs to the critical Lorentz space
L?"Lg’oo and satisfies the divergence free condition div(K % p) = 0. In view of the uniqueness
result for (SDE) in Theorem 1.2, for solutions in the Krylov class, the uniqueness of the path
law for (MVE) is a consequence of the uniqueness of the marginal distributions.
Therefore, the proof of Theorem 1.6 is complete. ([l

The uniqueness part of Theorem 1.7 can be proved in an analogous manner as that of
Theorem 1.6, with the modification that Proposition 3.2 is used in place of Theorem 1.1. So
the details are omitted here.

Next, we present the proof for Theorem 1.8.

Proof of Theorem 1.8. The uniqueness with smallness condition follows immediately from
Theorem 1.7. In the case without smallness condition, by virtue of Proposition 3.2, for any
distributional solution p to (NSE) with p(0) = ¢ € M(R?) and satisfying (1.4), one still has
the following representation formula:

plton) = [ | hela)Cla)da, (511)

where b = Kpg * p, and pgyt is the transition density of the unique solution to (SDE) with
s = 0. Using this representation formula and the Aronson-type estimate (AE) we derive

C
()|l < ClR(C, )| oo |p] < ?ICI, t€ (0,7
and
o)l < C|A(Ct, )| 2]¢] < C|¢| < o0, t€[0,T].

Moreover, for each ¢t > 0, (2.2) implies that p(t) € Co(R?). Thus, we infer that p €
C((0,T); L' N L*) and the solution lives in the uniqueness solution class in [18]. There-
fore, by virtue of [18, Theorem 1.1], we obtain the desired uniqueness assertion. [l

Our result for the 2D vorticity NSE also implies the uniqueness for the original 2D NSE
in the velocity formulation. This is the content of Corollary 5.2 below.

Corollary 5.2. Let (p,q) € .# be the pair as in Theorem 1.8. Suppose that u and u® are
two distributional solutions to the 2D NSE

u+ (u-Vyu=Du—Vp, divu=0, ulg=rug.
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and that u® € Lg/le’p/, u(i)(t) € L> and V x u® = 81ugi) — agugi) € OeM,, i =1,2.
Then vV = (2,

We need the following auxiliary lemma.

Lemma 5.3. Suppose that F is a divergence-free vector field in L*>*®(R?;R?) and VxF € M.
Then
F:KBs*(VXF),

where Kpg is the Biot-Savart law given by (1.1).
Proof. Let G := Kps*(V x F) € L»* and H := F — G. Then, divH =0 and V x H =0 in
the sense of distribution. This implies

0=0,(divH) — 02(V x H) = AH]j,

0 =02(divH) 4+ 01(V x H) = AH,

in the sense of distribution. Noting that H € L2 C Llloc, by the mean value theorem for
harmonic functions, for each = € R?, we derive

1
/ H(y)dy
Bpg(x)

H(z)| =——
| H ()| B
<CR—2/ (t2AR?)dt <CR*—=0 asR— oo,

0

< CR? /0 "y € Br(e) : |H(y)| > t}|dt

which means F' = G = Kpg * (V X F)). O
Proof of Corollary 5.2. We omit the superscript ¢ below for simplicity. Let
p =V XxXue Lg/Lg; NCyM,.

In view of Lemma 5.3, we have u = Kpg * p, where Kpg is the Biot-Savart law given by (1.1).
For any ¢ € C([0,T] x R?), set ¢ = V+¢. Then ¢ is divergence-free. The integration-
by-parts formula yields that

(p,¢) = (V x Kps *p,¢) = —(u, V=) = —(u, )
and
(49, V9) = (¥ % .- V6) = (. V- ¥0)) = = [ wiudyn
Moreover, by the equation of u, for almost every s,t € (0,7,
(u(t), o)) — (uls), (s))
—/8 (u(r), Orep(r) +Ag0(r)>d7“+/s dr /R? wi (r)ui(r)0jpi(r).

Thus, combining the above calculations together we derive

(P(0):6(0)) — (p(). 6(5)) = [ {pl0),8:6(r) + A0(r) + ulr) - Vo))

for almost every s,t € (0,7). Taking into account p € Cy M, we then obtain

(p(t), 0(t)) = (V x ug, $(0)) = /0 (p(s), 0s¢(s) + Ad(s) + u(s) - Vg(s))ds, ¢ €[0,T].

That is, p satisfies the 2D vorticity NSE.
Therefore, by virtue of Theorem 1.8, we obtain V x u) = V x «(?), which along with
Lemma 5.3 yields the desired uniqueness u(!) = u(?). O
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6. NONLINEAR MARKOV PROCESSES

Let us first review the notions from [46]. Let Q, := C([s, T]; R?) be the set of all continuous
paths in R? starting from time s equipped with the topology of locally uniform convergence,
and B(s) the corresponding Borel o-algebra. Define for 0 < s <r <t < T,

Qs = REY wi(w) = w(t), we Q,

Fii=o(m:s<r<t),

and
07 : Qs — Q. (Oiw)(t) = w(t).

Definition 6.1 (Nonlinear Markov Process [46]). Let @ C P(R?). A nonlinear Markov
process is a family of probability measures (IP’&C)(S OeoTxe O™ B () such that

(i) For all0 < s <r <t and € Q, the marginals uf’C =Psco0 (71'155)71 belong to Q.
(ii) The nonlinear Markov property holds, i.e. for all0 < s<r<t<T,( € Q

Poc(mi € Al FD) () = ps,o)rms)) (7r € A) . Pgc-as. forall A € B(RY)

where ps.¢) (ry)s Y € R, is a reqular conditional probability kernel from R to B (S, of
Pr,ui'(, [ | 77': = y] Y € ]Rd'

Proof for Theorem 1.10. We only provide the proof of (i), as the proof of (ii) follows identi-
cally.

Fix s > 0 and ¢ € P(R?). Let P, be one of the limiting distributions in P(2s) of the
approximation processes constructed in Section 5 with initial time s. Then IP; ¢ is a martingale
solution to (MVE) (with initial time s). Set

uf’c =Psco (Trf)_l, s<t<T.
Then, by (5.2), we see that

T T
[ st = [ 5t < Clluga,

for any (p,q) € #, namely, (u*¢) belongs to the Krylov class. Thanks to Theorem 1.7, p*¢
is uniquely determined when ¢ € P;,.

In order to prove the desired assertions, by virtue of [46, Corollary 3.9], we shall verify the
following two conditions:

(a) {NS’C}(S,g)e[o,T]xP(Rd) satisfies the flow property (1.7) with Q = P(R%);
(b) p*¢ is the unique solution to the linearized Fokker-Planck equation

0ip = Ap — div((K % u*)p),  pli=s = ¢, (6.1)
that satisfies
p(t) <O, s<t<T, (6.2)
where C > 0 is a constant.

To this end, we note that for any r € [s, T, the path (uf’c)te[rﬂ solves (NFPE) with initial
datum (r, uf«’c). In view of Theorem 1.7, for any r € (s,T], 15¢ admits a bounded density
which implies that H;?’C € P.,. Therefore, invoking Theorem 1.7 once again, the flow property
(1.7) is verified.

Moreover, let

b(t, ) := RdK(t,:c—y)uf‘(dy), s<t< T
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Then b € L>®([s,T7; Li""’) and divb = 0. Since (u*¢) lie in the Krylov class, any curve of
probability measures satisfying (6.2) also belongs to the Krylov class. Thus, in view of the
well-posedness result in Proposition 3.2, the linear Fokker-Planck equation (6.1) admits a
unique probabilistic solution satisfying (6.2), which verifies condition (b).

Therefore, the proof is complete. O

APPENDIX A. LORENTZ SPACES

This section contains several useful properties of Lorentz spaces and corresponding inter-
polation estimates. For more detailed explanations, we refer to the nice monograph [22].

Definition A.1. The Lorentz space is the space of compler-valued measurable functions f
on a measure space (X, ) such that the following quasinorm is finite

1
1 e q q
s =p+ { [ ottt s @) > i ae}”
where 0 < p,q < oo. When g = oo, we set
1
[ £l Lpoe (x,0) = supt [w{z : | f(z)] > t})]7.

It is also conventional to set Lo (X, u) = L=(X,un). The space LP? is contained in LP"
whenever q¢ < r.

Proposition A.1. (i) Assume that 0 < p,q < 0o and 6 > 0, then

170N oo = 1111 ov.00- (A.1)
(ii) (Hélder’s inequality) Assume that 1 < p1,p,p2 < 00 and 1 < q1,q2 < 0o, then
1fgllzra < Clfllzevar|lgllLrzas, (A2)
where
1 1 1 1 1 1
S=— 4= and -=—+—.
p p1 P2 a9 @ Q92
(iii) (Young’s inequality) Assume that 1 < p1,p,p2 < 00, 1 < q1,q2 < 00, then
1 # gllzea < Cllfl|Lovar || gllLr2ea (A.3)
where

1 1 1 1 1 1
1+-=—4+—, —-<—4 —;
p p1 D2 q q1 q2

and if 1 < p1,p2 < 00,1 < q1,¢2 < 00, then

1f # gllLee < Cl[f|lLrra || gl r2:az (A.4)
where
1 1 1 1
—+—=1 and —+ —>1.
pr P2 qa Qg2
(iv) Assume that 1 < p < oo and 1 < g < 00, then
[fllera < M fllLea < C| fl|Lra, (A.5)

where M f is the Hardy-Littlewood maximal function of f.
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Proof. The proofs of (i)-(iii) can be found in [44, 22]. For (iv), since
[MFllree < Cllfllpr and [[Mfllzee < [1Fzee,

by the Marcinkiewicz interpolation theorem for Lorentz spaces (see [26]), one has

(M fllra < Cpl| fllLra

for any 1 < p < oo. O

For any s € (0,d). The Riesz potential I,f of a locally integrable function f on R? is
defined by

(1)) = Ko S0 = = L)

Cd,s JRd |$ - y|d78

We have

Lemma A.2 (Boundedness of Riesz potential). Let 0 < s < d and p € (1,d/s). There exists
C > 0 such that for any f € LP,

[ s fllzar < C|f| v, (A.6)
1_1_s
where 175 d
Proof. Noting that
1 1 d
K =———— € Li°
s() Cds |:l:’d_5

and using Theorem 2.6 of [44] one has

s fllzor < CIESI o ol Fllze < CllF 2o

O
APPENDIX B. INTERPOLATION INEQUALITIES
Below we collect several useful interpolation estimates in Lorentz spaces.
Lemma B.1. Let 1 <p1 <p<pa <00, q=1and
1 _ 0 n 1-— 0'
p D1 b2
Then
1£llzra < ClFNTor0e | f | o (B.1)

P’FOOf. Let Nl = HfHLPLOO and NQ = ||f||LP2»<>O. Then

NP N2
>t < S and [{f > <22
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Thus, by definition, we derive

HfHLqu Zpé (/0 a1 ’{‘f’ > t}}‘% dt)q

1 o0 1 a %
=pi / t7H (NPT A N2 P2 ) P dt
0

S

<N§’2)p2 P1
L ~PT v
<ps N{”“/p/o . 7 1‘dt+N"p2/p/(sz)p21mtq T
Npl
—0
gc(paplup27Q)N19N21 )
where 0 = /P=L/p2 -

1/p1—1/p2”
Recall that A = (—A)Y/2. For any s > 0, 1 < p < oo and ¢ > 0, the homogeneous
Lorentz-Bessel space is defined by
Hi, ={fe S RY: N f e LP},
and
17l = 1Al

The following fractional Gagliardo-Nirenberg type estimate in Lorentz spaces involving
Besov-Hélder norms is useful in the proof of Theorem 2.7.

Proposition B.2 (Fractional Gagliardo-Nirenberg type estimate). Let 1 < p,p1 < oo, 1 <
¢,q1 <00, 0<a<o<s<oo and

=T _9 g

S— P q

Then , o
A u||rp.a < C||A%u||7p1.00 ||l B_go o Yu € H:31 a N Bgo 003 (B.2)
where Bg‘o w Us the homogeneous Besov space (see [1]).

Remark B.3. Proposition B.2 implies that if jm e N, 0 < j<m, and 1 <p; <p <
such that o = (jp —mp1)/(p — p1) € (0,1), then

I99ullis < OVl [l with 6 = p1/p € (0,1), (B.3)
where [u]q is the Holder seminorm of w. Estimate (B.3) was first proved by Nirenberg in [43].

Proof of Proposition B.2. We only need to consider the case that o < s, i.e., § € (0,1). Let
A; and A’ denote the homogeneous dyadic blocks (see [1]) given by cutoff functlons ¢ and
¢, respectlvely, and ¢ = @p’. Then

AjATu = (A7Aj) Nju = 277¢; x (Aju),

where
07 =771 7¢) and ¢(z) = 29¢7(2'x).
For the low-frequency part, by the above identity,

> AATu@)| <O D027 Ajulle < O DXl

j<k j<k j<k
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For the high-frequency part, we have

ZAjAJ $ <Z’Aa SA As ‘_22 j(s—o) ¢0’8 (As>()
>k k
” ” (B.4)
<C (D 2796 | (MA*w) (z) < €277 (MA*w) (2),
J>k
where we also used the fact that [¢% * f(z)| < C(p,d, @) M f(z). Thus, we obtain
IATu(z)| < O2F=Dul| 5+ C27FE=0) (MA®Y) (). (B.5)
Choosing
AS
ke~ (s —a) tlog, 7(/\/1 w)(z)
Fullge
and using (B.5), we obtain that
A° < AS 0 1.79 0 — g — Oé.
A%u(z)] < [(MA ) @)l g, o
Therefore, by (A.1) and (A.5), and noting that p =p; > 1 and g = ¢1 > 1,
A% ull o <IMAS U yallull 5
5,116 1-6 . _o—-—a pn1_q
<[A%ul[zoran HUHBgooo with 6 = s—a _p ¢
which yields (B.2). O

The following Ladyzenskaja-type estimate for Lorentz space plays a crucial role in the
proof of our main results when d = 2.

Lemma B.4 (LadyZenskaja-type estimate). Let d > 2. For any u € Wh2(R%), it holds that

1 1
< C”Vquz(Rd)||u||zz(Rd)- (B.6)

lull | 24 2

(R)
Proof. Using (A.6), we derive

1 1 1
Jull, 25 SCIAR 0l 520y <C AN g 1y
which yields (B.6). O

The following lemma contains the refined version of Poincaré’s estimates. Let

]i = |jl| [ and o = (]ﬁ |f|”>;

Lemma B.5 (Poincaré-type estimates). Let 0 < ¢ € C°(Bi) such that [; ¢ > 0. Given
R >0, set o = ¢(-/R). Let

-1
UZ(/ QDR> /uch and U4 =u— U.
R4 R4

Then, the following holds:
(i) For any q € [1,00),
it La(Br) < CRANV Ul La(Bg)- (B.7)
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(ii) For any q € [1,d) and p € |q, ddqu],
‘HﬂHLP(BR) < CRHVU—HLq(BR). (B.8)
Here the constant C' only depends on d,p,q and p.

Proof. By scaling, we may assume that R = 1. For any ¢ € [1,00) and p € [q, ddqu], using
Sobolev’s estimate, we have

|4l ey < Cllallwraz,) < ClldllLas,) + CIVEl Las,)-
Thus, it suffices to prove
|l La(sy) < ClIVullLasy), a € [1,00).

Arguing as in the proof of [14, Theorem 1 in Section 5.8.1], and assuming that the above
estimate does not hold, we infer that there exists a sequence uj such that

1

T

Thus, there exist a subsequence {ug, }j>1 € {ux}r>1 and u € LI(By) such that uy, — u in
L(By) and u = 0. Moreover, Vug;, — Vu in LY(B;) and

uy, =0, HukHLtI(Bl) =1 and [[Vug|Lep,) <

IVl os,) < h]rgggf |Vug, || La(,) = 0.

Therefore, u is a constant in By. Taking into account u = [ B, Wy =0, we infer that u = 0,
which however contradicts the fact that |[ul|z¢p,) = 1. O
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