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ABSTRACT. In this note we study advection-diffusion equations associated to incompressible
WP velocity fields with p > 2. We present new estimates on the energy dissipation rate and
we discuss applications to the study of upper bounds on the enhanced dissipation rate, lower
bounds on the L? norm of the density, and quantitative vanishing viscosity estimates. The key
tools employed in our argument are a propagation of regularity result, coming from the study
of transport equations, and a new result connecting the energy dissipation rate to regularity
estimates for transport equations. Eventually we provide examples which underline the sharpness
of our estimates.
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INTRODUCTION AND MAIN RESULT

Let T¢ be the torus of dimension d > 2 and T' € (0, +00]. Given a divergence-free velocity
field b € L'([0, T], W1P(T?¢ R?)) with p > 1, and an initial datum ug € L>(T%) we study the
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Cauchy problem associated to the advection-diffusion equation

{@u” +b-Vu’ —vAu’ =0 on T? x (0,T] (5
u”(0,z) = uo(x), ’
and the linear transport equation

o’ +b-Vu® =0 on T¢ x (0,T]

{u°<o, ¥) = uole). =

Above, v > 0 is a constant molecular diffusivity. In order to ease notation we often write u}(z)
and b () in place of, respectively, u” (¢, x) and b(¢, x).

Solutions to (E,) and (FEj) are understood in the distributional sense, are mean free, and
belong to the natural classes

u’ e L>([0,T] x T¢) n C([0,T], L>(T%)) N L2([0, T], W2(T%)), (0.1)

and u® € C([0, T, (L=°(T%),w*)), where (L>(T%),w*) denotes the space of bounded functions
endowed with the weak-star topology.

Existence and uniqueness of solutions to (Ep) are guaranteed by the DiPerna-Lions theory
[DPL89, A04] (see also [AC14]). Regarding the advection-diffusion equation, standard energy
estimates ensure that (F,) posses a unique solution in (0.1) which satisfies the energy balance

t
u¥ |32 — |luoll3e = —21//0 V|32 ds for every t € [0, T). (0.2)

Motivated by recent developments in the mathematical understanding of the dissipation en-
hancement by mizing [CKRZ08, BCZ17, CZDE18, FI19, DEIJ2019, CZDO19], in this note we
study quantitative properties of solutions to (E,) at low regularity, i.e. in the setting of Sobolev
divergence-free velocity fields. This framework is quite natural in view of possible applications
to problems coming from fluid dynamics and conservation laws, where very often the setting of
smooth vector fields is too restrictive.

For transport problems, a theory in weaker regularity settings has been developed in the last
decades and it is nowadays clear that nonuniqueness results [MSz18, MSz19, MS19, BCDL20)]
and new loss of regularity phenomena [ACM14, ACM16, ACM18, J16, BN18c| may occur. These
phenomena affect also advection-diffusion problems leading to challenging open questions.

Enhanced dissipation and mixing. Enhanced dissipation is the notion that solutions to (E,)
dissipate the energy ||uY| ;- faster than e*?, the rate at which the heat equation dissipates
energy. More rigorously, we give the following definition (Cf. [CZDR19, Definition 1]).

Definition 0.1. Let 7 : (0,9) — (0,1) be an increasing function satisfying
v
lim —— =0
v (1)

We say that a divergence-free vector field b is diffusion enhancing on a subspace H C L?(T%)
with rate r(v), if for any v € (0,1p) there exists ¢, > 0 such that

||u;’\|%z < Ce W)t Hu0||%2 for every t > t,, and ug € H. (0.3)
The constant C' > 0 above depends only on b.

It is nowadays well known that mixing by the flow of b is responsible for enhancing diffusion.
[CKRZ08, CZDE1S8, FI19].

Definition 0.2. Let p : (0,00) — [0,00) be a decreasing function satisfying lim;—, 1 p(t) = 0.
We say that a time dependent divergence-free velocity field b on T¢ mixes with rate p if for any
to > 0, and ug, € W2, with [w, dz = 0, denoting by u : [tp,00) — R the solution to (E,)
starting from w, at time t = to, one has

[uel[ -1 < p(t —to) [luto|l12  for any > to.
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In [CZDE1S, FI19] it has been estimated the diffusion enhancing rate r(v) in terms of the
mixing rate p(t), when the drift is Lipschitz regular uniformly in time, i.e. b € L{W 1.
Let us recall that, for smooth velocity fields, a simple Gronwall argument gives
2
> etV l[uoll72

Vuoll2 for all t > 0 and ug € WH?(T%) (0.4)
L

[l -

ensuring that the mixing rate cannot be faster than exponential. In this meaningful case, i.e.
p(t) := Me H for some constants M > 0 and p > 0, the diffusion enhancing rate obtained in
[CZDE18, Theorem 2.5] is

r(v) = Clog(1/v)™% with C = C(M, i1, ||Vb|| ;) (0.5)

As far as we know it is not known whether a velocity fields having a diffusion enhancing rate slower
than r(v) = O(log(1/v)~2) does exist. However, relying on an old result by Poon [Poon96, MD1§]

[V uol|7:

2
[[uollZe

t s
/exp{2/ \|Vbr|Loodr}ds} VE>0 ve(0,1) (0.6)
0 0

172 > lluo|Z2 exp {—V

it is straightforward to see that r(v) < O(log(1/v)~1), regardless of the mixing rate. We remark
in passing that it is unknown whether there exists a smooth velocity field realizing a double
exponential dissipation of ||u?|| ;> for some ug € L?(T?), a positive result in this direction has
been obtained in [IKX14], dealing with a discrete model for (E,).

One of the most interesting problems in this field consists in closing the gap between the
universal upper bound 7(v) < O(log(1/v)~!) and the best known lower bound (0.5) in the case
of exponential mixing. Recently there has been a lot of interest in finding sharp upper and lower
bounds on the diffusion rate, under various assumptions on the drift. Let us mention the work of
Coti Zelati and Drivas [CZDR19] where a class of meaningful examples, such as shear flows and
circular flows have been studied.

Out of the smooth setting it is even unknown whether a double exponential lower bound
on the L? norm, as in (0.6), holds. The main difficulty here is that energy methods are not
suitable to attack the problem due to a possible loss of regularity for transport equations
[ACM14, ACM16, ACM18, J16, BN18c, BN19]. We refer the reader to [DELJ2019, Section 1.3]
for a discussion on this topic.

Bressan’s mizing conjecture. In the non smooth setting is still unknown whether the mixing rate
for passive scalars has a universal lower bound. This is related to the famous Bressan’s mixing
conjecture [B03] that can be formulated as follows.

Conjecture 0.3. Given a divergence-free velocity field b € L>([0, 00), W11 (T? R?)) there exist
¢ > 0 and C > 0 depending only on the initial datum ug such that

p(t) > Cexp {—Ct HVbHL?oL%} for every t > 0.
Where p is the mixing rate according to Definition 0.2.

We have already pointed out (see for instance (0.4)) that Bressan’s conjecture follows from a
standard Gronwall estimate when the velocity field is Lipschitz, uniformly in time. A positive
result has been obtained also for b € L>([0,00), WP(T4 R%)) with p > 1 in [CDLO8] (se also
[IKX14]), while the case p = 1 seems to require some new ideas. On the other hand, in the last
years beautiful examples of mixing velocity fields under various constraint have been provided,
see for instance [ACM16, EZ, YZ17].

In view of the enhanced dissipation estimates, the problems of finding lower bounds on the
energy ||u?||7. and on the diffusion enhancing rate r() have natural connections with the
challenging Bressan’s mixing conjecture [B03]. We refer to [DELJ2019, section 1,3] for a detailed
discussion.
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Energy dissipation rate in the Sobolev setting. Aiming at better understanding enhanced
dissipation and energy’s lower bounds, the key quantity to study is the energy dissipation rate

t
2 2 2
2 / V22 ds = o2 — |2

Notice that, when the divergence-free velocity field b has the property that (Ey) admits a unique
solution that conserves the L? norm, it must hold

t
lim21// V|25 ds = 0. (0.7)
vl0 0

It can be easily checked by observing that, up to extracting a subsequence, u¥ — u? weakly in L?
and by using the fact that the L? norm is lower semicontinuous with respect to weak convergence.

In particular, if the drift is either Sobolev or BV the DiPerna-Lions-Ambrosio theory [DPL89,
A04, AC14] guarantees (0.7) (see also the recent paper [QN18] for a quantitative analysis in BV
and the study of velocity fields which can be represented as singular integral of functions in BV).
One of the main achievement of this work is the correct estimate of the rate of convergence
of (0.7). Before stating the result and its consequences let us recall that, in view of (0.6) it is
easily seen that in the Lipschitz setting (i.e. b € LYW.1°°) any solution to (E,) with ug € W12
satisfies

1
1// V|22 ds < v for v € (0,1), (0.8)
0

Hence the energy dissipation rate is O(v) for v — 0. On the other hand, if one relaxes the
regularity assumption on the velocity field the situation may change dramatically. For instance,
in [DELJ2019] a divergence-free vector field was constructed

be C([0,1) x T%) N LY([0, 1], C(T%)) N L>=([0,1] x T)
such that .
lim sup 1// [Val|32 ds > ¢ > 0,
v]0 0

for a broad family of initial data ug € W2’2(’]1‘d). Notice that this implies the existence of passive
scalars advected by b with non constant L? norm.

Let us also mention a recent result [JY20, Theorem 1.1] which provides solutions to the 3D
Navier-Stokes equation with energy dissipation slower than (0.8).

In the Sobolev setting we have the following logarithmic rate.

Theorem 0.4. Let b € L>=([0,T], W P (T R%)) be a divergence-free vector field for some p > 2.
Any solution u” to (E,) with ug € WH2(T%) N L>® satisfies

t o ) ) tP ||Vb\|’£wLp +1
V/ [VuZlz2ds < C(fluollprz + lluollze) 1| Vt=0, (0.9)
0 log ( + 2)
where C' = C(p,d). In particular, for any t > 0, we have
t
1// ||Vu§||%2 ds < Clog(1/v)™P*t  for every v € (0,1/5). (0.10)
0

Here € = C(p,d,t, o 312 + ol 2 [ VBl e 12) > 0.

The next result shows that the logarithmic rate is “almost” sharp.
Theorem 0.5. Let d > 2 and p > 2 be fived. There exist a divergence-free velocity field
be L2([0,1], WIP(T4 RY)) and ug € WH2(T?) N L>® such that

lim sup log(1/v)" / ||Vu”||L2 ds = 400 (0.11)

v—0

( )

. Here u” denotes the solution to (E,).
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We strongly believe that both results Theorem 0.4 and Theorem 0.5 can be sharped as follows.
Conjecture 0.6. The rate in (0.10) can be sharped to

t
V/ V|32 ds < C'log(1/v)™P for every v € (0,1/5),
0

and (0.11) holds for any r > p.

Idea of the proof of Theorem 0.4. A crucial ingredient of proof is a new propagation of
regularity result (Theorem 1.1) for solutions to (E,). The main novelty is that the constants
appearing in the regularity estimate do not depend on the diffusivity parameter v > 0. It extends
known result for transport equations [BBJ19, LF16, BN18c, BN19] to the advection-diffusion
problem. To prove Theorem 1.1 we took advantage of the Lagrangian representation for solutions
to (Ey), via Feynman-Kac’s formula [K97]:

u’(t,x) = E[ug o Xy o(z)].
Here X; o denotes the solution to the backward stochastic differential equation
dth = b(S, Xt75) ds +vV2vdW, with Xt,t(l') =, (SDE)

where W, is an T? valued Brownian motion adapted to the backwards filtration (i.e. satisfying
W; = 0) in the probability space (2, F, Z).

The core of the proof of Theorem 1.1 consists in estimating the rate of change of log-Sobolev
norms of Xy ,, by exploiting the Sobolev regularity of the drift b. We refer the reader to section 1
for a detailed outline of the argument.

In order to explain the connection between propagation of regularity results and estimates on
the energy dissipation rate we recall that, in the simple case Vb € L*, solutions to (Fy) and
(E,) propagate the Sobolev regularity of the initial data for any 1 < p < oo according to

IVl < [ Vuol| p eIVHL=, (0.12)

where ¢ > 0 does not depend on v. This can be checked either by means of energy estimates or
by studying the regularity of the stochastic flow map X; ;. Having such a strong regularity result
at hand, the upper bound on the energy dissipation rate (0.8) immediately follows:

1 1
v / V2|2 ds < v / IVuol2 2% ds < (2, |Vl o) Vo] 22 v
0 0

The main issue of working with Sobolev vector fields is that regularity estimates like (0.12) are
known to be false for the inviscid problem [ACM14, ACM16, ACM18]. On the other hand, the
regularity theory for (Ep) in the framework of Sobolev velocity fields [LF16, BN18c| provides
us with propagation of regularity results on Sobolev spaces of logarithmic order, see section 1.
Unfortunately the latter are too weak to be suitable to bound directly the energy dissipation
rate.

To get around this problem we use an interpolation argument which combines the log-Sobolev
estimate of Theorem 1.1 with a new a priori estimate on 12 fot |AuZ|32 ds, given in terms of the
energy dissipation rate (cf. Proposition 2.3).

Idea of the proof of Theorem 0.5. To prove the existence of solutions with “slow dissipation
rate” we exploit the existence of rough solutions to the transport equation (see Proposition 1.3).

The main idea is that quantitative bounds on the energy dissipation rate imply regularity
results for transport equations. This has been made quantitative in Proposition 2.1 by showing
the implication

t
-2
1// V|32 ds < Clog(1/v)! = uf € H®" for any 0 <7 < qpil,
0 p—

when b € LPWLP. Here H'°®" denotes a Sobolev space of functions with “derivative of
logarithmic order” introduced in section 1. Although the logarithmic regularity is very mild in
[BN18c] we have built solutions to (Ep), associated to WP velocity fields, that do not propagate
the H'°8" regularity for 7 > p. This clearly leads to the sought conclusion.
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Applications. An immediate consequence of Theorem 0.5 is that the double exponential lower
bound as in Poon’s estimate (0.6) does not hold in the Sobolev setting since it forces

t
y/ [Vu?||3.ds < Crv for all v € (0,1).
0

In view of Theorem 0.4 and Conjecture 0.6, it is natural to conjecture the following variant of
Poon’s estimate:

Conjecture 0.7. Fix p € [1, +00). Let b € C*([0,T] x T?) be divergence-free and ug € W12(T9).
Then, any solution u} to (FE,) satisfies

t s
el > ffuol exp{logu/u)—pcl [ew{ca [ 19b, dr}ds}, (0.13)
0 0

for any v € (0,1) and ¢ > 0. Here C; = C4(ug,p,d) > 0, and Cy = Ca(p,d) > 0.

In the case p = 1 Conjecture 0.7 has been already presented and thoroughly discussed
in [DEIJ2019, Conjecture 1.7]. We refer the reader to subsection 3.2 for the discussion of
Proposition 3.2, a positive result towards Conjecture 0.7.

An other interesting consequence of Theorem 0.4 is the following upper bound on the enhanced
dissipation rate in the setting of WP divergence-free vector fields.

Proposition 0.8. Let b € L>®([0, +00), W'P(T4,R%)) be a divergence-free vector field for some
p > 2. Given ug € WH2(T4) N L, if there exists r : (0,19) — (0,400) for some 0 < vy < 1,
which satisfies

HUtVH%? < e Tt ||u0||%2 for any t > 1/vy and v € (0,1p), (0.14)

then

lim sup O < 0. (0.15)

_p=1

W0 log(1/v) 7

In other words the upper bound r(v) < O(log(l/u)f%) holds in the Sobolev setting. Notice
that it is little worse than O(log(1/v)~!), the one available for smooth vector fields.

After finishing this note we got to know that a better upper bound on the enhanced dissipation
rate has been proven in [S20, Theorem 2| by Seis. The approach of Seis is different from our, it
relies on the quantitative analysis of solutions by means of weak norms and techniques coming
from the optimal transport theory (see also [S17]).

The last application of Theorem 0.4 is a quantitative estimate on the rate of convergence in
the vanishing viscosity limit.

Theorem 0.9. Let b € L>([0, +o00), WHP(T? RY)) be a divergence-free vector field for some
p > 2. Given ug € WH2(T4) N L® we consider u®,u”, respectively, solutions to (E,) and (Ejp).
Then it holds

P41
log (% + 2)

where C' = Co(1 + ||Vb||i?oL§)(Hu0”?/V1/2 + Juol 7).

0
s

sup for every v >0 and t >0, (0.16)

2 p=2
, < Ct|v+tvr 1 +
s€[0,t] L

v
Uy — U 2

As far as we know (0.16) is the first quantitative vanishing viscosity estimate in terms of strong
norms in the framework of Sobolev velocity fields. Previous results, such as [S18, Theorem 2]
have dealt with weak norms.

It is worth noticing that Theorem 0.9 is almost optimal, we refer to subsection 3.3 for a
discussion on this.
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Organization of the paper. The rest of the paper is devoted to the proof of the outlined
results. More specifically in section 1 we present the propagation of regularity result (Theorem 1.1)
while section 2 is devoted to the proof of existence of “slow dissipating solutions” (Theorem 0.5).
In section 3 we show the logarithmic estimate on the energy dissipation rate (Theorem 0.4)
and its corollaries. Precisely, in subsection 3.2 we present the proof of Proposition 0.8 and we
discuss a positive result in the direction of Conjecture 0.7. Eventually we show Theorem 0.9 in
subsection 3.3.

Acknowledgements. Most of this work was developed while the first author was a PhD student
at Scuola Normale Superiore, Pisa. The second author was supported by the ShanghaiTech
University startup fund, and part of this work was done while he was visiting Scuola Normale
Superiore. The authors wish to express their gratitude to this institution for the excellent working
conditions and the stimulating atmosphere.

1. REGULARITY RESULT

In this section, we present a propagation of regularity result for solutions to (E, ), that will play
a central role in the sequel. Here and in the rest of the paper we tacitly identify any f: T¢ — R
with a 1-periodic function on R?.

Let us begin by introducing a class of functional spaces. For any « € (0, +00) we define

u(z + h) — u(x)? 1
Wigesc /Bl/g L s e (1)
and the related log-Sobolev class
H° = {ue LATY) : Jullfposa = llulf2 + [ulfposa < o0} (1.2)
The following characterisation of H'°&% will play a role in the rest of the paper !
[ullFos.c ~aa Y log(2+ [k])*|a(k)[?, (1.3)
kezd

where (k) := [u(x)e”™@* dz. We refer to [BN18c] for a proof of (1.3) in the case in which the
ambient space is RY.

Here and in the following we adopt the notation a A b to indicate min{a, b}. The main result
of the section is the following.

Theorem 1.1. Let b € L'([0, T], W'P(T? R?)) be a divergence-free vector field for some p > 1.
Then, any solution u € L>=([0,T] x T?) to (E,) satisfies

_ q
/ / LA [ug(@ + h) — ()] 1 _dzdh
B, Jd P

|| log(1/[R[)!

LA |ug(z + h) — ug(x)[? 1
S Vbs||p» ds / / dx dh 14
(/ Vsl ) 5y o [l To(1/A]) 17 (14

for any 0 < g < 0.

In particular, choosing ¢ = 2 we get

Corollary 1.2. Under the assumptions of Theorem 1.1 one has

t p/2
[ut] prioes Spoa (/ HVbslle> [uol| oo + lluoll grosr  for any t € [0, 7. (1.5)
0

It is worth remarking that (1.5) does not depend on v > 0, hence the inequality holds even in
the case v = 0, i.e. for solution of the transport equation (Ep) (Cf. [BN18c, LF16]).

Moreover, the following example borrowed from [BN18c, Theorem 3.2] shows that Corollary 1.2
is sharp, in the sense that H'°%P cannot be replaced with a H'°%9 for ¢ > p.

Here and in the sequel we use the notation A ~. B to mean that C ' A < B < CA where C depends only on
c¢. Similar notation will be adopted for <. and 2.
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Proposition 1.3. Letp > 1. There exist a divergence-free vector field b € L>([0, +00); WP(R?))
and ug € L®(RY) N WHIRY) supported, respectively, in By x [0,+00) and By, such that the
solution u € L>([0,400) x R?) to (Eo) satisfies

wy & H'%9  for any t > 0 whenever q¢ > p.

The remaining part of this section is devoted to the proof of Theorem 1.1. The argument is a
refinement of the one presented in [BN18c] and has its roots in the very influential paper [CDLOS].
In a nutshell, it goes as follows. First, by employing the Lusin-Lipschitz inequality for Sobolev
maps (1.10) and Gronwall’s lemma, one studies regularity properties of the backwards stochastic
flow (Cf. Proposition 1.5) associated to b. Next, one translates the Lagrangian regularity result
into an Eulerian one by using Feynman-Kac formula (1.7) and Lusin-type characterisations of
H'°&P functions (Cf. Proposition 1.6).

Remark 1.4. In what follows it is technically convenient to assume that b € L([0, T, W1P(T4, R%))
is pointwise defined, with respect to the space variable, according to

lim / b(t,y)dy whener it exists,
bt, ) := < ™0 war /(4 ) (1.6)
0 otherwise.

1.1. Stochastic representation and Lagrangian estimate. As we already mentioned in
the introduction, for any ¢ € (0, 00) we consider the following backward stochastic differential
equation
dX; s = b(s, Xis)ds +V2udW, with  X;4(x) = 2, (SDE)
where W, is an T¢ valued Brownian motion adapted to the backwards filtration (i.e. satisfying
W; = 0) in the probability space (2, F, Z).
Then, the Feynman-Kac formula [K97] expresses the solution of (E,) as

u”(t,z) = E[ug o X¢o(x)]. (1.7)
Exploiting the Sobolev regularity of b one gets a following Lusin type estimate for the stochastic

flow map X ; that does not depend on v.

Proposition 1.5. Let b € L'([0,T], W'P(T¢ R?)) be a divergence-free vector field, for some
p>1. Fixte (0,T). Then, there exists a nonnegative random function g (w,x) = gi(z) for
w € Q and x € T, which for P-a.e. w satisfies the inequalities

t
ooty Spat | 190l ds. (1.8)
e~ 91(@)=9: (W) < |Xt’S(T) — )Tt’s(y” < 9 @49 W) for any 0 < s <t, z,y € T (1.9)
r—vy

Here X, s is a realization of the solution to (SDE).

Proof. Let us introduce the local Hardy-littelwood maximal function

1
Mf(x):= su dy,
)= s o [ iwly

for f € L'(T?), and set
t
gt(x) == / M|Vby| (Xt s(x))ds for any x € T¢,
0

and notice that (1.8) is a simple consequence of the Minkoski’s inequality and the fact that X
is measure preserving.

The inequality (1.9) follows from the Gronwall’s lemma, along with the observation that,
P-a.e., for any x,y € T?, the map s — | X, ¢(x) — X; 5(y)| is absolutely continuous and satisfies

X0~ XeaW)] < b5, Xos(2)) — bls, Xea ()
<l X1 @) = X)) (MIT0](Xe @) + MITh| (X)),
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for a.e. s € (0,t). Above we have used the the Lusin-Lipschitz inequality for Sobolev functions
fe VVlicl (T?), pointwise defined according to (1.6):

|[f(@) = f(y)] < Cala —y[(M|Vf|(2) + M|V f|(y)) forany z,y € T* (1.10)
]

1.2. Lusin type characterisation of H'°¢? functions and proof of Theorem 1.1. Let us
begin by presenting a refined version of [BN18c, Theorem 1.11].

Proposition 1.6. Let ¢ >0 and p > 0. For any u € LL(R?) it holds
LA Ju(y) — w(@)|? Spgalog (1/r)~P (G(r,z) + G(r,y)),
for any z,y € R? with 2|z —y| <r < E, where

3 LAz +B) — () 1
Glr,2) = /rghw ] Tog(1/[A])"7

Proof. First observe that, for any z,y € R? and s > 2|z — y| one has
LA u(z) — u(y)|!

,Sd,q][ 1A Ju(x 4+ h) —u(x)|?dh —1—][ 1A |Ju(y + h) — u(y)|? dh, (1.11)
B35(0)\Bs(0) B35(0)\Bs(0)

dh  for any z € R%.

see [BN18¢c, Lemma 1.12] for a simple proof. Next, we integrate both sides of (1.11) with respect
to the variable s against a suitable kernel, getting

#1/2
3 1
1A - a ———d
) w7 o b
172
< / ’ LA Ju(z + B) — u(z)|? dh——38
d, - DR g
"Jr By 0\B.0) slog(1/s)17
172
+ 1A Ju(y + h) —u(y)\qdhL
v J B3 (0)\B4(0) slog(1/s)! ="
Observe that
#1/2
’ LA Ju(@ + h) — u(@) | dh— <. Gl )
- 11/ 0\ 1—p ~d, ) )
r B34 (0)\Bs(0) slog(1/s)t=p ~%P
and
e p p p
3 1 1 1 3 1
————ds=- (1 -] -1 — > 1 -
/T slog(1/5)77 "~ p (Og () % (/) ) ~p ok <> ’
where we have used r < 1—10. The proof is complete. O

Proof of Theorem 1.1. Let us begin by noticing that our conclusion follows from the $-a.e.
inequality

1A Jug(Xeo(z + h)) — uo(Xeo(x))|? 1 i
/Bl/g /Td BE log(1/[a) T £ 4 (1.12)

1/\‘U0£E+h)*U0( )‘ 1
< Vbsl|,, ds / / dz dh,
(/ VeIl ) e [ log(1/[A])1 7

by taking the expectation and using (1.7).




10 ELIA BRUE AND QUOC-HUNG NGUYEN

Let us then prove (1.12). Fix ¢t € (0,7) and g given by Proposition 1.5, in order to keep
notation short we drop the dependence of g on w and ¢t. For £-a.e. w we have

/ / LA Jug(Xyo(x + h)) — uo(Xeo(2))|? dhdx
T4 J|h|< &

|74 log(1/[h])*—P

1
< 1 dhd
</, /|h|<;0 R explolorth) oD =1 [T log (1/[R) P

+/ / 1,01 1A Jup(Xeo(z + h)) — uo(Xeo(z))|?
14 Jjpj< |h|1/2 exp{g(z+h)+g(z)}<1 (W[ 1og(1/[])1-7
=1+ 1I.

dhdx

Let us estimate I by means of (1.8):

1
I S/ﬂ‘d /h<110 1|h|1/2exp{g(a:+h)+g(z)}21’h’dlog(l/’h’)l_p dhdx
1
§2/ / 1,11/2029(2) dhdz
T J|hj< L (IR0 22 | 1d log (1/|h]) 1P

1 1
=2 [ (o= rostay 10)}) AToa s

h< s

<o 2 (To= Jlostain ) og/r

1
T<ﬁ

<4 / 29 ({g > A}) (47 — 210g(2))"LdA
log(40)/4

T p
o l9lTr Spa (/0 HVbSHLPdS> :

Let us now estimate I1. Let G be given by Proposition 1.6 and associated to ug, we have

INJuo(Xto(x + h)) — uo(Xio())*

< log (1/7) ™ (G(r, Xso(z + 1)) + G(r, Xso(2))), (1.13)
with
- % A X o + ) — Xeo(@)|.

Note that, by Proposition 1.5 we have

Al[hlexp{=g(z +h) = g(z)}] <r < o= A[hlexp{g(z + h) + g(x)}] . (1.14)

1 1,
20 20

Let us fix h € B%(O). For any z € T such that
B exp {g(x + h) + g(x)} < 1,
it follows from (1.13) and (1.14) that |r|?/? < < |h|'/2, and
1/\‘UO(Xt,0($ + h)) — UO(Xt70($))|q

1 —-p
Stog (Gr) (TR Xeola + ) + H(. Xio(w)

where

1A Jup(z + h) —ug(z)|? 1
H(r,z) .=
r:2) /r3/2g|h|§r1/4 Ik log (1/[H]) 7

dh for any z € T
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This implies,

vt Jinje |wmww th|wmuw
th|wmuw
LA ug(z + h) — ug(x)|?
~ dhdrd
~pd /def rlog rlog(1/r) ./ivz<vﬂ<TU4 A7 log(1/[h[)-P ne
|n|2/3 1 _ q
o ([ ) e
pa Jinj<sza \ s mmm A7 Tog(1/[A[)1—7

LA Jup(z + h) — up(z)[? 1
dhdz,
/Td /h|<3/4 || log(1/[R[)! =P

here we have used the fact that

|n|?/3 1 B 4 9/3v\ _
J Froaie & = Toalo (1) — log(lon(1/ h[*") = 10g(6).

The proof is over. O

Remark 1.7. Notice that (1.12) is stronger than the regularity estimate in (1.1), indeed when we
take the expectation we are losing information. We believe that a more precise analysis, which
do not lose this information, could lead to the following improved version of (1.2):

t
() o +V/O [Vus)ipions ds Sap </ IVbs Hm) luol|7oc + lluol|Foes V¢ € [0,T]. (1.15)

Unfortunately we are not able to show this estimate by means of our approach. However it
is worth stressing that if (0.7) were true then it would lead to significant improvements of
Theorem 0.4, Theorem 0.5 and their applications.

2. PROOF OF THEOREM 0.5: EXISTENCE OF SLOW DISSIPATING SOLUTIONS
The core of the argument in the proof of Theorem 0.5 is the following.

Proposition 2.1. Let b € L'([0,T], W P(T4 R%)) be a divergence-free vector field, for some
p > 2. Let u” and u° solve, respectively, (E,) and (Eo). For anyt € [0,T), if there exists ¢ > 0
such that

lim sup log(1/v)? / IVu?|)3 ds < oo, (2.1)
v]0

then uy € H'°8" (see (1.1)) for any 0 <r < qp%l

Remark 2.2. By exploiting the ideas developed in the proof of Proposition 2.1 (Cf. Remark 2.4)
one can prove the following variant: if there exists 6 € (0, 1] such that

t
lim sup 1/1_0/ V|2 ds < oo, (2.2)
vl0

then u; € H™(T?) for any 0 < r < 52—~ =1 ) Here H"(T?) := {u € L?(T%) : [u]gr < oo} denotes
the fractional Sobolev space defined by means of the Gagliardo semi-norm

lu(z + h) — u(x)|?
e dz dh.
ulir /32 /]I‘d |o[d+2r x

Proof of Theorem 0.5 given Proposition 2.1. We argue by contradiction. If the conclusion were

false then the assumptlons of Proposition 2.1 are satisfied for some ¢ > pp 2, therefore there

exists 7 > p such that v € H log.” This is not possible in general in view of Proposition 1.3. [
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2.1. Interpolation estimate. In this subsection we present an estimate on v? fot |AuZ|3; ds,
which plays a central role in Proposition 2.1 and Theorem 0.4.

Proposition 2.3. Let v € (2,+oc] be fivred. Assume b € L>¥([0,T], W'P(T4 R?)) for some
p > 575 Any solution u” € L>([0,T], WE2(T9) N L) to (E,) satisfies

t
Va0 [ A ds
0

¢ B
<v | VuolF2 + Capa luol 25~ V7L, 17 ( /0 ||Vu5||izds> . (23)
where
=1—-—€(0,1).
B - (0,1)

In the sequel we will use (2.3) just in the case v = oo

Proof. Tt is enough to prove the result for |Vb| ooy = 1, the general case follows by a simple
scaling argument. Testing (E)) against Au; we get

t t
IVaf |72 + 21//0 1AW 72 ds < || Vol 72 +/ IVl |72 ds

<||VuOHL2+/ V]2 [V |25 ds,

with
, P 1 -«
p=—r, —=a+——, ac(0,1). 2.4
L : 0,1) (2.4)
By using the Gagliardo—Nirenberg interpolation inequality we deduce
1 1 1
IV |20 < Cagoy DI 5 157 for == 54—, (2.5)
¢ 2 v
hence

t
2 2 2
IV 2+ 20 [ 180 ds < [Vl + Cage uoll i [ W3 ] s
< IVl + Caua ool o5 [ vt 57 as

t
v [ auds,
0

which amounts to

IVl |2 + v / |AGY 2. ds < [Vuo|2s + Cagoe ol 2275 v~ / IV 157 ds

T+a
< [[Vuol3 + Cagra Juol[31* 17! (t /0 Va2 ds) .

In order to conclude the proof we just need to combine (2.4) and (2.5) to find the expression of
«a and ¢ in terms of p and ~. O

2.2. Proof of Proposition 2.1. Fix ¢t € (0,7) and a convolution kernel p.(z) := ¢~ %p(xe™1)

where p € C2°(B/2(0)) satisfies [;4p=1and e >0 . For any f € LY(T¢) we denote by

Frpuo)i= | ule=)peto)dy
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its convolution against p., which is continuous and 1-periodic. Then, for any v > 0, it holds

0 0 0 v
R P N AL P

+ oy pe — 2 + |y —wf|

wf = |, + It pe — |2
uf = uf] e Vuf e (2:6)

From (3.12) and Proposition 2.3 (with 7 = c0) we get

while Proposition 2.3 and (0.2) yield

p—2

2 t p—1
2
S + 11 HUOHLz HVbHLmLp (V/O IVugllze dé‘) , (2.7)

v 0
ut_ut‘

—2

p—1
&2 IVt |I3a Sp 2 1IVuol32 + 27T uoll7z IIVbIILooLp< / IIVU"HdeS> - (28)

By combining (2.6), (2.8), (2.7), assuming without loss of generality ||ug||yy1.2 + ||uol| o < 1, and
choosing € = v one gets

p—2

2 t p—1
L2 Spr(t+1) Syt HVbHLOOLp (V/ [VuZ|3 ds) for every v € (0,1).
0

(2.9)
Thanks to (2.1) there exists vy € (0,1) such that VfJHV’LLSH%; ds < Clog(1/v)~9 for any
v € (0,v), hence

i -

2 2
L2 <tp 1og(1/1/)_q§f1 for any 0 < v < 1. (2.10)

0 0
o+ 0 =]

We claim that (2.10) implies u? € H'°&" for every 0 < r < q . To this end we note that

— Vo —_ 112
> |ud (k) / |lp(1/k: 11‘T v / / ug * py — up|? ;dx% < p_%
= o log(1/v) v log(1/v)! N
for any 0 < r < q 1, where p denotes the Fourier transform of p in R?. Moreover it is not hard
to check that
C +/V0|A(Vk:)—1|2ldy Zvo.d log(2 + |k|)" (2.11)
1Z0) 0 p log(l/l/)lfT v Nl/(),d g ) .

Thus (1.3) yields

2 —
[ 5t 32t 4 R <

The proof is over.
Remark 2.4. Under the assumption (2.2), the estimate (2.9) gives

2

ut*py—ut‘ Stp v r-t forany 0 < v <y,

L2~

for some vy > 0. Hence uy € H"(T?) for any 0 < r < 02(7;;_21).

3. LOGARITHMIC ESTIMATE ON THE DISSIPATION RATE AND CONSEQUENCES

In this section we prove Theorem 0.4 and we draw a series of consequences.
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3.1. Proof of Theorem 0.4: logarithmic bound on the dissipation rate. Since (E,) is
linear we can assume without loss of generality that

lluollyy1.2 + lluoll 2 < 1.

Observe that, from (1.3), we deduce

0] o Sap Y, log(2 + [E))Plao(k)> < Y (14 k) ao(k)[* < [luollfyis < 1.
kezd kezd

We apply (2.3) with v = o0 and § = Z f obtaining

t
Va0 [ A ds
0

M

p—

p—1

< Vol + G, ol = IVOI7 2, 675 ( A uvuvuLst)
L

p—1
v+ Cpa VBT 1777 ( / IVu ||L2ds> - (3.1)

Let us now set
t
D) = v [ IVals s (3.2)
0

and fix A > 0. Exploiting (1.3) and (3.1) we obtain

- / SRR (k) 2

0 kezd
U2 (
< log D2y Z log(2 + |k|)P |u ds+ — HAu ||L2 ds

0 |kl<A
—2

1 1 2
2
< gty |, Tl s 55+ 55 19U 4770005

for any ¢t € (0,T ) By means of the Young inequality we can estimate

Cp

1
SR D0

1 p=2
3 VBl 671D, (1) ;

V8 gyt +
while Corollary 1.2 gives
¢
/0 Hus”%ﬂOM ds Spd A HVbH LI +1.

Putting all together we end up with

2
Du(t) <pa M (I pp +1) + 53 + Wt VO gy (33)
Choosing
. 1 1/2
A= (ut) }log <Vt + e> , (3.4)
and using the elementary inequality
log(yit—i-e) _ log(yit—i—e) < op 1

one gets (0.9).
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3.2. Lower bound on L? norms. Let us now present two consequences of Theorem 0.4.
The first conclusion is Proposition 3.1 below. It provides an upper bound on the enhanced
diffusion rate r(v), we refer to the introduction for a detailed discussion.

Proposition 3.1. Let b € L>([0, +00), WIP(T4,RY)) be a divergence-free vector field for some
p > 2. Given ug € WH2(T9) N L™, if there exists r : (0,v9) — (0,4+00) for some 0 < vy < 1,
which satisfies

Hut”H%z < e W ||U0||%2 for any t > 1/vy and v € (0,1p), (3.5)
then
lim sup ) <C, (3.6)

_p=l —

0 log(1/v) 55

where C' = C(p, d, |luolly1.2 , [luoll o ||Vb||L;;°Lg)-

Proof. Let C = C(p,d) as in the statement of Theorem 0.4 and set
K i= C(lluoll 312 + ol 3.

-1
Fix o > 0 to be chosen later. Given v > 0 small enough we set ¢ := alog(l/y)pT > 1/vp. From

(0.2) and Theorem 0.4 we get

t
2 2 2
el 2 = [luolZs — v /0 IVus 22 ds

K P VOl[} o + 1
> ol |1 - 5 e S T
[[uol|72 log (% n 2)
—1 P
K p=1 log(1/v)P " [ Vbl oo o +1
:||UOH%2 — T Ozulog(l/y)pp +aP th Lz —
o
[[woll72 log (O}Vlog(l/y)_ P +2>
Ko ||V 10
—Jluoll2: [ 1~ IR o)
[[uol|Ze

where o(1) — 0 for v — 0, and K is as in Theorem 0.4. We deduce

KaP | Vb2 ., »
lim inf exp —a% >1-— 2Lt La
vi0 log( - [[uol|72

1/v) »

)

and choosing « such that

Ka? [Vb|py 1

luollze 2
we easily get (0.15). O

A second consequence of Theorem 0.4 is a step toward Conjecture 0.7.

Proposition 3.2. Let b € L°([0,4+o00), WIP(T¢ R?) N L>®) be a divergence-free vector field for
some p > 2. Let u” solve (E,) with ug € WH2(T4) N L>®. Then, for any a € [0,p — 1) there exist
v = vp(uo, Hb||L§,0W11,meoo ya,p,d) € (0,1) and C = C(uy, Hb||L?oWr1,meoo ,p,d) >0 such that

p
a2 > o2 exp { ~ 1og(1/w)~exp {07 7 L} (3.7

for every 1 <t < 400 and v € (0,1y).
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Proof. Let C = C(p,d) as in the statement of Theorem 0.4 and define
K = C(|uollyyr.2 + [luol7)-
Set

t._<\uo||%z>”p L 1og(1/)"
Tk ) Wl |

Let us begin by considering the case 0 < ¢t < t,,, arguing as in the proof of Proposition 0.8, we get
t ty
luell72 = lluoll7z — v [ [ Vusll7eds = Jluollfe —v [ [[Vugll72 ds
0 0

K 2 Vb|P 41
> Jluo2: |1 . Cr

vty

- HUOH?ﬂ log <i+2)

— ol (1~ 5log(1/)™* + (1))

where o(1) — 0 for v — 0. Therefore, we can find vy = vy(ug, b, p,d) € (0,1) such that, for any
v € (0,v) it holds

p—1

ul |2, > e~ 8/ |lyg||3,  for every t € (0,t,). (3.8)

Observe that (3.8) implies (3.7) for any t € (0,1,).
Let us now consider the case t > t,, for v € (0,1p). From [MD18] we know that

Vg2 -
12 > ol exp § 2LV 0lL2 (et ) |, (3.9)
[Juollz2
it is easily seen that, for ¢ > ¢, one has
Vo3 - Vol —b
1/27” UO!LQ (etl’ Hbllpoo l) < 7” UO!LQ eXp{HbHLoo eCtr }, (3.10)
[[uollz2 [[uol|72

where C' = C(uo, [|b]| ooy 1rpe0 s> d) > 0, hence (3.7) is satisfied provided vy > 0 is small
+ T
enough. O

3.3. Vanishing viscosity limit. Another interesting consequence of Theorem 0.4 regards the
vanishing viscosity limit v — 0. More precisely we aim at estimating the L? distance between
u” and u" which, respectively, solve (E,) and (Ep). To this end the key estimate to take into
account is

Ly |
log (% + 2)p_2

where C' = (1 + HVbHioch)(HuOHIZ,Vl/Q + ||uo||30 ). Notice that (3.11) easily follows by combining
t T
(2.3) and (0.4).
The connection between (3.11) and the vanishing viscosity estimate is given by

t —2
1/2/ |Aus||72ds < C |v+ tyrT 4+ for every v >0 and ¢t >0, (3.11)
0

0

sup s

‘ uy — U
s€[0,t]

2 2 ‘ V|2
<tv |Au? || ds, (3.12)
L2 0

that comes from
d 14 14
T ‘ /Td(ut —ud)AuY dz

by applying the Holder inequality. What we have proven is Theorem 0.9 that we state again
below for the reader’s convenience.

v 0[|?
Uy —utH <2v
L2

< 20 |uf = woll 2 [[Au | 2,
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Theorem 3.3. Let b € L>([0, +o00), WHP(T4 RY)) be a divergence-free vector field for some
p > 2. Given ug € WH2(T4) N L>® we consider u®,u”, respectively, solutions to (E,) and (Ep).
Then it holds

0
s

2 p=2 tp*l 1
<Ct u—+u£—1+ + —

L2 1 p

log (th + 2)

2 2
where G = (1+[|V[7 < 1x) (luollyr/2 + [[uollze)-

ul —u

sup ||ug

s€[0,¢]

for every v >0 and t > 0,

Relying on ideas developed in subsection 2.2 we are able to prove that the bound

0
s

2
uy L2 < O(log(1/v)*™P) forv —0

sup
s€[0,t]

is almost optimal. More precisely, we show that for any C' > 0 one can find b € L*([0, T], WP(T9, R%))

and ug € WH2(R%) N L* such that, for every r > p it holds

2

= Q.
L2

—Uu

lim sup log(1/v)"

/|
vl0

14
Uy — Uy

This easily follows from Proposition 3.4 below and the example in Proposition 1.3.

Proposition 3.4. Fir ug € WH2(T%) N L>®. Let u} and u) solve, respectively, (E,) (Eo) with
b € LY([0,T], WlP(T4 R%)), for some p > 2. If there exist t € (0,T), vp € (0,1), C > 0 and
r > 0 such that

2
uy — u?HLQ < Clog(1/v)™", for every 0 <v < vy, (3.13)

then
uw € H'®™  for any 0 <1y <.

Proof. We can assume without loss of generality that

HVbHL;ng + lluollwr2 + lluoll oo < 1.

Fix v € (0,19) and € € (0,1). By (2.6) and our assumptions we have
| # pe = )

v 0
ut_ut‘

<o Ll e —
< Clog(1/v) ™2 + e[V | 2,
that along with Proposition 2.3, gives

L2 Spday Clog(1/v) /2 4 e300/, (3.14)

0 0
J1sd # pe =]

In particular, choosing € = v, there exists C' = C'(t, C, p, d,~) such that

Hu? * Py — u?HLz < C'og(1/v)™"?  for every 0 < v < 1. (3.15)

As we have already shown in subsection 2.2, the inequality (3.15) implies u} € H'°®™ for any

0<r <r. O
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