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Abstract

We obtain a sharp limit Hélder continuity of the solution for the transport equations thanks
to a vanishing viscosity analysis. We also derive the same control for parabolic equations and for
inviscid Burgers’ equation.

Eventually, we provide existence and uniqueness of a Holder continuous solution, under some
structural hypothesis on the coefficients (possibly lying in a negative Besov space).
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1 Introduction

1.1 Statement of the problem

For a given d € N, we consider the following d-dimensional Cauchy problem:

{atu(t,x) + (b(t, z), Vu(t,z)) = f(t,z), (t,2) € Ry x RY, 1)

u(0,z) = g(x), = € RY

We suppose that the transport coefficient, b(¢,-), t € Ry, lies in the non-homogeneous Besov Hélder
space Bgo?oo, for a finite 5 € R.

One of our main result in this article, we derive a limit Hélder continuity modulus of the mollified
and viscous version of the solution u of , this is a generalisation of the control of [CJ23]. Under
some structural assumptions on b, we show that the limit solution is unique if —f € (0,1) is large
enough. The solution of transport equation is approached with the second order parabolic
equations whose second order term v, called viscosity, goes to 0,

{(%um’”(t,a:) + (b (t, ), VU™ (t,x)) — vAU™ (L, z) = fm(t, 2), (t,2) € (0,T] x R?, (12)

u™"(0,z) = gm(x), v € RY

the function b, is a mollified version of the distributional valued b, also g,,, and f;, stand respectively
for a mollified version of g and f.

We write the solution as a perturbation of a PDE with constant components. These constants
correspond to the first order term b, taking at a freezing point throw the corresponding flow, as done
in [CDRHM18|. However, to estimate the limit Hélder norm, we have to distinguish two regimes,
like for Schauder estimates in a parabolic context, the diagonal and the off-diagonal ones. In each
regime, the choice of freezing points changes in order to get a negligible first order contribution when
v — 0, or with a time decomposition trick.

One of the crucial consequences of our analysis is a general meaning of a classic product of distri-
butions, (b(t,x), Vu(t,z)), where b and Vu have negative regularity. This is written as a weak limit
of a sub-sequence of a smooth parabolic approximation. The price to pay in this representation is



that we do not have usual uniqueness of the limit in this rough case.

Thanks to the techniques developed for the transport equation , we also succeed to extend
our analysis to parabolic equation without vanishing viscosity. Our result includes negative
regularity for b without use of rough path theoryf]

The a priori estimates being independent on b, we are able to use a fixed-point argument to
handle with the inviscid Burgers’ equation

{&gu(t, ) + u(t, 2)0ult, ©) = f(t,2), (t,2) € (0,T] x RY, 13)

u(0,2) = g(x), @ € BY,

see e.g. [BK21] for more details on this equation. We deduce, some kind of uniqueness of the solution
u of in case of the existence of Holder continuous solution (true before a blow-up time). Precisely,
on the one hand there is uniqueness of selection whatever the choice of vanishing viscosity, and on
the other hand there is uniqueness whatever the way to mollify; nevertheless we do not succeed to
get both uniquenesses for the same solution (which should imply usual uniqueness).

1.2 Existing results
1.2.1 On the transport equations

The Lipschitz framework is classic via the characteristic method. Indeed if b € L>([0, T]; C* (R, R?)),
considering the ODE X, = b(t, Xy), thanks to the Cauchy-Lipschitz theorem, there is a unique
solution u € L>°([0, T]; C*(R?, R)) of the transport equation . Out of this regular context, the
analysis has to be more involved.

For instance, a meaning of the equation , when the coefficients are in a suitable Sobolev space,
can be given by a renormalisation procedure developed by DiPerna and Lions [DPL89]. When b is di-
vergence free and Log-Lipschitz continuous, [BC94] establish that there is a unique solution with a loss
of regularity in the Sobolev spaces. If b € L'([0, T]; Wb (R%, R)) and div(b) € L*([0,T]; L®(R% R)),
they establish that the Cauchy problem is well-posed in L.

When, b is only supposed to have bounded variations in space, Ambrosio [Amb04] extends this
result for b € L'([0, T); BVjoe(R%, R)), div(b)_ € L'([0,T]; L= (R4, R)).

For other references on transport equation in the non Lipschitz case, see for instance to [MSI§],
[Xial9].

If b is only Holder continuous then the Cauchy problem is not well-posed any-longer, this is
illustrated by the well-known counter-example

b(x) =

= sign(@)(la| AR)", 7 € (0,1) (1.4

With a multiplicative noise, Flandoli Gubinelli and Priola [FGP10], see also [FGP12] and [MO17],
establish that the following Stochastic Partial Differential Equation

{dtu—l— (b, Vu)dt + Vu o dW; = 0, w5

U(O, ) = UO(')v

with b € L>([0,7],C}') and div(b) € LP is well-posed. Here, the symbol o corresponds to the
stochastic Stratonovich integral. This is a typical consequence of the regularisation by the noise, let
us mention [FF13|, [AF11], [Cat16].

This stochastic approach seems to be hopeless to get uniqueness by zero limit noise selection,
indeed from [AFQ9] : if b is defined as in (1.4)), then the following equation

ou® +b-0,u® = eVu® o dWy,

*see |[Lyo9§].



has a weak convergence of the corresponding probability P° towards m, when ¢ — 0, where u

and wue are two different solutions of the associated transport equation. Other counter-examples are
stated in [Dep03].

In [CCS20], the authors show that there is b € L} , p € [1, %], such that
8tum + bm V™ = 0,

where b, is a regularisation of b, for d = 3, and such that there is no uniqueness of bounded distribu-
tional solutions when m — +oo. The conclusion is the same, in [DLG22], for a compactly supported
divergence-free vector field b € L°°. To put it another way, there is no smooth selection principle by
regularisation.

Finally, let us mention [CCS22|, where the authors build a first order coefficients b Holder con-
tinuous such that the vanishing viscosity procedure from a parabolic approximation yields to several
different solutions, uniqueness fails to be true in L?. In spite of this counter-example, there is no
contradiction with our uniqueness result, stated in Theorem [l as we only consider uniqueness in
a Holder space, defined further. The non-uniqueness seems to occur only in non-smooth functional
spaces. Then we are able to affirm that a selection principle by vanishing viscosity may happen,
which is a partial positive answer to the question (Q3) in [CCS20].

We propose in this article a new approach to handle with the determinist transport equation ,
by vanishing viscous solution, see e.g. [Eva9§].

For the best author’s knowledge, the notion of vanishing viscosity has been already used for several
classes of evolution PDEs, e.g. hyperbolic ones in [BB05], but it was not developed to establish the
regularity control of the solution of a general transport equation. Finally, with this method, we also
deduce existence and uniqueness of a Hélder continuous solution of the inviscid Burgers’ equation.

1.2.2 On the parabolic equations

Historically, a full control of the parabolic equation (1.2)) with bounded Hélder continuous coefficients,
called Schauder estimates was first proved by Friedman [Fri64] thanks to a parametriz approach.

Let us mention also the major references of the parabolic equation: Ladyzenskaja, Solonnikov and
Ural’ceva [LSU68|, Krylov [Kry96] and Lieberman [Lie96].

The first article handle with unbounded coefficients in is due to Krylov and Priola [KP10].
In parabolic and elliptic framework, they get the parabolic bootstrap through Schauder estimates.
Let us also mention [KKLT75|, for a first partial result in a unbounded context; when coefficients are
“merely” measurable in time is handled in [Lor1i].

In a degenerate framework, with some Hormander conditions, Lunardi establishes, in her work
[Lun97], Schauder estimates for a linear b. For a fully non-linear Holder continuous drift, b, Chaudru
de Raynal et al. [CDRHMIS] get the corresponding controls, see also [Pri09]. To extend our result
to a degenerate chain, the principal points would be to control the regularity gain of the flow 6
associated with b through the chain which is not direct when the non-degenerate components of the
drift are distributional valued. This regularity control is crucial as the proxy density does depend on
this flow.

When b is a tempered distribution, in particular when b € B&f 0o With 8 < % some controls of the
solution of are established in [DDI16] and [CC18], in order to build a “polymer measure”, an
important object to study some stochastic partial differential equations such as the Kardar-Parisi-
Zhang equation.



In [Dan07] and [BCD11], when b lies in a more general Besov space, B;g, P, q # +00, some a priori
estimates in Besov space is established for the solution of some parabolic equations. In particular,
these controls are crucial in some approach to handle with the Navier-Stokes equation.

The paper is organised as following. The notations and the definitions used are gathered in Section
A first result about the transport equation under existence assumption is stated in Section [3] We
provide a discussion on the consequence in term of distributions product in Section The complete
analysis is detailed in Section [4l In particular, we write an extension on the structural assumption
(denoted by (A) in the following) in Section[4.10.2] Comments and results on the parabolic equation
and as well as the full proof are featured in Section

Our last result is stated and as well the proof of the regularity of a solution to the inviscid Burgers’
equation in Section [6]

We gather in Section [7] some results about regularity controls on the solution of linear parabolic
of second order and on the non-linear Burgers’ case.

Also, in Appendix, some property of the Besov spaces are developed in Sections [AHC] Precisely,
in Section @, we establish that the space Cp° functions are dense in the space of multi-differentiated
Holder continuous functions. Some inequalities over the norm of Besov-Hélder distributions with
their derivative are established in Section [B] Also in Section [C we detail why the limit of regularised
distribution in Besov-Holder space does not depend on the choice of mollification procedure.

Eventually, some precise and long comments of the analysis are postponed in Section

2 Notations and Definitions

From now on, we denote by C' > 0 and ¢ > 1 generic constants that may change from line to line but
only depends on known parameters such as v, d. Importantly, these constants do not depend on §.
For &, > 0, we use the usual notation of asymptotic domination:

e <& if S —0. (2.1)
g

(2.1)
) 1] = .. . .
We also write or lim |, the limit, up to some subsequence selection, under the condition
(£,6)—(0,0) (£,6)—(0,0)

.
2.1 Tensor and Differential notations

For any z € R?, we use the decomposition z = z1e; +. .. zqeq, where (ey, ..., eq) is the canonical base
of R%.

We usually use the notation d; for the derivative in time ¢ € [0, 7] also 0., , k € N, is the derivative
in the variable z.

The gradient in space is denoted by V, in other words V = 0,,e1 + ...+ 0,,€eq4, the divergence by
V- = div and is defined for any R-function f : R —» R by V- f = Zzzl 0. f.

The symbol “” between two tensors is the usual tensor contraction. For example, if M €
R?@R?®@R? and N € R? then M - N is a d x d matrix. If the two considered tensors are vec-
tors then “” matches with the scalar product which is also denoted by (-, ).

For any R? — R, we define the Hessian matrix D?f = (GZZ. 0z f) and the usual Laplacian

operator Af =34 92 f.
More generally, for any k € N, D¥f denotes the order k tensor (Dziy - Oz [(in,in)eraps- For

1<ij<d’

any multi-index o = (a1,. .., aq) € NI, we write DS f = 991 ... Ogk f, in particular if, for i € [1,d],
a; = 0, there is no derivative in z; in the expression of DY f.
We also denote for any o = (a1, -+, aq,) € N™, the order of this multi-index by |o| = > o.



2.2 Associated Holder, Besov spaces
2.2.1 Holder spaces

For any, ¥ € (0,1), || lcsmm rey, m € {1,d}, £ € {1,d, d®d}|f| is the usual homogeneous Holder norm,
see e.g. Lunardi [Lun95] or Krylov [Kry96]. Precisely, for all 1) € C°(R™, RY), we set the semi-norm:

() = d(y)]

[¥llos = [¥]s == sup — 5 (2.2)
(z,y)E(R™)2 x4y ‘:L' y’

the notation | - | is the Euclidean norm on the considered space. We denote by:
Cg(Rvae) = {1/} € C(S(RMJRE) : HwHLO"(Rm,RZ) < +OO}7

the associated subspace with bounded elements (non-homogeneous Holder space). The corresponding
Holder norm is defined by:

[¥llcs @m rey = [19llcs @m rey + 191l oo em ) (2.3)
For the sake of notational simplicity, from now on we write:
9] o = ||1/)”Lo<>(Rd,Rf)7 [lles = ||¢||06(Rd,Rl)a ||7/’||cg = WHcg(Rd,Rf)-

For time dependent functions, ¢y € L>([0,T],Cg(R™,R)) and ¢o € L>([0,T],C°(R™,R")), we
define the norms:

o1l ooy == sup [lo1(t,)llosgm reys

Leo(CY) tel0.T] Cp (R™,RE)

lp2llpoo(cey = sup [lpa(t, )llcs@m e,
te[0,7

[p2llree == sup |lpa(t, )|l Lo (mm me)-
te[0,7

The test functions for some weak formulations of different solutions will be in C§°(R¢, R), which
corresponds to the space of smooth functions infinitely differentiable with bounded derivatives and
with a compact support.

For any sequence of functions ("), c>0 lying in C%(R%,R), we denote, for any n > 0 by

[P () — ™= (y)

W™ 50 = sup , (2.4)
T ee®m) -yl |z =yl
the local Holder modulus without the limit.
For any function F': Ri — R, s.t.
F(e,m) < 1, (2.5)

and similar to [GT83] and [CJ23], we introduce the limit Hélder continuity as the modulus of conti-
nuity defined by

', m,e — o/yE
[wm,E] = lim sup W} (x) d)é (y)] (2‘6)
T ()= (+00,0) (a) (R fa—yl < |z =yl

Remark 1. This semi-norm reveals a partial reqularity of a limit function, when ¢ — 0. The
condition |z — y| < € allows to avoid some potential singularities arising; without this criterion,
we fail to use the cut-locus trick and so to prove the a priori control of the Holder modulus, where
obviously

max([™ <&, (<5, < [,

we write R®? for R? @ R? the space of square matrices of size d.

T



The above modulus, can be replaced through all the article by a fractional derivative defined, for
any v € (0,1), for all p € C°(R% R) and z € R%:

e s (V) #(@) — @ — kh)
DVp(x) = }lllg(l) 2 <k> = , (2.7)

with

(7) _ 6 =-Hr=2)---(r—k+1)
k) k! ’

the generalised binomial coefficient.
This operator is called the Griinwald-Letnikov derivative, see for instance [Diel0].

2.2.2 Thermic characterization of the Besov space

We define the Besov spaces thanks to a thermic characteristic, see Triebel [Tri83] Section 2.6.4. For
all « € R, q € (0,+0o0], p € (0, 0],

. 0 (m)q)i g
Hﬂ%%:WﬂDﬁMMWVHVM%vWWWN@ﬂ:(0‘;” ﬂ@fl*mMR@y, (2.9)

where we define the heat kernel

S W —— (2.10)

T (2mw)d/? P\ "2 '
and p(D)f := (¢f)" with ¢ € C°(R?) such that ¢(0) # 0, f and (¢f)Y respectively denote the
Fourier transform of f and the inverse Fourier transform of ¢f. Note that, when a > d(f - 1) =

dmax(0, 1 5 — 1) then in ([2.9), it possible to replace ||o(D) f||zoray by [|f[l 1o ra)-
When p = ¢ = +0o0, we naturally write:

£l g = sup 0™ 2[00 hy % fl poo(ray,
pa vE]

)

and if o > d(% —1)4,

IfllBg, = Ifllze + sup o™ 2|07 hy * [l oo (ma)-

vel0,1

We carefully point out that the homogeneous term | f|| s, does not define a norm associated to a
p,q

Banach space. To consider the whole homogeneous Besov space we have to consider v € R, in the
definition , for a < 0, see e.g. Theorem 2.34 in [BCDI1I]. Somehow, for the inhomogeneous
norm defined in , the contribution of the heat kernel convolution for v > 1 is “hidden” in the
inhomogeneous term |[¢(D) f| Lr (rd)-

For a > 0, the homogeneous and respectively inhomogeneous Holder spaces match with Besov
space, namely C* = Bgom and Cyf = B, ., see [Tri83] for details.

Our analysis tackles with inhomogeneous Besov spaces, in order to extend our analysis to the
homogeneous ones some sophisticated changes should be performed as the homogeneous Besov spaces
are a priori not Banach spaces; and we should consider the realisation of the space of homogeneous
Besov spaces as a space of distributions defined quotiented by polynomials, see e.g. Proposition 3.8
in [LRO2] to make it a Banach space.

If o < 0 then it is known that Bo‘ C B%

.o 1-€. there is a constant C' > 0 such that, for any a <0,

C
I-lag, <=1l (2.11)

p.qa —



We also introduce the distributions that can be approached by a mollification procedure. We put
a tilde in order to mean that we consider the closure of C}° in the considered spacﬂ Namely, for
any (a,p,q) € R x (1,400] x (1, +00] we define:

By, :=clpa (C5°), By, = clge (CF°). (2.12)

Remark 2. If there is v € C7, v € (0,1), such that b = Dazp, a € Nd, sob € BO_O?OO with

-8 = —l|a| + v, and in Appendiz Sectzon we show that b € B

The last constraint on b, being the derivative of a Holder function, is quiet natural when we
consider the structure theorem of the tempered distributions S', see Theorem 8.5.1 in [Fri98]. We
recall indeed that any b € S’ writes b = D“) where a € Ng and P is a continuous function with
polynomial growth.

Out of the Besov-Holder space, namely if 1 < p,q < 400, then B"‘ = By, and BO‘ = Bg‘q,

see Theorem 4.1.3 in [AH96], Proposition 2.27 and Proposition 2.74 in [BCDZZ/ For more Besov
properties, we also mention [Pee76] and [JawT7].

We might consider the non-homogeneous low-frequency cut-off in the Littlewood-Paley character-
isation instead of usual mollification by convolution, as performed in the current paper, and adapt
Lemma 2.73 in [BCD11|] for the space B&foo.

2.2.3 Besov duality

In our analysis, we thoroughly use the Besov duality. The full proof of the duality of Besov spaces is
established for example in Proposition 3.6 in [LR02|] thanks to a Littlewood-Paley decomposition.

Proposition 1. For all 1 < p,q < +o00 and o € R, we have for all p,¢ € S':

‘/ y)dy| < Capgallellsg, ¥l ;
Rd P ,q

withlgp’,q’ﬁ—i—oosuchthat%—i—l%:l and%—i—%:l.

Sketch of the proof. Let us suppose that w.l.o.g. that 1 < p,q < 400 (the analysis is identical if
we suppose that 1 < p/,¢ < 400). It is known that Bﬁq(Rd,R) and B¢ (]Rd R) are in duality

(Proposition 3.6 in [LR02]). Precisely, By, is the dual of the closure of the Schwartz class Sin B,
But S is dense in By, (see for instance 4.1.3. in [AH96]).
O

It is possible to adapt this result to homogeneous spaces, see for instance Proposition 2.29 in
[BCD11].

2.2.4 Usual tools for the Gaussian function

One of the reason to use the thermic representation of the Besov space comes from a well-known and
important result about the Gaussian function: for any ¢ > 0, there is C5 = Cs(d) > 1 such that:

Vz € RY, |zffe 1ol < OyeCs o, (2.13)

Furthermore, we often use the cancellation principle: for all f € C7, v € (0,1), z € R? and ¢ > 0

Vo [ e ply)dy = / Voo "2 (1) - fla)ldy, (2.14)

Rd

tAs in Proposition 3.6 in [LRO2] for the closure Schwartz space, but we do not need the mollified versions of the
considered distributions to be rapidly decreasing functions.



as the Gaussian function, up to a renormalisation by a multiplicative constant, is a probabilistic

L _lz—yl? .
distribution, hence V, fRd e dy = 0. Hence, we obtain,

(2%0)%

z—y|? z—y|? _
Vo [ ] < ety [ ey -y

Rd g

— 1 |lz— 2
< Cv<27m)g[f]70721/ G dy
R4
= C[flyo 7.

The penultimate identity comes from the absorbing property (2.13)).

2.3 Different definitions of a solution to the transport equation problem

As said in the introduction, we need to carefully defined the suitable notion of solution, no strong
solution can be in a negative Besov space or even in a Holder space, implying a product of distributions
which is obviously not point-wisely defined.

Definition 1 (mild vanishing viscous). A function u is said to be a mild vanishing viscous solution
in L= ([0, T); CJ (R4, R)) of equation (L)) if for a sequence (bm)men in L([0, T]; Cg°(RY, RY)) such
that there is 8 € R,

=0, (2.15)

ve>0, mLHJIrloo 1om = b||L°°([O»T};Bgfo:f(Rd,Rd))

for any t € [0,T)], there exists a sub-sequence of (u™"(t, '))(mw)ERi lying in CJ (R4, R) converging
in the space Cg_é(K, R), 0 < & < 7, for any compact subset K C R, when v — 0 and m — +00
towards u(t,-) € C} (K,R) and satisfying, for allm € N and v € Ry,

{8tum’”(t, z) + (b (t, ), VU™ (t,x)) — vAU™ (t,x) = fm(t,2), (t,z) € (0,T] x RY, (2.16)

w0, 2) = gm(x), x € R,
where (fm,gm) — (f,g) in L%([0,T];C7(R%, R)) x C7 (R, R).

We point out that such a sequence (by,)m>0 exists if b € L*([0, T7; Bo_foo (R4, R9)); or in particular
if b is the derivative of a bounded Hoélder continuous function but in this former case the limit result
has to be in the homogeneous space L>([0,T7; Bo_f o(R? R%)), see Appendix Section and
identity is implied by .

Moreover, it is important to notice that the choice of sub-sequence may depend on the current
time t. We do not succeed in getting uniform continuity in time ¢ (only boundedness in L*°), thus
the impossibility to apply a suitable compact argument in time, we need to consider the problem at
a fixed t. Nevertheless, for the sake of simplicity we write for the sub-sequence u™" (¢, -) instead of a
notation of the kind u™*"(t,-).

Remark 3. We could consider another formulation of mild vanishing viscous solution, where the
considered function is

¢
w™ (t,x) = / u™" (s, x)ds. (2.17)
0

Under structural assumption and the result stated in Theorem[d below, we have that (t,z) — w™" (¢, z)
lies, uniformly in (m,v), in CL([0,T7; Cg(Rd,R)), by the Arzela-Ascoli theorem, we obtain a conver-
gence in all compacts [0,T] x K of [0,T] x R? towards a function w € CL([0,T]; Cj (K, R)).

Let us define an alternative form of solution which is a mixed version between mild and weak
notions of solutions.



Definition 2 (mild-weak solution). A function u is a mild-weak solution in L>([0,T]; Cy (R4, R))
of equation (L.1) if u is a mild vanishing viscous solution, and such that for any function ¢ €
Cse([0,T] x RER), we have, up to a sub-sequence selection, for any t € [0,T],

m—o0,v—0

tim [ {0t (500) + Gulo.). Va5, p)els. ) s dy

t
—/ w(O,y)g(y)der/ / ©(s,y)f (s, y)ds dy.
R Rd Jo
(2.18)
The distributional formulation allows to give a sense to the potential irregularities of b and of

Vu’™ when v — 0, m — 400, and to consider the whole space [0, 7] x R? (instead of any compact),
the cut-off of R? required for compact argument is included in the test function ¢.

Definition 3 (weak solution). A function u is a weak solution in L*([0,T]; CJ (R%,R)) of equation
(L1)) if w is a mild vanishing viscous solution and satisfies, for any function p € C$°([0,T] x R%, R),

[ fettnut)+ [ {-atspputs,) + (bs.0), uls, oo, s hay
R4 0
= /Rdw(O,y)g(y)dyﬂL/Rd/o o(s,y)f(s,y)ds dy. (2.19)

Remark 4. We cannot hope to define classic solution in our irregular context. Indeed, even if roughly
speaking Oyu+ (b, Vu) is supposed to lie in L>(C}), we cannot a priori define point-wisely the classic
scalar product between b and Vu. Ifb has a blow up at a point xy € RY then, as u is solution of ,
limg sz, fg(b(5,$), Vu(s,z))ds is necessary finite for any t € [0,T] but we cannot give a meaning of
(b(t,x0), Vu(t,zg)) in a point-wise sense. Roughly speaking, to handle distributional drift we have to
stay in a distributional formulation of the solution.

Definition 4 (Uniqueness). There is a unique solution of (1.1)) if for two solutions u™" and a™" of
O™ (t, ) + (b (t, ), VU™ (t, x)) — vAU™ (t,z) = fm(t,2), (t,z) € (0,T] x RY,
u™v(0,z) = gm(z), © € RY

and respectively
o™ (t, ) + (b (t, ), V@™ (t, x)) — DAT™ (t,x) = fm(t,z), (t,z) € (0,T] x RY,
a™?(0,z) = gm(z), v € RY

forv,v >0, with

m — bHLOO([O7T];B;{3OEE(Rd7Rd)) + nll)liir}oo ”bn - bHLOO([O,T];B;éOZE(Rd,Rd)) = 0, (220)

Ve >0, lim |b
m—-+00

converging, up to sub-sequence selection, towards two Holder continuous solutions u, u, when (m,v,v) —
(+00,0,0), then u = a.

The mollification procedure associated with b, can be different from the one performed for by,.

3 Statement under existence assumption

When b lies in a Holder-Besov space, we succeed in obtaining a mazimum principle like for the limit
Holder continuity, matching the regularity of f and g. The type of solution strongly depends on the
regularity of b, however to be sure that our approximation converges towards a true Holder continuous
solution, we need to introduce an assumption framework.
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(A) We suppose that there is a function 1 : R? — R?, such that
V(t,x) € [0,T] x R, b(t, 2) = (Vi (z))

satisfying
Vip(x)
V(= (et +9(2)))

V(r,z) € [0,T] x R, < 40,

and

U (Ot — 8) + P (x) — 7Ot —s) +¥(2)) in CH(RE,RY),

m——+00

with ¥, a mollified version of ¥, e.g. ¥, := pm * .

For more details, see Section further, in particular, we develop the case ¥(z) = |z['*” in
Section [3.1.2)

We could suppose that b does depend on the time t, if b is smooth enough in time, thanks to
the time decomposition performed in Section [4.9] The only use of this assumption is to get the
convergence of the solution u™" toward u in a suitable Holder space.

Theorem 1 (Rough transport equation in Holder spaces). For € R* and 0 < v < 1 be given, let
f € L>(0,T);C)(RL,R)) and g € CJ (RYL,R). For a distribution b € LOO([O,T],BJO?OO(Rd,Rd)), then
for u™" defined in (2.16)) we have then,

T
: mu (g . < . ) .
ngﬁlootes[%%][u )y wrmpe < nll)gloo ; [f(t, )]7,(VT/n)1/2+RETW[Q]W,(VT/n)1/2a
[u™|[pee < T fllLoe + llgllzoe- (3.1)

Moreover under if (A) is in force there is a mild vanishing viscosity solution u € L>([0,T]; Cj (R4, R))

of ([CI) and

i) Incompressibility. If 5 < v and V - b = 0 then the solution u is also a weak and a mild-weak
solution.

i1) Positive regularity. If 5 < —1 4, namely if b € LOO([O,T];CZ?(Rd,Rd)), B=—5>1—n, the
solution u s also a weak solution and if we also suppose that

V||Vl + vim!~T <« 1, (3.2)
then dyu(t,-) € Bt (R4 R), for any t € (0,T).
iii) Greater regularity. If f = —4 > ﬁ, and if

i
2

V[V2gmllre +m= P05 +ml=Td <« 1, (3.3)

the solution s um’queﬂ

Except for the control of the time derivative and for uniqueness, there is no condition on the
vanishing viscosity unlike in Theorem [2| This is due to the possibility to use the time decomposition
trick which allows to get estimates independent on b, see Section

Remark 5. We derive a limit Héolder modulus in a more general setting than [CJ23] and [DEL23]
where [ is supposed to be null, and the consider modulus is a log-Holder and an Osgood modulus,
see also [DE23]. Let us insist that estimate does not depend on the condition (A) which only
allows to consider the limit solution u™" in a Holder space.

$Namely the limit solution does not depend on the choice of sequence (m,v) and on the way to mollify b.
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Remark 6. Importantly, the above controls do not depend on the drift b; which seems to be
paradozical with the usual gradient control of the transport equation by characteristic method. This
independence on b is crucial to consider very rough coefficients as well as non-linear equation such
as the inviscid Burgers’ equation studied in Section [0

While for the usual weak solution, there is no more such infinite regularisation effect. The In-
compressibility framework, i.e. V -b = 0, allows to still consider a negative reqularity of b. Such
divergence free condition for non-smooth distributions already exists for instance for Leray’s solution
of Navier-Stokes equation [Ler3]).

In the last case, i.e. Positive regularity, the considered drift b is supposed to be Holder continu-
ous in space, in particular lying in L>([0,T]; Cbo‘(Rd, R%)), o > 1—~ which is the Bony’s para-product
assumption, see Section below for more details.

We even obtain uniqueness for the Greater regularity case, we use a kind of regularisation by
turbulence which makes negligible the second order term. The condition on g means that the initial
function has to be smooth enough such that v||V2gy,| L is negligible, obvious if g € C?(R%, R). Again,
this a partial positive answer to the question (Q3) in [CCS20], but we fail to consider uniqueness in
a rough (negative regularity) case, see Remark@ further.

In this Hélder case, the product (b, Vu) falls into the usual case of the para-product by the Bony’s
microlocal analysis [Bon81l]. In the negative regularity case, we again obtain a result on the limit
Holder modulus of the product of distributions.

For the sake of completeness, we introduce some examples of coefficient b where the existence of
solution u € L>®([0,T], CJ (R% R%)) is granted. In particular, in the following section, we detail a
framework taking into account the Coulombian interactions.

3.1 The flow 6,, under hypothesis (A)

3.1.1 A structural example in R?¢

If the coefficient of (1.1]) is, for any x € R,
b(x) = e(Vep(x))
where 1) : RY — R? is a function such that m

V(r,z) € [0,T] x R, Vi (@) < +oo,

V(= er +1(2)))

Then the associated flow is

Os1(x) = et — s) + U(z)).
Indeed, differentiating w.r.t. s gives

c

T Vo (et — )+ ()

Os.(x) = V(1) (c(t—s)+4(x)) = b(y 7 (c(t—s)+1())) = b(Bs,1(x)).

Furthermore,
_ Vi ()
V(= (c(t = 5) + ()’

V@S’t (JI)

which is in L.
Recalling that we obtain the example in Section below, taking 1 (x) = |z|'*F.

TWhich is granted if there is ¢ > 0 such that Vz,y € R%, ¢|y|> < (y, Vi (z)y) < ¢ *|y|? yielding that b € L>(R% R?).

12



3.1.2 A polynomial example

For a given constant ¢ > 0, and 8 > 0, if the transport coefficient writem
b(x) = cala|0+) € B, (RY, RY), (3.4)

then we can see that a flow can be written as

() = %(e(l +B)(t = s) + |2 7). (3.5)

Indeed, differentiating in s,
, xT 148 _1fﬁ
bual) = = e(eU+ B)( = 9) 1l 7).

and

v 5
b(0as(r) = cg(c<1+m<t_s>+|xp+ﬁ) +3

= —937t(1').

Furthermore, taking the gradient of the flow,

(B(1 = B)(t — 5) + [2]'+8) T+
B '

Vs (z) = (3.6)

We have, for 8 > 0, and

Oif s<t
PEShand lim Vo(2) = 1. (3.7)
1if s =+t. || =400

li =
lim Vs () {
In other words, for any 0 < s <t, Vl,; € L.

In order to illustrate an example of a singular b satisfying all conditions (A), let us consider, for

any n > 0,
x
b"(x) = CH(ICL‘! +n )77,

see Appendix Section [C] for the non importance of the mollification procedure.
We deduce from (3.5)), the “almost” associated flow,

1
074 (x) = i(dl +B)(t = s) + [P + n71> e
’ |z|
We indeed get,
' _B8_
Ogi(x) = —ic<c(1 +B8)(t —s) + |$|1+6 + n—1> 1+8
’ ||
= —b"(0(2)).
Next, we have the following gradient identity
B
0 1-— t— 1+ -1\~1138
Vbii(e) = (BU=PE=s) bl PbnT) TP o poo e, o) (3.8)

I'The definition of the norm |z| does not change the analysis. The term z|z| ™! stands for a multidimensional version
of the sign function.

13



~ 1
However, we get from (3.5)), before transportation 07, (z) = ﬁ(ml*ﬁ +n~ 1T+ which goes to x in
CY(R?% R%) as n — +oo0.

In order to get the right terminal condition of the flow, we define the corrected flow ¢, by

~ T 1
(@)= 00 (o (o] ) ).

]
We equivalentl define, for any y € R,

~ Yy L
et(y) = Hzt(m(’y‘yrﬁ -n 1)1%)-
The analysis for this example follows exactly the computations below, see Section further.

3.2 On the product of distributions

The sense of some particular products of distributions is very challenging, and is related with many
long-standing problems. For instance, Hairer in [Hail4] introduce a regularity structure theory which
after some renormalisation allows to handle with products of distribution, and to give a meaning
of stochastic partial differential equation such as KPZ [Hail3]. However, such renormalisation leads
to blowing-up constants which is not the case in Theorem [2} the price that we have to pay is the
potential non-uniqueness of the limit.

From the different formulations above, we define different meanings of the product (b, Vu). First
of all, let us remark that by rough a priori controls, see Lemma [3| below,

[Au™(t,))y < 2TV (8| VP (8 )
< Cm*(t) fll ooy + l9ln) eXp(C'mlfﬁtHb||Loo(B;O§oo))-
Hence, if )
v < O™ (1]l (o) + o) ™ exp(~Com ™ bl s ) (39)
then, up to subsequence choice, vAu™"(t,-) — 0 in C’;’(Rd, R).

(m,p)—(400,0)
Also, for a given t € [0,T], we see from the definition of mild vanishing viscous solution, up to
subsequence choice according to the condition (3.9)), that

lim )/0 (b (s,-), Vu™"(s,-))ds = g —u(t,-) — /0 f(s,-)ds € CJ(K,R), (3.10)

(m,v)—(+00,0

for any compact K C R?. We highly point out that b lies in any arbitrary negative regularity in space
L=([0,T); Bilo(RE,RY), B € Ry, and Vu(s,-) € Bxa (RY, RY).
In other words, thanks to the time averaging, we get a new para-product condition. Indeed, in

general from Bony’s microlocal analysis [Bon81], for all ¢ € B!, and ¢ € BS2 ., we have

¢ € BELS? if o + a > 0. (3.11)

However, the uniqueness of the limit in seems to be false in general.

Also in the weak formulation, from Theorem we obtain, if V-b =0 and —f3 = 5 < ~ (regularity
condition weaker than (3.11])), a distributional meaning of (b(s, -), Vu(s,-)), but we still do not know
in this case if the limit is unique.

1

y = Ii—‘(|x|1+ﬁ+n_1)ﬁ implies % = 7 and ly[*** = |2|*=? 4 n~* which implies that = = ﬁ(\yﬂ*‘ﬁ —n H)TFB,
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Finally, we point out that in the Positive regularity framework, the hypothesis matches with
the Bony’s para-product condition (3.11). Indeed, for any t € [0,7], b(t, ) € BS a = —f, and

00,007
Vu(t,-) € Bx'a with a—1+7 > 0. We are able quantify the regularity, (b(t,-), Vu(t,-)) € Bxa' by
para-product detailed further in Section Moreover, the time averaging version fg(b(s, ), Vu(s,-))ds
in the sense of (3.10) is y-Holder. We remark, as aw A (—1 4+ v) = —1 + y then there is a +1 gain of

regularity comparing with the usual para-product result.

4 Proof of Theorem 2

4.1 Parabolic approximation procedure

Let us first smoothen the drift and the source functions of the parabolic approximation,

O™ (t, ) + (b, Vu™) (¢, @) — vAW™ (£, 2) = fin(t, @), (t,2) € (0,T) x RY, (4.1)
u™"(0,2) = gm(x), € RY, ‘
where the mollified functions are defined by
baltia) = [ pule = )bt 9},
fulta) = [ oule =)t
an(t.) = [ pule =)y (42)

for pm () := m?p(m-) where p is a non-negative smooth function py,, such that [p pm(z —y)dy = 1.
In particular, we choose p = h1, the heat kernel defined in . In Appendix Sections [A| and [C] we
see that the limit of b,, does not depend on the choice of the mollification procedure, whereas the
limit of u™" potentially does.

In our analysis, we use some point-wise controls of the mollified functions or distributions whose
blowing-up in the regularisation parameter m is stated below.

Lemma 1. For all m > 1, and < 0, if b € LOO([O,T},BJO?OO(Rd,Rd)), we have for any (t,z) €
[0,T] x Re:

|bm (¢, )|
Vb (t, )]

IN

CmBHbHLoo(B;ol?oo)u

Om B b e

N

Bw)
where Vb, stands for the Jacobian matrixz of by,; also if 5 <0,

|bm (¢, )] 6]l =,

<
Vo (t,2)| < Cm' 2 |b]| oo (- 5)-

Proof of Lemma[ll From the mollification definition (4.2)), we see, from (2.10), that p,, = h,,-2, and
from our scaling choice, we get for any m > 1

bt 2)| = | / s (2 — )blt, y)dy|
Rd
< m’  sup WP / him—2(x — y)b(t, y)dy|.
m~—2€[0,1], zeR4 R4

We readily get by the thermic definition of the Besov norm ([2.9)):
|bm(t,$)‘ < mBHbHLoo(Bo—oﬁoo) < mIBHbHLoo(BO—OI?OO)'
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For the second inequality, it is known that for any ¢t € [0, 7], Vb(t,-) € Bgof;oﬁ , see Theorem 9 of
Chapter 3 in [Pee76], in particular if 3 € (0, —1) see Corollary [6] in Appendix Section [B] Hence,

|Vabm(t,z)| < m!th sup fn_ﬂ‘/ -2 (& — y)Vyb(t,y)dy|
m~—2€[0,1], zeR4 R4

— 1+
= IVl e,
We deduce that there is a constant C' = C(d) > 0 such that:
1
|Vabm(t, )| < Cm +5Hb”LOO(B;o{3OO),

see Corollary [6] in Appendix Section
The two last inequalities, i.e. for the case 8 < 0, are standard. O

4.1.1 Proxy choice

We approximate the Cauchy problem around the flow associated to the smooth function b,,, which
is unique by Cauchy-Lipschitz theorem. Namely, let us consider the unique function defined for any
freezing point (1,€) € [0,T] x R? by,

() i= €+ [ 06,0295, 5 € 0.7]. (1.4)
In other words, for any t € [0, 7],
0% (€) = —bm (1,077 (6)), 07-(€) = €.
We again rewrite the system of linear parabolic PDEs ,
O™ (t, ) + by (t, 015(€)) - VU™ (¢, 2) — vAu™" (t, x) = b [T, ] (¢, x) - VU™ (t, ) + fim(t, ), (4.5)

where we have
bR[T.&](t, @) == b (¢, 07 (£)) — bin(t, 7). (4.6)

For such a fixed freezing point (7,¢) € [0,T] x R?, we use the corresponding Duhamel formula:
U (t,x) = P gy (t,x) + GT8 fon(t, ) + GT5 (WR[T, €] - VU™ ) (t, 2), (4.7)

where we define, for any f € Cé’2( (0,T] x R? R), the Green operator associated with the perturbed
parabolic equation with constant coefficients (|4.5)),

t
W(t.o) € O.T)x B 64 fltn) = [ [ 575 tm) fsvy) dy d (48)
0 JRd
and for any g € C3 (R4, R), the associated semi-group

PT’fg(t,a;) = /]Rd ﬁT’é(O,t,x,y)g(y) dy, (4.9)

where the perturbed heat kernel is

1 (_ ‘Wrffbm(éa%?(é))dé—y’?)‘ (4.10)

A 75 Pp—
pT (S,t7x,y) T eXp
(drv(t —s))2 vt —s)

16



We carefully point out that, from definition (4.4), if (7,¢&) = (¢, z),

RS SN A 1) Bt
e ,y)_(47w(t—s))% p( 4v(t — s) >

We have for each o € N? that there is a constant C,, > 1 s.t.

5575, o Colpt =% oy |ot [ b5, 08 (€))d5 o
[ D™ (s, L, 2, y) (e s))? p( Ca =) )
= C(t— s)]*%ﬁﬂg(s,t,x,y), (4.11)

and also, after the derivatives we can choose (7,&) = (¢,z), and v € [0, 1],

| D" (s, t, @, y)| X |y — @ — /: b (5,08-(€))d3|” = [D (s, t,2,y)| x |y — 074(2)[”
< Ot — ) 5+ pb(s,t, 2, y), (4.12)
from absorbing property . It also clear, for any 0 < s < t, that
O™ (5.1, ,y) = VAT (5,8,2,) — (bt 67%(€)), V5™ (s, 2,y), (4.13)
which naturally implies that the function u™" defined in is indeed solution to and to .

Finally, we will marginally use the “pure” heat kernel already defined in (5.3)),

t 1 12
(s, t,z,y) =p"° (s,t,x — /s bm (3, 05,(£))ds, y) = m exp < — M), (4.14)
recalling the corresponding Green operator
Y(t,z) € (0,T] x RY, Gf(t,z) = /Ot /Rdﬁ(s,t,a:,y)f(s,y) dy ds, (4.15)
and the associated semi-group
Py(t,z) := /Rdﬁ(O,tvway)g(y) dy. (4.16)

4.2 Convergence of the solution

To prove that «™" indeed converges toward u, the analysis is similar to the one perform in Section

replacing 4™ by the solution

{Btu(t,:r) + (b(t, ), Vu(t, z)) = f(t,2), t €[0,T), (4.17)

ﬂn(O,SL’) = g(ZE),

supposed to exist in L>([0, 7], C7(R%,R%)) because the flow 0 (&) := £+ fsT b(5,0;5(£))ds, s € [0,7]
is assumed to be Lipschitz in space.

Under assumption (3.9)), we have vAu™"(t,-) ( )—() 0 0 in CJ(R%R). Also under the as-
m,v)—(+00,

sumption on the limit flow in (A), Ve > 0,

— U || 1 oo ry—e — 0. 4.18
lu —u""[| Lo (v ) () Cooo) (4.18)
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4.3 Compactness arguments

In this section, we suppose that hypothesis (A) is in force, which yields existence of uniform control
of ™", because the associated flow 0, ; is Lipschitz continuous, see Section

4.3.1 Mild vanishing viscous

In order to pass to the limit m — 400, v — 0, according to the vanishing condition , we consider
a subsequence given by or by the usual Arzela-Ascoli theorem. However, this former result is
available for uniform continuous function in a compact space. From the lack of smoothness, uniformly
on v, in space of u"™"(t,-) (only y-Holder continuous, v < 1), we are stuck at a convergence in a
compact subset of R?. For instance, the analysis performed in [Hon22] to get rid of the compactness
convergence criterion for quasi-linear equations does not work here as there is no hope to obtain any
strong formulation of the PDE .

We do not succeed to obtain any positive regularity on ¢, which would imply dependency on b
and so we cannot exploit uniform continuity in time to get a convergence of a sub-sequence of «™" in
[0,T] x R?. Thus the convergence at any given time in all compacts set of the mild vanishing viscous
solution in Theorem [21

Nevertheless, we are still able to include a truncation procedure into a weak formulation in order
to obtain a convergence in a distributional meaning and not a point-wise one as for the mild vanishing
viscous solution.

4.3.2 Truncation procedure

The method is highly inspired by the one in [Hon22|, we also consider a smooth cut-off ¥, p € D
supported in a ball By(y, R) = {r € R% |z —y| < R}, y € R? and defined by

9y p(x) = ﬁy(%), (4.19)

where 9, : R? — [0,1]¢ is function lying in C§°(R%, R?) s.t.

9, () z, if |z —y| <1,
€Tr) =
Y 0, if |z —y| > 2.

The corresponding truncated function is, for any (¢, z) € [0,T] x R,
'y (L x) = u™ (¢, 0y k(7). (4.20)

We highlight the particular case
uly (tx) = u™(t, ). (4.21)

The above truncation solution (4.20]) naturally appears when we write a weak formulation of the

parabolic equation ([2.16)).

4.3.3 Weak solution of the parabolic approximating equation

For any smooth function g supported on B;(0, R), a d-ball of radius R > 0 and center (0,...,0) €
RY. We consider a weak formulation of the parabolic solution ™", for any (t,x) € [0,7] x R%:

/0 /]Rd { - at(PR(Sv y)um,r/(s, y) + QOR(‘S? y)<bm(87 y)7 vum,y(S’ y)) + VA()OR(Sv y)um,u(& y)}dy ds
= [ er0mantiay = [ entpreoay+ [ [ ontsn s vyds
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where in Lh.s. the limit of the first order term, (b, (s,y), Vu™"(s,y)), has a priori no point-wise
limit neither in term of the usual distributional meaning of Schwartz. Indeed, as already enunciated
in Section the usual distribution theory does not provide any interpretation of a product of
distributions, to get any limit result we have to thoroughly use the PDE.

By the cut-off definition, we equivalently have

[ Ounto g () + on(5.9) 05,0, V8 5 00) + vty 5,00 s

= [ enOants = [ entsni v+ [ [ ontssts. iy
(4.22)
Now, from compact argument developed in Section we have that ug'p, (s, -) converges in Cj (K, R?),

K = B4(0, R), towards a function ug r(s,-) when (m,v) — (400,0) and the condition (4.45) is satis-
fied. In other words, ug r(s,-) is a mild vanishing viscous solution of (1.1J).

4.3.4 Mild-weak solution of the transport equation

To get a mild-weak solution we have to pass to the limit in the weak formulation of the mollified
parabolic equation . In equation , up to a sub-sequence selection, except for the first order
term wr(s,y)(b(s,y), Vugf}f{(s, y)), each contribution obviously has the good converge property by the
Arzela-Ascoli theorem. In particular, from , we have

t (@15)
v Apr(s,y)ug i (s,y)dy ds (4.23)
0 JRre (m,v)—(400,0)
To deal with the drift part, we write by integration by parts
/ (bt ), Vug i (£, 9))or(t y)dy
= [ Vertta) bt ndy + [ ont ) bt o)y
By the Besov duality property, see Proposition |1} we write
’Bl‘ < Hbm”Loo(B;foo)HV(PRug?}:{HLoo(B;’?y (4-25)
and
‘BZ| < ||v : bmHLOO(Bgol’goﬁ)H(’DRUST,L]’%/HLOO(B%’J;B)’ (426)

with By = 0 for b incompressible.
trol of 0
Control o HV('ORUO,RHLOO(Bfl)

Let us prove that ||V¢Ru81}’§||Loo(Bg ) i controlled uniformly in (m, ). By the thermic represen-
) 1,1
tation of the Besov norms ([2.9)), we have

IV orug i pgep,y = IVorug R + IV oRugE s

1
1
IVeorul sl + / Lot /
’ Y Rd

The first contribution in the r.h.s. above is obviously bounded uniformly in (m, ) by

. Ouho(z = y)ug 5 (¢, y)Ver(t, y)dy‘dz dv.

IVerug i I < IVerlpllugy e < CIVerlc (TN fllze + llgllze),
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by uniform estimate (4.101)).

For the second one, we need to deeply use the already known regularity of ugng. By triangular
inequality, we obtain

AN
c\
>
S|

(4

T
@
%\°

/ a’uhv<z - y) ' {[uglg(t’ y) - ug?}%y(tv Z)]V(PR(tu y)

HV(PRUSTIV;HL@(B?J)

A
é:\
>
S| = 1
4
T
[®
%\

iy avhv(z - y) : {[U(T]rf}l{/(tv y) - ugil}{y(tv Z)]VSOR(ta y)

dz dv,

by Taylor expansion. Next, with the exponential absorbing property (2.13]),

||V90U8?}§||Loo(gfﬁl)

o Y1 s
< Ol / Los / / ho-1o(z — )y — 2|V or(t, y)|dy dz do
o ¥ Rd JRd

1q s 1
/ —v 2/ / hc_lv(zy)|y2|/ |D290R(757Z+M(y*Z))’d#ddedU
o v Rd JRd 0
1 1

1 3-8 1 1-8
< Ol i Vorls [ 1o o+ Clugy e [Demls [ yo'Fdo,
0 0

which is finite if g < 7.
Control of H‘PRUST};HLoo(BﬁB)

The analysis is similar as before, replacing 5 by 1+ 8 and Vygr by ¢gr:
lorug oo (i) = lorug gl + lertg Rl oo 5140
We readily get

lerug gl < llorlipllug i lize < lerlle (TIfllze + llgllze),

and

1 1
1 1 -
ol ity < Ol Limionllonles | 50™ 5 do+ Ol i Vonlss | Jodo,
this is finite if 1+8 < v <= B < —14~v < 0. Let us carefully notice that if there is the incompressible
assumption V - b = 0, then By = 0 and this former constraint disappears. Thus the different cases
considered in Theorem [2

The Bolzano-Weierstrass theorem then yields the result.

4.3.5 Weak solution

The difficulty for the usual weak solution, here, is to prove that, up to a subsequence extraction,

T
[ et g entw i = [ [ 060, oot i

T
— /0 /Rd<b(t,y),Vu(t,y))soR(t,y)dy dt,
(4.27)
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where b € L>([0,T7; B;O’? (R4 R%)) is the drift of the initial Cauchy problem (T.1]) and coincides with
the limit of by, in L([0, T]; Bols® (R4, R)), for any 0 < & when m — oo; also u(s,-) € CJ(K,R),
K = By(0,R), is the limit of u™"(s,-), up to a subsequence selection possibly depending on the
current time s, in Cg_é(Rd, R) for any 0 < £ < 7, see Section

Let us recall that Bo_o[? o 1s the closure space of C}° in Bo_f o0, from Appendix Section we still can
take the regular sequence (by,)m>1 defined in to approximate b in L ([0, T]; Bal o (R, RY)),
for any 0 < ; whereas the considered solution u(s,-) may depend on the choice of mollification. In

other words, we have:
n%i_r}noo 16, — bHLOO(B;o‘?;E) = 0. (4.28)

For all m > 0, ¢t € [0, T], we write by integration by parts that
’/Rd<bm(t7y)’vuglg(t’ y)>90R(t’y)dy_/R <b(t,y),VU0,R(t, y)>90R<t’y)dy‘
< ’/Rd bJ(t, y)u™" (t,y) - V@Rtydy‘ﬂ/ (t y)[w—u™"](t,y) - chRtydy’

#] [, o= e Gonttnds] +| [ 9wl — Y en) patt v
=: Bl +BQ+B3+B4. (4.29)

To deal with the first contribution, we aim to use (4.28). We have by the Besov duality result of
Proposition [T} )
B; < ||by, — bHLC’O(B;[,BO_OE) ”Um’VVSORHLoo(Bf-‘{E)’ (4.30)

it then remains to control ||[u™*Vegl| Loo(pi+ey- Similar computations as in Section 4.3.4f yields that
1,1

Humv”V@RHLw(B,@ﬁ) is finite if B <y —e.
1,1 ~ ~
Also for the third B3 and the fourth term B,4, which are null if V- b = 0.
Hence, from (4.28)), we obtain
B — &2 (4.31)
(m,v)—(+00,0)
Now, let us handle with the second term in (4.29)). We aim here to use the convergence of v (s, )
towards u(s, -) in the ball B,4(0, R).
Again by the Besov duality result of Proposition [I} we have:

By = | [ b= wm)t0) - Ven(t iy

< HbHLw(B;‘Lo)H(“mW - “)V‘PR”LW(Bfl)' (4.32)
We have, from Section

Arzela-Ascoli theorem, we have
m,v m,v (4.45)
IVer(u™" —u)|[Le < [IVerllre<||(w™ = u)|Le —=——-0.
(m,p)—(400,0)

For the homogenous part of the Besov norm, we also mimic the analysis in the previous section
replacing u"" by (u"™" — u), for any € € (0,7):

[ (u™" — u)v@R"Lw(Bﬁ )

< O s [ 2E [ [ et - ol = D Venttldydz e
+C||(u™" HLOO/ v/ / ho-1,(z —y ]y—z!/ |D%R(t, 2 + p(y — 2))|dudy dz dv
M b1 o4 1
< Ol =)l Venlr [ 505 do+Cl@™ )~ [Derl [ Lo F .
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which is finite as soon as 8 < v —¢ < 0, also by Arzela-Ascoli theorem, we have the converging result

m,v 00,0
1 — )| pooqe—ey 20,

Therefore, we even get

~  (m,v)—(400,0)

By 0. (4.33)

The last contribution By, null if V - b = 0, is similar replacing Vg by ¢r and 8 by 8 + 1. Namely,
we have

By < ||Vb||LOO(BO7°17gOB)||(um7V_U)SDRHLOO(B%J{B)

= VBl oty (1™ = w)orllzs + (™ — u)prll o e, (4.34)

with
1™ = w)prllzn < ™ = el

and

™ — w) ol

11 148
= —v 2
o U Rd
L -8

1
1 -
< C||um7V'LLHLOO(C'\/—E)”QDRHLI/O ;v 2 dv+C’Hum,uu|Loo||D2ng||L1/0 Ev 2 duv,

» Ouho(z —y) (W™ —u)(t,y)er(t,y)dy|dz dv

which is finite if 5 < —1 4~ — e and by (4.18)), we deduce

By Lm0, (4.35)

Hence, from (4.29)), (4.31)), (4.33)) and (4.35)) we deduce (4.27).

4.4 Uniqueness

Let us insist that uniqueness of vanishing viscous solution does not mean uniqueness of usual solution.
Indeed, this question arises for the uniqueness of the limits of any sub-sequence of (u™"), ,>0 and for
the non-dependency of the limit on the regularisation procedure; also the smooth selection principle
established here does not depend on the choice of the vanishing sequence (v).

Let us suppose that there are two vanishing viscous solutions u and u of satisfying estimates
(3.1). We then consider the associated mollified version (u™"),;,>o and (@"™"),,>0 solutions, for any
z € R?, to

{&tum’”(t, ) + (b (t, ), VU™ (t, 7)) — DA™ (8, 7) = fin(t,7), t € [0,T), (4.36)

um’y(oax) = gm($)7
where by, is a mollified version of b as in (4.2)) by a convolution with the Gaussian mollifier p,,, and

{atamﬂf(t, ) + (b (t, ), Va™" (t,x)) — vAG™ (t,2) = fm(t, x), t €[0,T), (4.37)

an(O, x) = gm(l’),
where by, is a mollified version of b which is potentially defined differently as in (4.2)), and such that

V0 < e <1, leIJIrloo Hgm — b”Loo([07T};C'7/7€(Rd7Rd)) = 0. (4.38)
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From the linearity of the equations, we then derive that U,, := u™" — @™"

Cauchy problem for any (¢,z) € [0,T) x R%:

solves the following

OtUp (t, ) + (b, VUL (t, 1) — DAUp(t, ) = (v — D) Au™Y (t,7) — {[by — by, VU™)(t, ),
Un(0,2) =0.

(4.39)
By uniform control (4.101)), we directly derive that
t - ¢
[Um(, )|~ < / [{[bm = bm], Vu"™") (s, )| L ds +/ (v = D)[[Au™"(s, )| Lds
0 0
< T|bm — bl oo || VU™ || Loe + T'|v — v||| Au™ || 100 (4.40)

It is clear that if b is 4-Holder continuous then ||b,, — byl < Cm~7. To take advantage of the
convergence of ||by, — by, || towards 0, we need to use other a priori controls.

Lemma 2. Ifu™ is solution of [&.36)), then, for any (t,z) € [0, T] xR?, we get the gradient estimate

t
—5 1
Ve () < [ fulo e + ¥l +Om = blle o (H il + 1) 5

and he Hessian estimate
V2 () < (CvETNE | flleen) + IV gmlli )
~ 1 1
+Cm bl oo (ciyy 282 (EIV fnll 2o + [V gm | oe)
~ 1 1
M2 b |2 o) (e + gl ) 385

The proof is deferred in Section [7.3

Hence,

[Unn (¢, )| e
< Tm 7 7||b]l o o7 (tHmeHLoo + IV gmllee + Clloml| Lo (c) (tHmeLoo + \QmHLoo)V;_lt3>

71w 7] ((Cu’%ltlufmumm +19%m]lz)

3 1,2 59,5
+Clbmll oo 07y 2 12 (HIV finllzoe + IV gmllze) + Cllbml 7o o) (t fimllzoe + llgmllz) v 2”)-

From this estimate, to prove uniqueness, we need to consider
(m™ +v2)(IV fmllzoe + 1V gmllzee) +m ™02 40| V2|1 + 077 < 1, (4.41)
the first and the third term are indeed negligible if 4 > max(1 — 7, %)

We also write for the two last terms,

=1 _ 5 _5 _
vz <«m 7 and mTT < v 2.

Combining the two terms, we get

2(=1429) o Y(=1427%)
< (m Ty )2 = m 1-7

R

m!=7 <Lv
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Hence, we have to suppose that 3
This is equivalent to
1= =y+7y <v(-1+2%),
and
L<yy+3=71+),

thus the condition ¥ > ﬁ > max(1 — 1, 3) of Theorem

We can have the equality case (useful for the Burgers’ equation): 7 = v, if P(y) =42 +~v—-1>0
which means that v > %‘/5 = 0.6180.

Remark 7. We fail to get uniqueness for negative Besov reqularity of b. Indeed, from the analysis
performed in Section[4.9, and because we do not differentiate Uy, in order to take unsuccessfully take
advantage of Gronwall’s lemma, we need to consider the term by Besov duality

1 -
IV5(s,t, 0, VUm(s, ) gy = / vttt / Duho(z = Y) Vs, b, 2,y)Unn (s, y)dy|dz dv
5 0 Rd

1 _
< Ol )laoe [ oo F (e = o)) H
0

R4

which is finite if only ¥ < —1, that means that b has to be Lipschitz continuous.

4.5 Control of |Jyu(t, )| g1+

If b € L>°([0,T]; C7(R%,RY)), 0 < 1 — v < 7, we derive an upper-bound of [|8yu(t,")|| 3-14+ by the
equation ([I.1)) and by para-product result. But first of all, let us precise why we have, point-wisely,
with the viscous condition (4.45)),

lim vAu™"(t,-) = 0. 4.42
(m,v)—(+00,0) ( ) ( )

Recalling that, from Lemma

92 Yz < (277 (Lo oy +Lgb) +Cm bl e . Om()) exp(tmt 0] e 1))
(4.43)
Hence, for

V< (mm (T fllze + [g]y) + CTmmHbIILoo(Bgm)om(t)) exp(~Tm bl e ).

we deduce (4.42)).
We are able to take the limit of equation (2.16]), up to sub-sequence selection as explained in
Section for any t € (0,77,

lim O™t ) = lim b (t, ), Vu"™"(t,-)) + f(t,-). 4.44
(mﬂ/)ﬁ(JrOO,O)t (t,°) (m’y)ﬁ(+oo70)< ") (t,-)) + f(t,-) ( )

But from para-product (3.11)), we know that (by,(t,-), Vu™"(t,-)) € Bea (R R), Vu™" (t,-) being
in Bgol,;”, the result then follows.
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4.6 Control of the limit Holder modulus
In this section, let us suppose that b € L>([0, 7], B;o{goo(Rd, R9)).

Proposition 2 (Partial result for the transport equation). For v € (0,1), 5 € R* be given. For all
be LOO([O,T],BngO(Rd,Rd)), f e L>([0,T];CJ (R R)) and g € CJ (R4, R), if the conditions on the
vanishing viscosity 0 < v < T, for a given constant C > 0 depending only on (v, d),

1+
L w0 ey + Lal) T exp (e ﬁT!bﬂLj P=d) - (aas)
are satisfied, then u™ satisfies
W™ e < T sup (£t N e + 191 oo
ullzee < T fllzee + [lgllzoe, (4.46)

Remark 8. The exponential criterion in relies on an a priori control by ||[u™" ||, see Section
for more details. This condition prevents us to hope any balance between m and v required to
get usual uniqueness. Indeed, when we expand the computations, we see only polynomial dependency
on (m,v) in the upper-bounds. But the contribution on v goes in the wrong way, and cannot be
overwhelmed by polynomial converging terms in m, because at the best m ~ |In(v)| from .
FEven for b lying in a Holder space, namely with a positive reqularity, we cannot avoid an expo-

nential criterion like in (4.45)) by the current analysis, see again Section .

4.6.1 Some a priori controls

It is well-known that the unique solution u™" of (4.1) is smooth, see [Fri64]. Some a priori controls,
potentially blowing up in m and v, are required in our analysis.

Lemma 3. For u™" strong solution of (4.1), we have

IV (&, )z < (Tl fmllocn) + lgmller ) exp (Cm*PHbl e s ) =5 Oml®),  (447)
and

V2™ (8, ) e < CmP=Y (e (o + [9)1) exp(Cm bl o o)) =2 OD(E), (448)
also

IV2um™ (t, )| oo < CmP ™ (8| f || oo (o) + [g)a) exp(Cm o] (4.49)

B
The proof is postponed in Section [7.1
4.7 First part of the control of the limit modulus of continuity: the cut locus
trick

For any (t,z,2') € [0,T] x RY x R, we choose the associated freezing points ((7,€),(7',¢)) €
([0,T] x Rd)z. Like in [CDRHMIS]|, we take 7 = 7’. The previous Duhamel formula (4.7)) yields

™ (8, ) — u™ (t,2'))]

(G oty @) = G (b, 2')] + [P gun(t,) — PT€ g1, 2)]

t
# [ 5 )b (5,62©) ~ bl )] - Tum s )y ds
0 JRd

IN

t
_/O ~/Rd ﬁ‘r o (8,t7x,y)[bm(8, 277’(5/)) - bm(s,y)] . Vum’y(s,y)dy ds

= |G St 2) — GTE frn(t, @) + | P g (t, 2) — P g (¢, 2")| 4+ |RTSE (¢, @, 2)|. (4.50)
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However, our analysis need different choices of freezing point which yields extra contributions in the
above inequality, the final Duhamel like identity is stated in (4.84]) further.

Remark 9. It seems to be useless to proceed with any integration by parts to transfer the gradient from
u™ to pTE(s,t, z,y)bR[T, &] and to upper-bound by ||um”’HLoo(Cg), a well-controlled norm, instead of
|IVu™" Lo, a blowing up term.

Indeed, in diagonal regime, pT¢(s,t,x,y) yields a term of the type [v(t — s)]_% which has to
smoothen by Lipschitz norms ||[u™"(t,-)||c1 in order to get a contribution of |x — '|” and a positive
contribution of v. For more details, we provide in Section[D.1] a full computation associated with the
remainder RT’“/(t, x,x') which necessarily implies to upper-bound by a Lipschitz norm of u™"

This last value is finite but increases exponentially with m, see Lemmal[3. This exponential blowing-
up, without the time decomposition trick introduced in Section @ yields the limit criterion of
(m,v), and prevents us to get any balance between m and v to obtain uniqueness of solution.

4.7.1 Main terms

For the main contributions associated with f and g, we have to suppose that the diagonal regime
specified further is in force. Precisely, we assume that there are oy, as > 0 such that

|z — 2| < v T (4.51)

In this case, we choose the freezing parameters to be 7 =t and £ = £ = z.
Let us carefully point out that condition (4.51)) leads to the limit modulus of continuity of the
type of (2.6) when v — 0, instead of the usual Holder modulus. We precise the reverse condition in

Section E.10.1]

This constraint is crucial, in order to avoid the sensitivity of the flow on different points z, 2.
However, the assumption (4.51)) yields to consider the limit Holder continuity defined in ([2.6)).

Semi-group

We readily derive by change of variables:

[P g (t, @) = 7 g, 2)|
retg=g'=a

- ‘ /Rd [574(0,t,2,y) — ﬁf’g(O,t,x’,y)]gm(y)dy‘

T=t,(=¢=x
= | [ 0.0.0.0)lgm(a 4 1) = gule’ + )iy

[g]'y,uo‘l (t—s)>2 |.’IJ - JU/W- (452)

IN

Green operator

We also get by change of variables:

G™E fo(t, -G, t,a
67 ) = G ],

_ ‘//Rd (D5 (s, t, 2, y) — PO (s, t, 2", y)| fom (s, y)dde’
= ‘/ /Rd (P4 (5,1, 0,9) [ fin (s, z — )—fm(s,x/—y)]dsdy‘

IN

/ F(5, Moot (—ayen sl — '] (453)
0
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4.7.2 Remainder term

To analyse the Holder modulus of the remainder term, the core of the a priori controls, we separate
the diagonal regime from the off-diagonal one, as performed in [CDRHMIS]. This strategy is natural
in view with the vanishing viscous solution selected by a parabolic approximation.

However, in the vanishing viscosity context, we have to carefully track the dependency on v which
yields, for our first approach, to consider a unusual criterion of diagonal / off-diagonal regime, unlike
for the standard parabolic scaling.

Specifically, for any x,z’ € R? and for given parameters (o, ) € R?, to be tailored further, we
call off-diagonal regime the case |x — 2| > v*(t — §)*2 & s >ty with

_1 1
to:=t—v a2|;p—x,|a2, (454)

called the cut locus time.

On the contrary the diagonal regime holds when |z —2/| < v*1(t —5)*2 < s < ;. This regime can
be in force only if |z — 2'| is small enough, specifically, only if |x — 2’| < v**T*2, thus the definition
of the limit modulus of continuity .

The point ty can be regarded as a cut-locus point where we “catch” the shortest path from
u™" (t,x) to ™ (t,2’) if t € [0, ] and we choose another way if tg < t.

This procedure yields an extra contribution in , this is detailed in Sections

We specify in Section [£.7.8 below why it is possible to choose different freezing parameters for the
remainder term according to the current regime; meanwhile the semi-group and the Green operator
dealt in Section has somehow to stay in the diagonal regime.

4.7.3 Diagonal regime

o a1
If |o—a/| <v*(t—s)* < s <ty =t—v °2|x—a'|>2, the points z and 2’ are supposed to be closed
from each other, then we pick £ = £ = z, also 7 = t, then we define the associated space

Az, 2’ v, t)(s) :i= {|x — 2’| < v (t — 5)*?}, (4.55)
with the indicator function

Lif |z — /| < v (t — s)*2,
0if | — /| > v (t — s)*2,

]lA(:r,x’,zz,t) (8) = {

also the associated remainder term

t
RZ’&& (t’ x, 33/) = /0 ]lA(:L",x’,u,t) (S) /Rd |:]3T’£(87 t7 €z, y) [bm(S, 0;),17—(§)) - bm(57 y)] ’ vum,u(s’ y)

7 (5,1, 2, ) b (5,07 (€)) — by (5,9)] - VU™ (s, y)} dy ds, (4.56)

which equivalently write,

R;’g’él(t, x,2)

to
= [ (s, 02€) = bl ] V)

=57 (5. 1,0, ) b (5, 052 (€)= b (5,9)] - V™ (5, y)] dy ds (4.57)

= GTE - 07()) = b) - Tu (@) = GTE L (b, 07(€) = b) - T } (8, 2.
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A simple change of variable gives

IRES (o a)| ey

‘ /Oto /Rd ﬁ77£(8’t’ O’y){(b (3’ 95 T(‘S)) - bm(S;l" + y)) : Vum’y(s,m + y)

— (b, 07 (€))) = b (5,2 + 1)) - VU™ (s,2 + y)}dy ds‘

)

=t E=¢'=a

|RT»£7§ (t x, :E/ HT tetig

‘/O/Rd " (5,1,0,9) { b (5, 07 (2)) - (Tu™ (s, + y) = V™ (s,2" + )
+(bm(s, 2" +y) = bu(s,2 +y)) - Vu™ (s,2" +y)

—bm(s,z+y) - (Vum”’(s, r+y) — Vu"™ (s, 2" + y)) }dy ds‘

T=t,¢=¢'=x

Hence, we readily derive that

RS (12, < Ol = &/[[lbm . o | V™

T:t7§:£/:$

to
) /O s, (4.58)

Recalling that we have to use the a priori controls of the gradient and the Hessian in Lemma [3]

la™ (6N e < (Tl fullzseion + lgmller ) exp (m 2Bl s ) = Om(),
(Bog,00)
I92m (¢ e < Cm? (¢l fll ey + laly) exp(Cm PHlbl o s )) = OP (). (459)

From the definition of the diagonal regime, |z — 2| < |z — 2/| v (=M (t — 5)(1=1%2 we deduce

IR (8,2, ')

to
oo < Cla—a bl o sy P (Om(6)+OD (1) / p1 () () (=72

0
(4.60)
If(l—7)as>-1< as > —ﬁ > —1, the above time integral is finite, and after integration,

(R (8, 2,0') | < Ol — @/ Pbl] o s PO (B 00002 (461

=t £=¢'=x

To consider vanishing viscous, it is necessary to have a;(1 —7) >0 < a3 > 0 for v < 1.

To sum up, we consider the constraints

a; > 0,
oy > ——. (4.62)

4.7.4 Off-diagonal regime

In this case, x and x’ are supposed to be “far away ’ from each other, then we pick £ = z and ¢’ = 2.

Iflz—2|>v(t—s)?2 & s>t—v o |z — 2|22 Z , we recall the corresponding cut locus time

_oy L
to=t—v 2|z —a'le.
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In this case, we choose as freezing parameters £ = x and & = z/. In the off-diagonal regime, the

associated space is
Az, 2! v, t)(s) = {|z — 2’| > v (t — 5)*?}, (4.63)

the indicator function
etz ) (8) =1 =g o v (s) = {(1) i :i : i:: z Z E;ﬁ - i;z:
and the associated remainder terms are
RS (¢, 2,2')
._ Rr,££ :17’) . Rrgg (t,a:,a:’)
= /to /Rd ,g (s,t, y)(b (s,05-(8)) — bm(s,y)) VU (s, )

=57 (3,2, y) (b (5,02 (€)) = bn(5,) - V™ (5,) | dy s
= G5 (o 07(©) = b) - VU H @) = G (b, 07H(€) = bn) - VU™ }(1,0),

The analysis is direct by triangular inequality

R (1,2, 2| < 20 byl e o) 167 | oty SUP / / (5,1, 2, y)|y — 07 () |dy ds,

— — 1 — —_
T=t,{=x,&'=2' p—

the absorbing property of the exponential (2.13]) gives

N

ds

AN

t
’RTE’E (t, Z, x,)HT:t,f:CL’7f/:J}/ = le—i_ﬁHbHLoo(Bgfoo)Om(t) /t (V(t - 3))
0

t aje
Ot s Onlt) [ w40 =)'F 0o la /|,
0
(4.64)

IN

for a given 0 < € < 1, and because the off-diagonal regime is in force, |z — 2’| > v*1(t — s)

The solution u™" is supposed to have a 7 regularity in the limit modulus of continuity (2.4)) then

'y—i = € =2ayv > 0.
209

Also, we have to suppose that ¢ < 1 (for positive time contribution purpose) which implies

1
< —. 4.65
a2 < o (4.65)
Let us consider equality between the two regimes from (4.60) and (4.64)), i.e.
1 —2a9y 1 1
1- = —" =-< — 4.
(I =)z 5 & =5 <o (4.66)

which is exactly the parabolic scale, and also

€=r.
This is another way to see the difficulty to get a Lipschitz control, in our framework, because € has
to be strictly lower than 1.

t — —
B taa)l| e < O Pl e s )Om(t)/ VT (- 5) e — 2/ds,
B = 00,00 to
(4.67)
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4.7.5 Final control of R™¢ (t, z, 2')

We then conclude

(BTt 2, 2]y e,

t —
< Ol st o = 2Ol + OD (1) [ M0 4t ) F s,
00,00 0

Let us also consider the equality of the exponent of v,

1 1
a1(1_7):§—0417 < a1 =5

the usual parabolic scale a; = ag = % is finally in force. We deduce,

L _
|RT4 (8, 2, 2')| < O o] e s )|x—w’|7(0m(t)—|—07(§)(t))/ VT (t—s) 7 ds.
00,00 0

(4.68)

=t E=¢'=x

4.7.6 On the discontinuous choice of freezing parameters : consequence for u™"(t,z')

Let us carefully point out that even if the solution u™" does not depend on the corresponding
freezing parameter &, the choice of £ in this section does depend on the current time variable of
integration s.

Therefore, like for the approach developed in [CDRHM18], the cut locus time yields an additional
contribution.

Previously, in the Holder norm controls, we considered two points (x,2’) € R? x R?. Let us specify
how to write the solution u™" (¢, ") with the different choices of freezing parameter &’ depending on
the time variable of integration s. To do so, we first rewrite the theoretical representation of the
solution where the initial time is r € [0, 7], and the initial function is replaced by u™"(r,x’),

u™ (t, ') = PIVuY (r ) + GV f(t, ), (4.69)

where Py and G}}" stand respectively for the semi-group and the Green operator associated with
the Cauchy problem

O™ (t, ) + (b (t, ), VU™ (t, x)) — vAU™ (t,x) = fmu(t,x), (t,2) € (r,T] x RY,
p (4.70)
u™ (r,x) = u™(r,x), v € R
We also write
u™ (t, ) = PTEU™ (r, ) (8 @) + G frn(t, o) + GDS (WR[T, €] - Va™ ) (¢, 2), (4.71)
where the operators are defined by
t
V(t,x) € (0,T] x R, GT* fin(t, ) := / / P (s,t, 2, ) f (5,y)dy ds, (4.72)
r JRd
and
Ffgn(ta) = [ 570t )0 )y (1.73)
Let us recall the definition of the transition time
o 1
to ::t—ufai;\w—xﬂ@ =t—v e — a2 (4.74)
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Iftg <0 &t < v lz—2a/|?, the off-diagonal regime is in force, then we pick & = z’ and there is no
intricate choice of the freezing parameter. However, we cannot have the same control as (4.52]), we in-
deed need to handle with the flow regularity by the choice of different prozy, see Section [4.10.1]|further.

However, if tg > 0 < ¢t > v~z — 2|, we need to be more subtle to handle with the dependency
on s for the value choice of & € R?. From now on, we suppose that to > 0. In this case, we can get
identity , but the condition |z —2'|? < vt implies that we do consider the limit Hélder continuity
defined in instead of the usual Holder modulus.

We next differentiate (4.71)w.r.t. r
0= 0, (PTSu™ (r,)) (t,2") + 8, GT% fon(t,2") 4+ 8, G (BR[7, €] - Vu™) (¢, ). (4.75)
We integrate the variable r between [to,t] with the prozy parameter & € R?,
0= u™"(t,a') — [PLSu™ (to, ))(t,2') — G¥ fm(t,2') — G (WR[r, €] - Vu™) (¢, 2'),
which yields for t € [tg, T
W™ (ta) = [P (to, )| (') + G fin(t,2) + GLF (VR E)- Vu™) (a'). (4.76)
Next, we integrate in time between [0, ¢o] with a different freezing parameter ¢ e R,
0 = (75w (b0, )](t,0") = P gmltsa!) + GTF fnlt ') = GFF finlt,)
+Gtg (BR[7.EN - Vum) (ta)) = Gt (BRIT. € um) (t ),
Hence,
W tal) =[BRS (to, )|t 2') + G (b’ + G (BRI € Va) (1,2)
SIBLE (o, (6 ') + BT gt 1) = G fun(t,a!) + G fn(t,2)
—GTE (bR (T, €] - Vum) (k2 + GTE (BR [, €] - V) (1 7).

Defining /
Y(t',z) e [0,t] xRY, G rt’fm (t, ) /t / (s, t,z,y) f(s,y)dyds, (4.77)
we write
W) = [PREW (to, )(ta!) — (PR w (to, )]t 2') + G*’fm@ z/)
+GTE (BR17. €] - Vu) (t,2) + By g (@) + G funlt2')
—l—égi (bg [T, é’] . Vum’”) (t,2'). (4.78)

There is an extra contribution [Ptz’flum”’(to, N, 2" — [Pt:]’slum’”(to, I)](t, 2") due to the discontinuous
freezing choice, the other terms match with the ones appearing in the above computations.
4.7.7 Extra contribution [ng u™Y (to, )| (t, 2") — [PtTO’E u™Y (to, )|(t, z")
Thanks to a change of variables, we readily obtain
B wm (to, ))(t, ') — (B u™ (to, )] (¢, 2!)
= / 75 t07t ‘T y) (thy)dy - /Rd ﬁT’E (thtvxlvy)um’V(thy)dy

t

Blios 1,2, 0) [0 (o, + [ 5,08ty — ™ (1, + [ 55,0555,

to to
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recalling that p(tg, ¢, 2’,y) stands for the usual heat kernel defined in (5.3)). Therefore,

[PEEum™ (o, )] (t, w’)—[Ptf u™ (to, )] (¢, ')

IN

P / b (5. 022 (€1)) — b5, 071 (€1 d5

IN

Hum’”llLoo(CI)HbmllLoo(CI)/t 672/ (€") — 0% (€")]d3.
0

Additionally, we get the a priori control for the flow.

Lemma 4. For all (z,2') € R xR and 0 < s <7 <T:

sup |05 (x) — 055 ()] < fo — 2/l exp (|bm]| Lo (01)T).-
3€[0,7]
The proof is postponed in Section

We then deduce for (1,&',€') = (¢, 2/, z) that

P ™ (to, ) (8,2") = [P ™ (o, )] (8,2

(T?gl ’é’):(t7‘r/ ,I)

IN

t
[ lgoe e 1bmllz=cny | fo =" exp (lbml o (c1yt)d5
0

< ™| oo ey |0mll oo (cny [ = ' (8 — t0) exp ([bm | oo (c1yt) d3.
Recalling that, see Lemma

[V (6 < (Tl fonlliiony + lamllen ) exp (Cm 20l e s ) =2 Om().

Therefore,

|15 (b0, )t ) = [P ™ (to, ) (12|

(T»g/vél):(tvx/ 7m)
< 00 oo ps |7 — 2'( = to) exp (b oo (on)2). (4.79)

Because |z — 2'| = v (t — t9)*, we get

BT a0, )] (8, 2") — [PTE u™ (20, )] (¢ 2)|

(val’él):(t’ml?m)
1— 1—
< o= o PO (Obl s T (— 10) T exp ([bulliment).  (4.50)

As we have supposed that ty > 0, it follows that

BT w0, )]t 2") = (BT u™ (10, )] (2. 2)|

(' &)=(t.a' )
1— 1—
< fﬁﬂu—ﬂWﬁ%QMwwwwxwf%wﬂm”%%mwﬁﬂﬂ (4.81)

We finally derive, from definition of O,,(t) and by exponential absorption ([2.13)),

[P (1, )0, 2') = [P ™ (1o, ) (1,2

(r€"€)=(ta @)
1y 1y
< O o =2 P T (Tl fmlleiory + lgmller ) exo (CmPtlbl o o)) (482)
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The above term goes to 0 with the vanishing condition

- e N0l oo ) T
v< T (TumeLw(Cl)H\gmucl) exp (—C ), (4.83)

4.7.8 Justification of the freezing point change

Eventually, let us explicitly write the difference of the two final Duhamel formulas associated with
u™V (t,x) and u™" (t,x"). 3
For any (t,z,2') € [0,T] x R x R? and (r,¢,¢',¢') € [0,T] x R?, we write from (£.78)),

(@) () = [Pt e) = P gt )| + [ GRS fn(tw) — CTS St 2))]
+ G35 fm(t2) = GFS, it )]
+ [ GRS VAT € - Vur] (@) - GTS b1, €] - a8, 21)|
+[GEE DRI €] - V] (8 ) — GE [bR 7, €] Tu ) (1,2)]

BT ™ (b, (8, 2') — [BEE u™ (to, )] (8, ).

Because the Lh.s. of the first equality does not depend on (&,&’), we can get the infimum over these
freezing points, namely

u™ (t,x) —u™Y(t, ')

—  inf {[Pﬂfgm(t,x) = P g (t,a)] + GRSt ) = GTS (82|
£,¢,¢'eR

"’[ Otofm(t T) — Otofm(t x)]
+ |G bRl €] - Vur] () — G5 8 [ - V] (82|

+| G5, [bRIm. €] - Va1, w) = G B8 [, €] Tum] (1, 2') |
B um™ (to, )](t, ') — [P ™ (to, -)](t,w')}-

However, we aim to control the source functions term only in the diagonal regime, see Section
below for details. We rewrite,

(Gm(t:) = G 2] + G fnts2) = G 1,5
= |G (b 2) = G (2] + |G Fnta') = GG fn(t.2')]

and,
u"™” (tv 'T) - um,y(t7 .%'/)

= inf [P g(ta) = P gt a)| + [GTE fult x) = 67 fu(t,0!)]
£,8,¢'eR

+ (G5 fmlta) = G5 fmt, )]
+[GTE Rl €] - Vum] (¢ 2) — GRS 8 [, €] a8, 2|
+[GRE, BRI € V] ) — G 8 . € Vur] (8.2

BT ™ (t, (8, ') — [BEE u™ (0, )], x’>}, (4.84)
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because we have G™¢ f,,(t,2') = Gy tofm(t ') + Gy tfm(t ).
Hence, taking (1,¢,¢,€) = (t,z,a' 33) yields the previous terms already controlled plus a new

extra contribution Ggf; fm(t, 2") — G, E ot x )}

4.7.9 Control of the new extra contribution [égf(;fm(t,f) — @Sif(;fm(t,x’)]

This last extra term is tackled similarly as the first one, see Section [£.7.7}

{ otofm(t x) otofm(t x)}

to t

I [ttt ) [fmlosn+ [ (5. 020€0)08) = (v + [ (5,020 (65) |y .
We readily obtain,
(GEf Sm(t,2) = GF it )

to t =

iy [ ] [ bnl.025(60) = (5,02 (€

to t -
< iz bl ey /0 / 67 (€) — O (€| ds.

IA

Again, we use, for any (z,2') € R? x RY, the control of the flow,

Sup 1057 () = 07 (2)] < Ja — @' exp (||bml| < (01)T), (4.85)
se|0,7

see Lemma [4 )
We then deduce for (7,&',&") = (t,2/, x) that

Gos fn(t,2') = GT5 fmlt, ')

(r€&)=(t,2 @)

to
< HmeLoo(Cl)Hbm||Loo(01)/0 /!96—x’\exp(HbmHLw(cl)t)dgdS

1

S oy Wl e — 21 50 (bl s ) (436)

A

IN

From the definition of tg in (4.54)), |z — 2/| = %(t - to)%, we get

Otofm(t x) Otofm(t x)‘

(1€ & =(t,a' )
1 1-v.9
|1‘—x’|77V 2l m
2
S C|x — gj/”yyliT’ytliT’ijlmli’y||f||Loo(C'y) exXp (leJrﬁHbHLOO(B—ﬂ )t), (487)

IN

2+677HfHL°°(C'Y) Hb”LOO(Bo_o[?oo) €xXp (m1+BHb”Loo(Bo—o{3w)t)

which goes to 0 if

1+
1y __2 m Hb”Loo B—ﬂ T
v < (M T2 fll oo o) T exp (= - ; o)y

(4.88)

We postpone, in Section a full comment on the strategy associated with the choice of freezing
point for the source functions terms.
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4.7.10 Control of [u"™(t,-)]., ,i/271/2

We have from the final Duhamel formula (4.78) combined with the estimates of each contribution
stated in (4.68) (4.82), (4.87):

[W™"(t, )]y w2

t
/0 [f(s: )]y prr2qnseds + (gl 1/2pse

IN

t — —
OB s Om(t) + OR 1) [ 05 (¢ = 5)'F s
00,00 0

+CE 7 T (T fmllpe(cn) + llgmlier ) exp (Cm bl e s ) )
+Or T T fll oo exp (em P bl o 1) (4.89)
where we recall that
Ontt) = (tfmllimien + lomller) o (m*tlbl s
< Om Tt Fllpeion + gl exp (m bl s )

and
O (t) = Cm? ™ (1] fll ey + o) exp(Crn PHb] o s ).

Then, for v < T and because # > M, we obtain

t
(W™ (#, )y 12z < / [£(8y )] prr2qrzds + (9], 1722
0
11—y _
+CET VT M () o) + [g) exp (em ™ Ptlbll e s )
Finally, we can also impose the condition on the viscosity
M T
L=y
the required limit modulus of continuity control (3.1)) is then established when (m,v) — (+00,0)
according to the above condition.
We fail to obtain a uniqueness of a viscous selection principle with this first analysis. Indeed in
the a priori controls of (2.16|) we have to suppose that v goes to 0 much faster than m towards +oo.

This constraint prevents us to take advantage of the convergence of b, towards b to balance the blow
up in the viscosity v occurring in the computations to get uniqueness.

o, 2=y _2 B
v o< T () (o +lgk) T exp (— ¢ =1y, (o)

4.8 The last part of the control of Holder modulus: the time decomposition locus
trick

The beginning of the analysis for the parabolic case is similar as for the transport equation performed
in Section [4, except that the goal of the regularisation is different. We aim here to raise the time
contribution instead of the viscosity one. This allows us to conclude, thanks to a time decomposition
trick, without any vanishing viscosity.

We recall,

1—
2

t _
[RTE (t2,a)| Ly eery < O PNl oo s l2 = 2] (O(t) + OF (1)) / VT (t—s) 7 ds.
=S — 00,00 0
(4.91)
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4.8.1 Adapting the controls of the extra contributions
We have to change the parameters (a, az) into (4.81) and (4.87), which gives

PR (b0, (k2! = [P u™ (2o, ) (8, 2)

(T7§,7él):(t7x/ 7I)

— ( —
< |$ - $/”Ym1+ﬁ0m(t)“b”Loo(B_ﬁ )VIT’Y(t — to) 127)+1 exp (”bmHLoo(Cl)t), (492)
and
G35t ') = G5 fn(t,2))| (4.93)
(T,§/7£/)=(t,x/,x)
B to pt l/liT’y(t _ to) (1;’7) )

4.8.2 Gathering the controls

To put in a nutshell, gathering all the previous estimates (4.52)), (4.53)), (4.68), (4.92)), (4.93]) into
(@34

[um’y(t, ')]%Vl/QTl/z

t
/ [f (85 )]y prr2gi2ds + (g 122
0

IN

1—

t —
O b o) Om() + OR @) [ 05 (¢ =)' F s
00,00 0

1—y a=
FOm B0 (OI6] e sy T (= 10) 7 exp ([l ) (4.94)

9 0 t t VkTv(t - t()) (1E’Y>
S P e T TP i o | 07 s s,
S

with
On() = (i) + lgmlcr) exp (m 2ol s )

O(m' =t fllzoe e + [gh) ) exp (" 4Bl e s )

IN

Now, the idea is to make negligible the terms involving positive time contribution in the time integral.

4.9 The time decomposition of the Cauchy problem

We cut the Cauchy problem in small intervals of [0,7], and we see, from computations below, that
the first order term b - Vu™" and the extra terms are negligible when the size of the time intervals
goes to 0.

Let n € N, and for each k € [0,n],

we also denote, for all x € R3, k € [0,n — 1] and t € (7g, T11],

u?_’:l(t,x) =u"™"(t, ),
u"’(0,2) = gm(x).

The associated Cauchy problems write
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fkell,n—1]
Oy (@) + (b, Vg 1) (8 2) = vAWY (8, 2) + fin(t, ), t € (T, Thot1]
“Zfl (Th, ) = up " (Th, ),

if k=0
{atuT’V(t,x) + (b, VUV (E, ) = VAU (,2) + f(t, ), t € (0,71),
(

ul""(0,2) = gm(z).
Using the Duhamel formulation (4.7) around the consider heat like equation, we get for any ¢ €
(Tey Thp1), if k€ [1,n — 1],

u ! (t ) = PT’€ Yt x) + GT’ff (t,x) + GT’€(<bm[T, &, Vu"")) (¢, z), (4.95)

and if £k =0,
W (b x) = By gm(t, 2) + GF fin(t, ) + G ((BR[r, €], VU )) (¢, ).

Next, we use the corresponding Hélder control (4.94)), including the extra contributions coming

from the cut locus argument,

[“Z@ﬁ (t’ ')]'y,ul/Q(T/n)l/Q

IN

t
/ [f(S, ')]fy,ul/Q(T/n)l/zds + [UZL’U(T]W ')]'y,ul/Q(T/n)l/Q
Tk

17

t _
+Cm1+ﬂHb||Loo(B*/3 )(Om(t)_|_07(3)(t))/ vz (t—s) QVdS

Tk

1—y (1—)
+Cm1+ﬁom(t)”bHLoo(B;fOO)V 7 (t — to) = oxp (|]bm||Loo(C1)t) (4.96)
(1—v)

246~ 1+ PR (t—t) T
+m HfHL"o(C'Y)HbHLoo(B;[?OO) exp (m HbHLC’O(B;o{;OO)t) 5 dsds.
Tk Y Tk

Let us carefully point out that we suppose that (t —tg) < (t — 7% ), otherwise there is no off-diagonal
regime and we cannot use the cut locus technique. This condition allows use to replace the Holder

modulus in the r.h.s. in (4.52)) by the lzmzt Hélder continuity defined in
Hence, recalling that Thtl — Tk = =

[t (&) w172 jmyr 2

t
/ [f (s, ')]y7y1/2(T/n)1/2d5 + [ukm’V(Tk, ‘)]7,,}1/2(T/n)1/2

Tk

1 9 1—vy T liT'Y t
O] o sy Om(D) + O (D)7 () / ds
;00 .

IN

n
1—oy

1y TN 2
+Cm1+ﬁom(t)HbHLoo(BO—OYOO)V QW <ﬁ> ’ (t_Tk)eXp (”bmHL"O(Cl)t) (497)

11—y _ (1—)
4OV T | o ) ] e €50 (10l e 1) (= 70 s
, , -

For any ¢ € [0,T7], let k,(t) = [ %] € [0,n], such that 7, ) <t < 7 ()11, and iterating the above

inequality,

k(t)—1
[U’mﬂj(t? ')]7,V1/2(T/n)1/2 < [g]'y,ul/2(T/n)1/2 + ATNn(t)vt + Z ATImTk-‘rl?
k=0
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with, for any 0 <r <t <T,

t
Ar,t = /[f(87')]'y,1/1/2(T/n)1/2dS
148 @ Ty [
OB ey O+ OD ) F (1) 7 [ s
00,00 n r
148 L (TN
+CM PO () 6]y 2 (5) (t = 1) exp ([[bml| oo (c1t) (4.98)

L 948- o D
+Cv 2 mP | fll oo (o 10 oo g2y e3P (M2 Nb] oo 5 t) (ﬁ) / o
: s T

which goes to f:[f(s, Ny w1727 my1/2ds when n — +oo as soon as

(1—v)
2

1 T _ _ T
15 02 (L ' fll e o) I8l o () 30 (Ol e s (1) () 7 T2 (4:99)

always true for given m < 400, v > 0 and letting n — +o0.
By Chasles equality and by telescopic sum, the identity below readily comes

[um,V(t, -)]%,,1/2(7“/”)1/2 < [g]%yl/z(T/n)uz + A07t.
The L.h.s. does not depend on n, then we are able to pass to the limit n — 400,
t

lim [Um’y(ta')]%yl/2(T/n)1/2 < lim [9]%1,1/2(7”/”)1/24‘ lim [f(sv')]'y,yl/Q(T/n)l/QdS' (4.100)

n—-+o0o n—-+o0o n—-+o0o 0

4.10 Another control of uniform norm

We have directly by the Feynman-Kac formulation the uniform control, see for example [KS91] (also
used in the analysis performed in [Hon22]), or from maximum principle for linear parabolic equation
see e.g. [Lie96], the control in L of the parabolic solution u™".

This maximum principle can also be derived from our strategy.

Indeed, by a similar way as for the Holder control performed in the previous section, by Duhamel

formula (4.95)), after choosing (7,&) = (¢, x), we get

t t
m,v m,v m,v 1
g1 (8 oo < [l (Tka')lleﬂL/ 17 Cs: ) [zeeds + Cllbml| Lo (01) [ Vg IILoo/ (t —s)zds.
Tk

Tk
Iterating this inequality,

3

T S
T2

[u™"][ee < [lgll Lo +/0 1£ (s, )[[Loeds + C—|[bm || oo (o) [ VU™ || oo
n2

We obviously deduce when n — +o0, the following estimate,

T
Jam™ |l < lglloo + / 17 (s, )l peeds. (4.101)

In fine, the time decomposition trick allows to retrieve the powerful uniform estimate given by
Feynman-Kac formula or usual maximum principle method.
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4.10.1 Comment on the full Holder modulus

In order to write the full Hoélder modulus instead the l#mit one, we have to restart the computations

of Section without supposing (4.51)), i.e. in the case
|z — 2’| > veTs,
This situation prevent us to perform the same distinction diagonal/off-diagonal regimes performed

in Section In other words, the situation (4.55)) cannot happen, and the only possible regime is
(4.63]) which implies the choice (7,&,¢') = (¢, z, ).

Semi-group

We readily derive by change of variables:
|p77§gm(t7 x) - p77£/gm(t> :E/)‘

T=t,£=¢ =2’
= | [ 50400005 B04(0) = 9l = B
< V0 (llzelglyle — '], (4.102)
Green operator
We also get by change of variables:
G fo(t,2) — GTE £, t,x’
G fult) = G il

t
N ‘/0 /Rdﬁ(s’t’o’y)[fm(s’yesat(‘m)fm(svyes,t(fvl))]dsdy

IN

/0 1000 ()| [ (5. Vsl — /|7 (4.103)

In other word, we derive a suitable Holder modulus control if 6, ; is Lipschitz continuous uniformly
in (m, ), which is guaranteed by assumption (A), see Section

4.10.2 On a b depending on t

In this section, we develop why we can extend the hypothesis (A) to involved a time dependency:
We say that (A’) is in force if there is a function ¢ : [0,T] x R — R?, C' in time, such that
V(t,x) € [0,T] x RY, b(t, ) = (Ve (t,z)) ",
satisfying
Vip(t, x)
Vip(t, =t er +Y(t, 7))

V(T,.%') = [OaT] X Ra < +o00,

and
Yt (6,7 + Ut z)) — Mt T+ (¢, 2)) in CHRYRY),

m——+00
with 1, a mollified version of 1.

This new assumption is a by-product of (A), because for any ¢ € [1x, k1], & € [0,n — 1], we
derive

T _
¥z € RY, b (1, 2) = bm (7, 3)| < C(t = 73) [0l e < C—m™7[|04b] .
This above inequality means that we can assume that b does depend on ¢, and at each time interval
t € [Tk, Tk+1] we approximate b(t,-) by the distribution constant in time b(7g, ).

Corollary 2. The conclusions of Theorem |1| is still true replacing condition (A) by (A’) if b €
CY([0,T), B (RY, RY)), B € R.
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5 Analysis of the parabolic equation

5.1 Some a priori attempts
5.1.1 Peano’s heuristic

The Peano counter-example yields a heuristic of the expected minimum regularity of b. The threshold
comes from a regularisation by noise argument, for other explanation see [Flall], and [CdRM17] for a
degenerate case. Similarly to (1.4)), let us consider b(z) = sign(x)(|]z| A R)7, v € R, and the associated

flow,

X, N
th = sign(X,;)| X,|*, Xo=0. (5.1)

There are an infinite number of solutions written, for any t* € [0,T7], by :
1
Xi = et — 7)ol 1y (2). (5.2)
The associated stochastic problem is
dXt = 51gn()~(t)|)zt\adt + Vth,

where (W;);>0 stands for a Brownian motion. Parabolic equation (1.2) is the determinist counterpart
of this SDE, where the solution is given by a stochastic representation, the Feynman-Kac formula,
see for instance [KS91].

There is a critical time when the noise overwhelms the singular drift, see [DF14], after this time
the SDE solution fluctuates around a solution of the ODE (5.1]).

As a consequence, we aim to compare the time scaling between the Brownian motion, i.e. t2, with

1
a solution of the ODE given in (5.2)), i.e. tT-«. That is to say, to take advantage of the regularisation
by noise before the critical point, the condition is

which yields for a small time,

1 > L Sa>—1
- a>—1.
l—a 2
In other words, for ¥ = a = =1+ 4, 4 > 0, the expected minimum regularity of the drift is

b(t,-) € Bad = C~1H7,

There are numerous articles dealing with SDE and the associated parabolic equation with irregular
drift, but in all of them there is a “macro” distance with the above Peano heuristic.

The case 4 > 1/3 is dealt in [DD16] in dimension 1 and [CC18| for the multidimensional version;
the authors thoroughly use rough path and para-control.

Another notion of solution of stochastic equation, called virtual, is introduced in [FIR17], where
the constraint is 4 > 1/2. Let us notice that under this constraint, 4 < 1/2, there is no hope to obtain
strong solution of the SDE, see for instance the counter-examples presented in [BCOI], [Bar82].

5.1.2 On the limitation of the para-product

The last constraint, ¥ > %, appears naturally with a priori computations with usual tools. Indeed,
from Duhamel formula the solution of the parabolic equation (1.2]) writes

B N t
W t,) = Pa(w) + Ghultn) + [ [ s, (o). T ) dy s,
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where

1 2
p(s,t,x,y) = mexp < - M), (5.3)
stands for the the standard heat kernel, also
V(t,z) € (0,7] x RY, Gfpnlt,z) = /Ot /Rdﬁ(s,t,x,y)fm(s,y) dy ds, (5.4)
is the corresponding Green operator, and
Pguttoa) = [ 5(0.6.2.9)g0 (1) (55)

the associated semi-group.

Let us suppose that Vu™V(s,-) € €%, § > 0, therefore from the above Duhamel’s formula, we
should have:

T
vV / / B(t, 8,2, y) (b (5, 9), V™ (s, y))dy ds € C°.
t R

However, from the para-product result, derived by Bony’s microlocal analysis [Bon81], see also
[GIP15], if Vu™"(s,-) € C% and by, (s,-) € C~7, such that 6—7 > 0 < 4 < § then (b, (-), Vu™"(s,-)) €
C~7. Hence, with some common computations of the heat kernel, we obtain that

T -
V[ s ) b, Ve sdyds & (7= )5
t

Also, thanks to the typical equivalence of the space-time with a parabolic scaling in the analysis of
the parabolic bootstrap, see for instance [CDRHMIS]|, where (T — t)? ~ |z — 2/|, we deduce

T
vV / / B(t, 5,2, ) (b (), V™ (s, y))dy ds € C'7.
t R4

Then we readily derive that ¥ < 1 — 4, namely § < 1 — 4. Combining with the para-product con-
straint 4 < § yields ¥ < 1—4 and so 4 < 1/2 which is exactly the same regularity constraint of [FIR17].

This heuristic shows up the difficulty to use para-product results in such a rough framework. To
handle with regularity 4 > 1/2, we then have to capitalise on other techniques. Specifically, we thor-
oughly exploit the fact that «™" is solution of the parabolic equation , which allows to consider
cases out of the Bony’s para-product scope.

The previous analysis strongly relies on the vanishing result but seems to be incompatible with
the parabolic equation. We developed, here, a new technique based on a time decomposition trick,
detailed in Section below.

5.2 The types of solution to the Cauchy problem
5.2.1 Parabolic equation

For 0 < v < 1, and for a given viscosity v > 0, we define some solutions of the parabolic equation.

Definition 5 (mild solution). We say that u is a mild solution in L*([0,T]; CjJ (R%,R)) of equation
(1.1) if there is a sequenc@ (b )mer,. in L>([0,T]; Cgo(Rd, RY)) such that there is 7 € R,

ve >0, lm lbm = Bll o go,1y: 5755 (e ey = O (5.6)

HWe have such a sequence (b )m>o0, if b € L=([0, T]; B3 o (R4, R)).

41



for any t € [0,T], there exists a sub-sequence of u™" (t,-)mer, lying in C’g(Rd,R) converging, for any
compact subset K C R, when m — +o00, towards u(t,-) € CJ(K,R) and satisfying, for any m € Ry,

(5.7)

O™ (t, ) + (b (t, ), VU™ (t, )) — vAU™ (t,z) = fm(t,z), (t,z) € (0,T] x RY,
u™(0,) = gm(a), @ € RY,

where (fun gu) — (f.9) in L=(0,T]; CJ (R, R)) x C (R, R).

m——+00

Let us now, recall the notion of usual weak solution.

Definition 6 (weak solution). A function u is a weak solution in LOO([O,T]; C’;’(Rd,R)) of equation
(T3] if u is @ mild solution such that for any function ¢ € C3°([0,T] x R% R):

/ {so(t,y)U(t,y) + /t { = dro(s,y)uls, y) + (b(s,y), Vuls, y))e(s, y) + VU(s,y)Aw(s,y)}dS}dy
R4 0

=/Rd w(07y)g(y)dy+/Rd/0 ©(s,y)f(s,y)ds dy.
(5.8)

Again, this formulation allows us to give a usual distributional meaning of the product (b, Vu).

5.3 Main result on the parabolic equation

When b lies in Holder-Besov space, we succeed in obtaining the same regularity of the solution as for
f and g. The type of solution strongly depends on the regularity of b.

Theorem 3 (Rough parabolic equation in Holder spaces). For 4 € R* and 0 <7y <1, be gien. Let
f e L([0,T];C)(RL,R)) and g € CJ (RY,R). For a distribution b € CL([0,T], B oo(R%,R?)), then,
for u™" defined in (5.7), we have

T
: (myv) (g . : .
nngt:B%}[u <t7 )]’y,(VT/n)l/z < nll)l—lr-loo 0 [f(87 )]fy,(VT/n)l/Q+[g]fy,(uT/n)1/2
T
lule < /O 1£(5, Mzoe + gl - (5.9)

Moreover, if (A’) is in force, then there is a mild solution u € L>([0,T]; Cj (R%,R)) of (I.1); also if
¥ <y and V -b =20 then the solution u is also a weak solution.

We do not consider the positive regular case, i.e. 4 < 0, whose control is well-known, the Schauder
estimates are even in force, see [Fri64].

Remark 10. The control exactly matches with the limit Hélder estimates of the solution of the
heat equation, independently of the dimension, and above all of b. As consequence, the mild solution
has no condition on 7, there is to say we define a solution beyond the Peano condition, ¥ > —1,
developed in Section|5.1.1].

In the incompressible case, V - b, the condition ¥ < v < 1 corresponds “almost” to the Peano’s
heum’stic@ in Section . However, we fail to obtain uniqueness of the solution out of the usual
Hélder continuous case (i.e. 4 < 0) handled in [Fri64)], for more information see Remark@further.

The case ¥ = 0 can be considered, replacing the condition b € L"O([O,T],Bgoyoo(Rd,]Rd)) by b €
L>=([0,T], L= (R R%)). Considering the Besov space Bgovoo would yield some refinements involving
some logarithm corrections.

Again, the case 5 < 0 is the usual framework, see for instance [Fri64)/, [Kry96].

The proof is a direct consequence of the analysis performed in Section [ letting m going to +oc.
Nevertheless, there is no vanishing viscosity which would restore uniqueness.

#The true condition is 4 < 1, but this is the case, here, as ~ which can be arbitrarily close to 1.
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6 Inviscid Burgers’ equation

The controls of the vanishing viscous solution of the PDE being independent on the first
order term b, we can expect to obtain some fixed-point argument to consider that b being the solution
u itself in dimension 1¥

Such a Cauchy problem thus defined is called the inviscid Burgers’ equation,

(6.1)

{(‘ku(t,@’) +u(t, z)0yu(t,z) = f(t,x), (t,z) € Ry x R,
u(0,z) = g(z), z € R.

For more information about the Burgers’ equation and the corresponding turbulence phenomenon,
we refer to the recent book [BK21].

6.1 Statement about the Inviscid Burgers’ equation

We obtain a different notion of uniqueness for this equation because the convergence of the mollified
first order term, being the solution itself, is more intricate comparing with the transport equation
case.

Definition 7 (Turbulent uniqueness). There is a turbulent unique solution if there are two solutions
u™v and u™ of

8tum’y(t7 :L’) + u%ﬂ/(t, m)@xum’”(t, CE) _ V&%xum’y(t’ 1’) = fm(t7 $)7 (t, .T) € (07 T] x R, (6 2)
u™"(0,2) = gm(z), = €R, |
and respectively
O™ () + i (b,2)0ps™ (1 7) = D02 (1,) = fn(t,2), (1) € OT] xR 0
u™?(0,x) = gm(z), v €R, |

for v,o > 0, and for any (t,z) € [0,T] x R, where up” and up” stand respectively for a mollified
version of ™" and u™", such that, for any (t,z) € [0,T] x R,

Ve >0, lim =™ o ey = et = ™ e o zyicg ey = 0

and,
gy (t,2) — (1, 2)] < (0, @) — a1, ), (6.4

converging, up to sub-sequence selection, towards two Hélder continuous solutions u, @, when (m,v,v) —
(400,0,0) then u = u.

The last condition (|6.4)) simply means that the mollification procedure behaves like a convolution
with a smooth kernel (like performed in (4.2))).

Let us insist that the difference with the uniqueness introduced in Definition [4]is that the consid-
ered regularisation procedure for the first order terms ™" and u™" is the same in equations
and ; this explains the definition (6.4]).

In particular, uniqueness introduced in Definition [4] (for the transport equation) yields turbulent
uniqueness. We detail in Remark [I3] why we have to handle with such a turbulent uniqueness or
the viscous uniqueness, defined below, instead of the classic uniquenes@ for the inviscid Burgers’
equation.

881t is possible to adapt the analysis for a more general dimension d > 1 by a reformulation of the product
(u(t, ), Vu(t, x)).
TDefinition
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Definition 8 (Viscous uniqueness). There is a viscous unique solution if there are two solutions u™"

and u™" of

8tum’y(t, .’11) + um,ua) x)axum,y(t’ CC) _ Va:%xumvl’(t, .’L’) = fm(t7 $)7 (t7 JE) S (07 T] X Rv (6 5)

u™"(0,7) = gm(z), © €R, |
and respectively

8thva(t, $) + ﬂm7y(t) x)axaﬂ’hy(t’ {,U) - Vagxﬂm7y(t’ x) = fm(t7 "'U)’ (t’ x) € (07 T] x R’

: (6.6)

um’y<0,ﬂf) = gm($)7 z € R,

forv >0, with

Ve >0, ngr_{loo [[un” = um’l/HLoo([o,T};Cg’a) - ngg_lm " — am’VHLoo([o,T};C;’E) =0,

converging, up to sub-sequence selection, towards two Holder continuous solutions u, u, when (m,v,v) —
(+00,0,0) then u = 4.

Importantly, the above equations have the same viscosity v > 0, but the mollification procedure of
the first order coefficient may be different. This uniqueness definition is, somehow, the complementary
of the turbulent uniqueness in the usual uniqueness introduced in Definition [4]

Replacing b by u in the different definitions of solution in Section [5.2] we establish the last result
of this paper.

Theorem 4 (Uniqueness of Hélder solution of the inviscid Burgers’ equation). For v € (0,1) be
given. For all f € L*([0,T];C/(R,R)) and g € C)(R,R), if there is a mild vanishing viscosity
solution u € L*([0, T]; C}) (R, R)) then u satisfies

T
g sup W)l ey <l /0 [f (55 ) oz + (9, wrmyv/e

T
[ | < /0 1 (85 ) lzee + [lgllzoe- (6.7)

i) Good regularity. If~y > % then the considered mild vanishing viscosity solution is also a mild-weak
and a weak solution, and if
5
v||V2gmllre +vzm!™7 <« 1, (6.8)

then Ouu(t,-) € Boo'd (R4, R), Vt € (0,T).

i1) Fast vanishing viscosity. If, for a constant C > 0 big enough,

exp (T iy + g lles o (Crt (Tl + o)) ) (-4 miv 092l ) <1
(6.9)

then the solution is turbulent unique.

i11) Slow vanishing viscosity. If |0, f||L~ + ||0z9|| L= < +00 and, for a constant C' > 0 big enough,

exp (CT(TnazfnLoo + 11029l ) exp (CTv = (T = + ||g||Loo>2))m—7 <1, (610

then the solution is viscous unique.

It is well-known that there is a exploding time 7™, such that u is “smooth” before T*. We could
imagine some structure condition on the associated flow, or like in Section [3.1

Let us remark that the condition ii) in Theorem |[1|is satisfied if the considered a priori regularity
of the solution is strong enough (a priori not the condition i) in Theorem as u is not incompressible,
except if u is also solution of the Euler equation), as we have —y < =1+ v <= ~v > %
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Remark 11. Without considering the regularity condition ~v > % to get a weak solution, we may have
pathologic situation. Specifically, let us consider the steady-state non-linear problem

1
u(z)u'(z) = isgn(az), (6.11)
whose x — /|| is solutio which is as expected %—H&lder continuous. In other words, if v = %,
we can explicitly find a v-Holder steady-state solution of the inviscid Burgers’ equation with source
function being in Bgoyoo(R,R) but C;° almost everywhere and being the limit of a Cp° function, e.g.
tanh.

Remark 12. With our current approach, we fail to provide any Lipschitz control of a solution of the
inviscid Burgers’ equation (6.1) for the same reason as for the transport equation (1.1). This is not
surprising by the well-known blowing-up of the gradient of a solution of the inviscid Burgers’ equation

(6-1).

Remark 13. The conditions and are not compatible, that is to say there is no uniqueness
in the sense of Definition [, being the combination of turbulent and viscous uniqueness. Condition
to get turbulent uniqueness means that v goes to 0 exponentially faster than m goes to 400;
whereas condition to get viscous uniqueness implies that m goes to 400 exponentially faster
than v goes to 0.

We insist that turbulent uniqueness or viscous uniqueness of a such smooth solution of the invis-
citd Burgers’ equation is not a contradiction with the usual counter-example built by characteristics,
because we only consider solution selected by a vanishing viscosity approximation for a given mollifi-
cation procedure. Somehow, this selection principle allows to avoid the blow-up time appearing in the
characteristic building for a given vanishing viscous path.

Actually, from the mild vanishing viscous solution, we see that for any t € [0,T], the solution
u(t,-) given by the limit of a sub-sequence of u™"(t,-) depends on the mollification choice, moreover
the sub-sequence choice also depends on the current time t. In other words, u(t,-) seems to avoid the
time of blowing-up thanks to a different choice of sub-sequence at each current time.

6.2 Proof of Theorem [4]

To establish this result, we consider the mollified version of Burgers’ equation, for all m € Ry and
v >0,

(6.12)

O™ (t, ) + umy” (t, 2)0pu™v (t, ) — vO2 u™ (t,x) = fu(t, ), (t,x) €[0,T) x R,
Um(0,2) = gm(x), x € R,

where uy,” stands for a mollified version of ©™", such that
. my L, mu =
Ve >0, Mm lun™ =™l oo o rycp=e) = 0

It is direct from Theorem 3 in [Hon22|] that there is a smooth solution of (6.12]).

We then perform the same computations as for the transport equation, where —y = v and we
change in the viscous condition Hb|’L<>°(BgO7OQ) by an upper-bound of ||ul| e, namely by T'|| f|| o (o) +
[g]y given by Feynman-Kac formula or from the time decomposition trick, see Section m Finally,
we are able to take the limit, thanks to a compact argument, of a suitable sub-sequence yields the
result, all the computations readily derives from the analysis of Theorems and

*** Also the function z — —4/|z|, but this non-uniqueness should be related with some ergodic properties.
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6.2.1 Turbulent uniqueness

To establish uniqueness, let us consider a regularised Burgers’ equation with another viscosity 7,

{atumw(t, 7) + i (@)™ (@) = PO (b ) = f(ta), (B2) €O.T) xR
u™"(0,x) = gm(z), x € R.
We highlight that ujn” is also a regularisation version of ujn” such that is in force and,
Ve >0, ngrfoo lan"" — amWHLOO([O,T];C;*E) =0,
Like for «™" we suppose that there is a constant C' > 0 such that for any (m,v) € R,
1w oo gy < (TN oo (omy + g)y),
under some specific asymptotic conditions on (m, 7). We still write U,, := «™" — ™" which is

solution of

OUn (t, 2) +u™ (t, 2)0pUp (t, ) — DAU W (L, ) = —[ul™” —u™"](t, £)0pu™" (t, ) + (v — D) Au™" (t, x),
(6.14)
with U, (0,z) = 0.
Adapting inequality yields

t
1Un(t,)[Le < / M — " )(s, ) Oxiy ™ (5, ) [ Loeds + t — v|| Au™" || oo
0

We then get by triangular inequality and by (6.4), we can suppose w.l.o.g. that v < v (if not we
switch the roles of v and 7),

t
1Un(t, )| Le < C/ [Um (s, )| oe | Ozuy™ || Lo ds + tw/[| Au™"| oo
0

Recalling the Hessian estimate of Lemma

V2 (1, )|
< (covz~143 v? C|lum t 37143
< v [ fllzoe vy + IVEgmllLe ) + Cllug” || Loo ey (Ell frnll Loo ey + llgmlle v
< (ORI Sl + IV gmllise ) + Conllu™ | oo (4l finll ey + llgmllcon ) w3123,

The a priori control of |[u™"||fe(cvy obtained in (4.101))yields
V2 () < (CrATHE | fllpeen + IV g1

+Cm<T||f”L°o + ”g”L"O> (t”fHLOO(CW) + ||g‘|cv)1/%_1t%,

Hence,

t
1Un (8, )z < C/O HUm(sa')HLooHaxu%’”HLoods+TV<CV31t3Hf!L°°(m)+HV29mHL°°

+Cm(TlIf i + llgllzs ) (1 (e + ||g||m)u¥—1t3).

By Gronwall’s inequality, we derive

Uit i < (AR o+ 1T
J.,x
+Cm(TlIf e + llgllzs ) (4 ey + ugum)ww).
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Recalling the gradient estimate from Lemma [3]

VU™ () || Lo

IN

(70 fnll ey + gl ) exp (Crmatu™| o< )

(Tl fnll ey + lgmllc ) exp (Crat (T £l + ligllzee) ).

IN

Hence, we get
[Un (¢, )|l oo (6.15)

< Tewp (Tl + lamllor) exp (Cmt(T1 i + Nl )

<Cv3t3\f\lm<m) + 92l + Cm (Tl fll e + llgllzee ) (81 zoecn) + ngm)yztz),

which goes to 0 if

exp (T iy + lamlles o (Crt (T e+ o)) ) (-t miv 0192l ) <1
Turbulent uniqueness of vanishing viscous solution is then established.

6.2.2 Viscous uniqueness

Let us consider another regularised Burgers’ equation with different mollification procedure but with
the same viscosity v > 0,

(6.16)

QU™ (t, ) + U’ (t, 1) Op @™ (t, x) — u@%wam”(t, x) = fm(t,z), (t,z) €[0,T) x R,
@™ (0,2) = gm(a), T € R,

with v > 0, and where ;" is a regularisation of @™V

such that

(not necessarily a defined by a convolution)

sup |[a™" || ooy < C(TN fll oo () + 9]y) < +o00,
(m,u)ERz+

and for any 0 < € < 1,

: Ty U A ISR —m,V _ —m,V .. =0. )
O e PR N L IS (6.17)
We still write U, := u™" — @™" which is solution of
OUp (t, 1) + um” (8, )0, Upn (t, ) — VAU, (8, 2) = —[um’” — am”] (¢, )0, u™" (t, x),
(6.18)
Un(0,2) =0.
We again adapt inequality (4.40)) yields
t
m\bl, "J||L>® > Uy — am’ xﬁm7 S, )||L>=ds.
[Un(t, e < /O [(um” = Upy™) Oty (5, ) | oo d
Let us denotes
A (4, ) = /R ool — )T () dy, (6.19)
such that
[ — U |[Lee < Cm7J@™" || Loo (o)
and
lum™ = Ul Lee < {Ju™" — @™ || oo = |Un (2t -) || oo
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We then get by triangular inequality,
Ut Mo < [ (10 = )oY+ 0 = ) e ) W s
<cf (M e ) + Wi o ) 2
and from , we get,

t
Ut Mioe < € [ (Cm (TN meny + lal) + Wil e ) o

Loodsa

LOOdS.

Also by Gronwall’s inequality, we derive

1Tt e < eCTNOER e TOM™ (T £ oo () + 9] 1Oty

o<,

From exponential absorbing property,
[V, Mz < MW N TOM (T f]| oy + [g)) 1Oty 2
< IR Y (T £ oo ey + [g]): (6.20)

We need a new estimate of the gradient to avoid any blowing up terms in m which cannot be balanced
by the m™" in front of the exponential; the singularity has to be in v.

Lemma 5. For u™" solution to (6.12)), we have

100 |0 < 2(T 0 frllzoe + [9egumllis ) exp (C2™ 7 (T flloe + lgllze)?T).

The proof is postponed in Section [7.4]
We deduce from ([6.20)),

U (t, e < exp <CT2 (7192 Funllze + 10ngmll o= ) exo (C20 (T £l o= + HgHLm)QT>>

xm ™ (T|| fll oo ey + [9),
which goes to 0 under condition (6.10)).

7 Proofs of some a priori controls

7.1 Proof of Lemma [3
7.1.1 Gradient estimates
Let us precise the control previously used:
IV (8, lgee < (Tl fullzeicn) + lgmller ) exp (CmI bl e . )) = Om(®). (1)
We directly have from Duhamel formula :
[Vu™"(t, x)|
< (tIVSmllie + 1V gmllz= )

t
# [ V5t ) (5, 25€) = b, )] - V™ (s, )y
0 JRd

(T.9)=(t,x)
< (U9 mllze + 1V gmllz= )

t
1
+C|!bm\mo<m)/0 /Rd[lf(t—s)]2p7’5(3,t,m,y)]92:‘T(£) —yl[Vu (s, -)HLoodyds’

(T:€)=(t,)
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By absorbing property (2.13]), we derive
V(@) < (Yl + [Vl

+C’m1_:’||b||Loo )/ / (s, t,x,y)||Vu™" (s 7')||Loodyd8’

(T.8)=(t,z)
(U9 fanll oo + 1V gmloe ) + Com =T bl] e 7 / IV (s, )| oeds.

IN

(7.2)

Finally, Gronwall’s lemma yields the result.
This useful a priori control allows to avoid any blow-up when v — 0. However, to be able to
prove uniqueness, we also need another estimate stated in Lemma [2] and proved in Section

7.1.2 Hessian estimates

We perform a similar argument, but for the second derivatives we have to put a second derivatives on

[bm (s, 6:(£)) —

b (s,9)] - Vu(s,y). Indeed, if we twice differentiate p7(s, ¢, z,y) there is no possibility

to smoothen the blowing up the contribution of v by Holder control (or even Lipschitz).
We obtain by Leibniz rules

IN

IN

]V2um”’(t, z)|

t
(19l + 1920l ) + | [ [ 9575t 9000.9) - Vs, )y s

{=x

—i—‘ /Ot /Rd VP (s,t,2,y)[bm (5,055 (8)) — bm(say)]VQU(s,y)dyds‘

E=x
m*~7 (t”fHLOO(CW) + [9]7)

t
g m m,v
+CA /Rd[]/(t_s)]_ZP ’5(5,t,$,y)|(98’7_(£) _yH|me®VU ’ (S)’)”LOO(Cl)dde

t
1
+Cllalien) [ [ = 5 oot )02 = IR () ey s

Next, with Leibniz rules and absorbing property (2.13]),
|V2u™ (t, )|

2 ()l e ey + ) + CmZ bl / / 57 (5,2, ) [0 (s, )| o= dy dis

IN

IN

FO bl [ 920700 s

m? 7t fll Loy + laby) + Ctm* T[]l oo gz, VU™ 10

+Cm b e 1, / V2™ (s, )| Loe ds. (7:3)

We finally get by Gronwall’s lemma and by identity ([7.1]

V2™ (¢, )| 2= (7.4)

< (M@ ey + o) + Ctm* bl g, Om(®)) exp(tm® 0] )

We also write by exponential absorbing property:

926 (8, ) [z < Cm2 ™ (t] Fll ey + [91s) exp(C T tlbll e gz, ) = 0D (W), (7.5)

We insist on the fact that the above inequality does not depend on v.
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7.1.3 Third derivatives estimates

In this section, we detail how to control the third derivatives of «™". We use the same method as
for the Hessian, the additional derivative is also put on [by, (s, 0:(§)) — b (s, y)] - Vu(s,y).

t
(V3u™ (¢, )| < <t||v3fm||L°°+”v3gmHL°°)+‘/0 RdVﬁT’g(&t,%@/)V%(s,y)‘VU(say)dyds

E=x

t
A [ 9t V) - V(s )y |

E=x

t
# [ 5t 5. 825€) = b5, )]Vl )y s
0 JRd E=x

We readily obtain the upper-bound
Vo) < CmS (Wl oy + o))
+0 [ [ vt =Stz -l
X192+ V™ (5, ety + [T - T2 (5, ) ooyl ds
FOmlaiery [0t 5ot )0 €) = I PP sy .
and

\V?’um’”(t, x)|

IN

Cmgi’y(t”f”[lw(cw) [ ] )‘i‘C(ZL,T)’L?HJ}/”bHL(><> )”VumVHLoo
FOM bl e 1[92 2 + O bl / [V (s, ) | = ds.

Eventually, by Gronwall’s lemma, identities ) and ((7.4) imply

IVt e < c(m?ﬂ(tufumm)+[gm+tm“wbumwgw)(mom<t>+mo,<3><t>))
X exp(Ctmlf’?HbHLm(BZo’oo))
< OmI (Ul + [9h) exp(CIITTHB oy ), (7.6)

by exponential absorbing property.

7.2 Proof of Lemma [4]

This section is devoted to the regularity of the flow

o (z) =z + / b (5,07 (1)) d5.

By definition, we have

IN

0 (z) — 0 (2')] |:1:—:U|—|—‘/ 8,05(2)) — bin(s, 05 (")) ds

| = 2| + [[bm]| Lo (1) / 105 (2) — 65 (x)[ds,
S

IN
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which is not the suitable inequality to apply directly Gronwall’s lemma. To do so, we use a sup

formulation, namely for any r» < 7, we write similarly to above
sup |07 (2) — 07 ()| < Jo—a|+ / b (5, 62 (2)) — b (s, 02 (2')) s
< o =2/ 4 Pl z=ccn / 07 () — 07 (2)|d3

< o= Pl [ sup 165 () — 02, (o) ds.

0 5€[0,]

We are now in position to use Gronwall’s lemma, for r = 7

s%p]IG @) =07 (2)| < o —a'[exp ([[bml oo (1) T)-
s€(0,7

7.3 Proof of Lemma [2]
7.3.1 Gradient estimates

By integration by parts

|Vu™ (t, x)]
< tvam ‘L‘x’ + Hv!]mHL“’

+] / /R V25 5,8, 2, ) o (5, 07 (6)) — (5, 9)]™ (5, )y |

(1.6)=(t,z)

I

t
# [ 5 st )V b, )™ (s )y |
0 R (r&)=(t:2)

and by exponential absorbing property and because V - b = 0,

t
/ / W(t — 8)]"3p7E(s,t, 2, y)dy ds
0 JRA (r.6)

< IV mllize + 1Vgmlize + Cm' ™ bpl| oo (o) (tllmeLoo + llgmllze v

VU () < fmllze + Vg2

+C0bm |l oo ey [u™

(t,z)

vu

The last identity comes from the uniform norm estimates stated in Theorem

7.3.2 Hessian estimates

Like in Section [7.3.1], we integrate by parts
V2 (o) < (CrATHE | fllpeom + IV gmll o )

# [ 95t )b (5, 02€)) = (s,
0 JRd

(0™ (5,y) = u™ (5,07 (€) ]y ds|

(1,6)=(t,x)
t
] [ Pt ) bl ) (5.9) = 0 (s, 0 (€ s

o1

_11
2¢2.

(T.6)=(t,z)

)



and by exponential absorbing property after choosing the freezing parameters,

|V2u™ (t, )|
< (VAR fllpeony + 9 2gmlli )
t 1
HClmlonll™ useny [ [ it = o) 735 st )iy s
0 JRd
(T.6)=(t,x)
<

(CvE43 )1 ey + 92 gmll )
- 1
O b ey ™5 (Y fnll e + [V gl 2o<)

. 11
+CmP D bl e o) (Ell fnll oo+ gl e v~ 282
(7.8)

7.4 Proof of Lemma [5

From the usual Duhamel formula around the heat equation,

|Opu™" (t, )|

IN

t
(#10eFnll oo + 1029l ) + | /0 /R 0up(s, t, yhupt (s, y)0pu™ (s,y)dy ds
(#10eFll o + 10eiml )

¢
+C’||um’y||Loo/0 /Rd[v(t—s)]_éﬁ(s,t,x,y)H&Eum”’(s,-)HLoodyds.

IN

By the well known L° control, see Section [4.10, we obtain
0™ (£, 7)) (7.9)

1 t 1
< (t10cfullie + 10gallie) + O e + gl [ (=) 4100 () s

Here, it is not possible to directly use Gronwall’s lemma due to the “t” is in the integral. We have to
consider Gronwall-Henry’s lemma, cf. [Hen81] chapter 7 Lemma 7.1.1. .

Lemma 6 (Lemma of Gronwall-Henry). Let T' > 0, a positive a constant K > 0 and a non-negative
function « such that the function ¢ : [0,T] — Ry satisfying for any 0 <t < T's

ot) < alt) + K /0 (t — s)"HTia(s)ds, (7.10)

then
o(t) < a(t) +9/0 EL(6(t - s))a(s)ds, (7.11)

with for any r € [0,T],

6 = (KT())7,

+oo any
E+(r) = S
3(r) n;r(m+ 1)’

and if « is a non-decreasing function, then, for any 0 <t < T,

o(t) < a(t)Es(6t). (7.12)
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The last inequality ([7.12) is readily derived from (|7.11)).

The only needed case, here, is 4 = %, for the sake of completeness, we detail the useful proof of
exercise 1 in [Hen81].

Lemma 7. For anyt > 0,
e' < Eypp(t) < 26"

Proof of Lemma[7 Let us recall that F(%) = /7, then we get, for any r > 0, by differentiating,

n n
2 2

+o00 +o00
n T r
. E = —1§ = = —1§
OrEuplr) = ZaT(3+1) | & T(3)

= (%) + Ey (1)

By integrating this equation, for any ¢ > 0, we get
t t 1 t 1
Eyjp(t) =¢ +e 7r2/ r-ze "dr.
0

The lower bound of the lemma is direct, the upper-bound comes from

+00 1
Ey(t) < el +eln2 / rese"dr = € + etW*%F(E) = 2¢t, (7.13)
0
O
Coming back to inequality (7.9), we identify the notations in Lemma |§|, v = %, and 0 =

C2v (T fll e + |lg]|z=)?, then from Lemmas [6] and

0at™ (1, g < 2(t10 fllzoe + 19agmllis ) exp (2w (Tl oo + llgllze)?t)-

A Convergence of the mollified distribution

Proposition 3. For any v € C?(R% R), v € (0, 1], we have for all ¥ € Nd and 6 € Ny s.t. [ =0,
that h,,—2 « D1 € Cy° converges towards D% in BZ _ as m — +oo. More precisely, we have:

00,00

| A2 D% — DV et < Cllym™, (A1)

and D%y € Bgo_go In particular, if |¥] =0, h,,—2 x1 € Cp° converges towards v in L™ as m — 400,
and:
|2 % — | Loe < Cllym™7. (A2)

Remark 14. Actually, v ¢ {0,1} is not a restrictive condition as changing 9 into Ve Ng such that
|9 = 9| + 1 yields the same result.

In particular, Proposition@ is available for the Dirac distribution 0 € Bo_o‘foo regarded as the
distributional derivative of the sign function (also regarded as the derivative of the absolute value),
and for any derivative of the Dirac distribution by the same argument.

Proof of Proposition[3 Let us write ¢ = DY), with ¢ € C7

M2 x o= @llpo = D (2t =¥l 50
-9
= sup v' 72 [|Ophy * D [hy,—2 % ) — ] || oo
vERL
—9
= sup v'72 [|0yDhy K [z b — )| Loe,
'UGR+

93



by integration by parts in convolutions. Next, we can explicitly write,
=2 % 0 = pll g

/ Rda WD ho(z = )by -2y — 2)[1b(x) — w(y))d dy

1—=2
= sup v 2

vER,, 2€RY
< C[¢], sup / he—1y(z = Y)hp—2(y — x)|x — y| dx dy
veR+ zERE JRE

Rd
< Wl sw | / Beto(z — Y hom-s(y — 2)da dy,
Rd Rd

vER,, z€R4

by exponential absorbing property (2.13). Integrating in space finally yields
oz %0 — ol oo < Clslym ™.
Inequality (A.2)) is direct with similar arguments. O]

Corollary 5. For any 1) € BL oo(R%R), v € (0,1] we have, for all ¥ € N& and 6 € Ny s.t. |0] = 6,
that hy,-2 x D" € Cﬁo(Rd,R) converges towards D) in B 9+7 (R4, R), for any e € (0,1) s.t
0—~v+e>0, as m — +oo. More precisely, we have:

12 % D" = D[ p—py—e < Cp]ym ™" (A.3)
Proof of Corollary[3 We still use the thermic representation, and by convolution property we have:

[Pz % 0 — sDIIBfewe

0+v

= sup v'” 10k, D[R m—2 * P = Y] | poo (ray

’UER+

—0+ 5

= sup v 2 [|8uD hy x [z %) — Y] oo e

U€R+

_—Oty—¢

- s TR / 0, D7 ho(z — y)hm-2(y — 2)[b(x) — (y)|dz dy|.

vER,, z€ERY Rd JRRd

For a given v € (0, +00), we compare the regular contribution v with the mollification contribution.
In other words, we consider two possibilities.

o If m™2 < v, then:

—o+
O 0y x D [hgy-2 % 0 — ]| e
_ =O04~y—¢

- supdvl | [ 0D e = sty = 0)w(a) — wla)lda dy

z€ER
< Ol s | / (2 = hya(y — D)o — gl de dy

zeRd JRd JR4
< C[z/z]A,v_Ws 7sup// 102 = Y)hp—2(y — x)dz dy
z€Rd JRE JR4

< C[Y],m™* (A.4)
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o If m™2 > v, then:

_ —O0+~—¢
VT2 | Ohe * D[Ry % ) — ]| oo (e

_ —O0+~y—¢
= sup o] [ o =)D sy~ 2)[00) — vl dy
z€R4 R4
< ClglymivF Sup/ / e10(2 = Yhe-1m-1(y — @)|z — y| dz dy
zGRd Rd JRd
< C’[w],ﬂrﬂ_%}g_g+€ sup / / he1y(2 = Y)hy—2(y — x)dz dy
zeRd JRE JRA

< Clylym. (A.5)

The result follows from (A.4) and (| - O

Proposition [3| and Corollary [5| are more precise forms of the well known convergence in the
distributional sense.

Proposition 4. For any 1 € Bl oo(R%R), v € (0,1] we have for any 9 € NI that h,,—» x DV €
Cgo(Rd,R) converges towards DV in distributional sense as m — +00. More precisely, we have for
any n € C (R4 R):

sup
zeRd

/R ) 0@ = y) [hyn—2 x D9P(y) — D’gw(y)]dy‘ < Clp),m ™. (A.6)

Remark 15. We precise that n is not supposed to be a Gaussian kernel, as in Proposition |3

Proof. We directly write by convolution property:

sup | [ (o= )2 5 D'0l) - D'o(y)]dy]
x€Rd ' JRE

= sup | [ D7n(a =) [h2  0(y) — v(y)]dy|
z€Rd ' JR4

< Om77[Y]y sup
z€R4

< Cm_’YW]%

/Rd \Dﬁn(x—y)\dy’

the penultimate inequality is consequence of inequality (A.2]). O

B Properties of derivatives of Besov distributions

Proposition 5. For any ¢ € S'(R?) such that Vo € Bx 1Jr7(Rd) € (0,1), there is a constant
C > 1 such that:
196l s < Cllla,

Proof of Proposition[5. We first write by the thermic representation of the Besov norm and by inte-
gration by parts,

—14~
2

IVellpoier = sup '™ /Rd Oyh (2 — y)VsO(y)dy‘

vER,, z€R4

3—v
= sup v 2
vER,, z€RC

[V Bz = 9)l(y) ~ (=)l
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by absorbing property (2.13)) we derive

- 3
Vol < Cloy swp  °7" / ¥ hery(z - y)ly — 2Pdy
oo veERY, z€R4 R4
< Clpl, sup /hclv(z—y)dy
vERy, z€RI JRY
< C[‘P]v-

We also derive the corresponding inequality for the inhomogeneous case.

Corollary 6. For any ¢ € S'(R%) such that Vi € Bx'd/ (RY), v € (0,1), there is a constant ¢ > 1
such that:

HV‘P”B;{;V < CH‘PHBZO,OO'

Proof of Corollary[6l From inequality (2.11)), we have ||Vl g-14+ < %HV@”B—H% Moreover, it is
direct that ‘ ’

el gy = sup 007D |ophy * @l < olly _ +supv 2|0k * @ oo
’ vER L ’ v>1

< llellsy .+ llelze
= HSOHBQQOO'

In other words, we deduce by Proposition

C
IVellpoo = 7= IVellson < el . < Clielley o
O

Remark 16. In all generality, the reverse inequality of the above results are not true. For example,
any constant function lies in Bgopo but its derivative is 0, hence the B;O%Q_O’Y norm is null, and the
corresponding Besov norm equivalence obviously fails to be true.

For an equivalence version of this result, we need to consider extra Besov norms, see for instance
|KMMO7] identity (3.54) for a Triebel-Lizorkin spaces version.

C On the freedom of the mollification choice

In this section, we detail why if there is a sequence of smooth function converging toward a Bjom
distribution then the mollification procedure (4.2) converges also toward the distribution. In other
words, if there is a sequence (b,)n>1 lying in L>([0, T]; Cs° (R, R?)) such that

dm (100 = 0l oo 70y = 0 (C.1)
for any 0 < ¢, then
i [[bm = Bll e 5575y = 0 (C2)

where b, is defined in (4.2)) by:
bm(t’ I‘) = b(t’ ) * Pm($),

] . . .
( 1) —e~ 2 . Indeed, we readily write by triangular
2m)2

with for any 2z € R, p,,(2) := mp(zm) for p(z) =

inequality:

[[bm — bHLoo(B;o?;a) < b — pm*BnHLoo(B;o?o—oa) + ”Pm*Bn - EnHLoo(B;o?;oE) + ||l_7n - bHLoo(Bo—ojo—oE)- (C.3)
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The firs term in the r.h.s. above write:
1o = o % bl o (52752) = o % (0= D)l oo

Hence, we obtain

[—— ||LOOBH)—vi%p”m 1om % b (b= Bz < By = bl grceys (C4)

by triangular inequality.
Also, for the second term in (C.3]), let us deal with the corresponding homogeneous norm,

lom * by, — l_)nHLoo(B;j;s) = |le(D)(pm * b — Bn)HL‘X’ + llom * by, — EnHLOO(B;j;f)'
It is direct that
[6(D) (b — Bl < Cllom % b — Bullze < Cn~ | Dy . (©5)
Next,

Hpm*b bHLooB“/E

= sup ‘/ / (z = y)pm(y — x)[bn(t, x) — bu(t,y)]dx dy’
vel0,1], t€[0,T7, zGRd Rd JRd

< IDbulze  swp o] / [ hesulz = w)pmly = )l = sldo o]
vel0,1], t€[0,T], zeR? R4 JRA
< ClDbuflpem™  sup / 10z — Y)pc-1uly — x)da dy
vel0,1], t€[0,T], zeR4 R4 JRd

= C|Db,|pem™". (C.6)

Let us choose m >> || Dby|| e which yields that lim, ;oo ||om * by, — BnHLoo(B*:Y*S) =0.
Finally, gathering identities (C.1), (C.3)), (C.4), (C.5)) and (C.6) yields the limit property (C.2).

D Comments on the strategy of the cut locus

D.1 Comments on the necessity of using the norm |[u™"|| (1)

Let us rewrite one of the term of R’y s (t,z,2’) in r.h.s. in (4.56)),
t

R o= | [ [ Vi)
0 JR?

(b (s, 2" +y) — bn(s,z +y)) (u™ (s, 2" +y) — u™ (3,957(5)))dyds‘

r=tf=¢'=a
t
—1_r m
< Cle— 2 |lbmll o) /O ™ (s, e /R e = )] ET 5, 1,0,9) % 67 (6) — 2’ — ydyds.

Next, by exponential absorption,
t _
R < Cloalbmlie [ 0™ (s llor (It = )5 + it = ) Fa - ") ds
0

< Clo =P O b e gy _ml / ™ (s, Yl

x(t = )07 ([t = )] 'F + [t = 5)] 2™t - 5)° ) ds.

o7



Reordering the contributions yields
R < Clo=aPbll ey o'

t
x/ [ (s, Yon (8 = ) Trym 05 Ly (p g s
0

Then the required, assumption on parameters is for this control (from the second additive term above)

1
a9 > ——

o] > 5

57
which is incompatible with the the off-diagonal regime.

We could consider the case a; = %, but this case yields no viscosity contribution and makes
the previous upper-bounds blowing up in m (except for the usual framework, i.e. for b Lipschitz
continuous); there is no possibility to obtain a regularisation by turbulence for such a choice.

If we suppose that b is y-Hoélder in space, in order to avoid any blowing-up in m, we are able to
write

t
Rl < Cla=aTblmier) [ I (s e
—1_r m
L Wt @l = )25 (5,8,0.9) x 63 (a) = o/ = gy s
11y ! m,v =1 -1 /1y
< Clo=a e | Laara @™ (5.l ([t = 91T + ote =) Ho =) as.

Hence,

t
R| < Clz - 1:/|’Y”b||L°°(C"/)/O L, v () [u™ (s, )l
([u(t - s)}%1 + V_%(t - s)_%ya”(t - 5)’127) ds,

which goes to +0o when v — 0, except if v = 1. In other words, we need to consider the norms
[6m | oo (c1y and [[u"™"[| oo (1) on the one hand to smoothen the blowing-up in v and to get a suitable
control by |z — 2’| which allows to overwhelm v in the diagonal regime.

D.2 Comments on the choice of freezing point for the source functions terms

It is crucial to fix the same freezing point for the terms associated with source functions. In our con-
text, it may be unavoidable. To fully explain this choice, let us develop the computations associated
with these terms for the same choice of £ and &' as for A, the off-diagonal regime, i.e. £ = x and
gl — x/'

To deal with the semi-group, we consider an analysis of the type (or equivalent controls),

\PT’ggm(t, x) — PT’glgm(t, 2|

T:t7€:z7§/ :r,

‘ Rd[ﬁT’g(O,tax,y) — 70,2, y) g (s, y)dy

T:t7€:x76/:x/

= ’ /Rd p(0,¢,0,y) [gm (t, O () + y) — 9m (t,%??t(a:’) + y)]dy

9141607 (=) — 057 (")

IN
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Similarly, for the Green operator,

G™E fo(t, — Gt t, o
67 ) = G ],

t
= ‘/0 Rd[ﬁT,E(S,t,ZC,y) _137_75 (S7t; .’E/,y)]fm(s,y)dyds)

T:t,&zl‘,ﬁl =z’

= \/Ot /Rd[ﬁ(s,t,o,y)[fm(s,f)?t(x)+y)—fm(s,e);?t(x')ﬂ)]dyds)

t
< 1l peem /0 167, () — 67 (2! [ds.

In other words, we see in the both controls above that we only upper-bound by the flow associated
with b, which is a priori not controlled uniformly on m in a suitable spatial Holder space, see (4.85)).
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