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PROPAGATION OF LOGARITHMIC REGULARITY AND INVISCID LIMIT
FOR THE 2D EULER EQUATIONS

GENNARO CIAMPA, GTANLUCA CRIPPA, AND STEFANO SPIRITO

ABSTRACT. The aim of this note is to study the Cauchy problem for the 2D FEuler equations
under very low regularity assumptions on the initial datum. We prove propagation of regularity
of logarithmic order in the class of weak solutions with LP initial vorticity, provided that p > 4.
We also study the inviscid limit from the 2D Navier-Stokes equations for vorticity with logarithmic
regularity in the Yudovich class, showing a rate of convergence of order |log V|7"‘/2 with a > 0.

“Dedicated to Pierangelo Marcati on the occasion of his 70th birthday”

1. INTRODUCTION

We consider the Cauchy problem for the two-dimensional incompressible Euler equations in
vorticity formulation

Oiw 4+ u - Vw = 0,
u(t,”) = VH(=A)"Tw(t, ), (1.1)
W(O’ ) = Wo,

where the unknowns are the vorticity w : [0,7] x T? — R and the velocity u : [0,7] x T? — R2,
while wp : T2 — R is a given initial datum with zero average, i.e.

/TQ wo(z) dz = 0.

The coupling between the velocity and the vorticity in the second line of (I.1l) is known as the Biot-
Savart law, and in particular it implies the incompressibility condition div 4 = 0. The understanding
of the well-posedness of these equations represents one of the classic problems of mathematical fluid
dynamics; we refer to [31] for an overview of the available theory. In the two-dimensional case the
Euler equations in vorticity formulation are a non-linear and non-local transport equation driven
by an incompressible velocity field. Thus, a simple energy estimate for smooth solutions gives that

lw(®, e = llwoll e,

for all 1 < p < oo. It is therefore natural to study weak solutions of (L)) in an LP framework.
We highlight from the outset that we work on the two-dimensional torus T? to reduce technical
details, but all the results can be adapted to the whole-space case R? requiring wg € L' N LP(R?).
The existence of weak solutions with w € L*°L? with p > 1 has been proved by DiPerna and
Majda in [23], see also [21] for positive measures Radon measures wy € H, . and [36] for wy € L.
Uniqueness of weak solutions is known only in the case of bounded vorticity w € L (see [40]) or
slightly less (see [20 [41]). However, the uniqueness of weak solutions in LP with p < oo is still an
open and very challenging problem. Recently several non-uniqueness results have been proved (see
[7, 18, @, 33l B7, 38]) but the complete picture is far to be fully understood.

In these notes we investigate two problems related to (ILI]). The first one is the propagation of
regularity for weak solutions of (LI]). Roughly speaking, it means the following: given a Banach
space Y we want to understand whether the information that the initial datum wy belongs to Y
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implies that the solution w(t,) € Y for every ¢ > 0. In [2] it is shown that if one considers Dini
continuous initial data wg, the 2D Euler equations (LI]) admits a unique global solution within
these critical spaces. In particular, the propagation of the Dini semi-norm provides an L bound
on Vu with a constant that grows exponentially in time, see also [26]. In the case the velocity field
is not Lipschitz there is no propagation in general. However, one can have a control on the loss of
regularity depending on the regularity of the velocity field. This is indeed the case for Yudovich’s
solutions for which the velocity is only log-Lipschitz. In this regards, in [I] it has been shown that
if wg € L® N WP then, for all 0 < o/ < «, the unique bounded solution w of (L)) belongs to the
space W 2 where

t /
t,x) —u(t, o)
o (t) == o exp <—/ V(r) d7'> , V(t):= sup futt, : . (1.2)
0 0<|z—az'|<1 |z —2'|(1 — log |z — 2'])
We point out that the quantity fo 7)dr is finite since w is log-Lipschitz. Later on, in [I8] it

is showed that if wy € W*P (with ap < 2, p>1and a € (0,2)) is a continuous function, then
the unique bounded solution w(t,-) € W'? for any ¢ € [0,T] and any 0 < o/ < c. These results
have been improved recently in [12], where the authors showed that solutions in the Yudovich class
w € L>®([0,T] x T2)NC([0, T]; L* (T?)) satisfy the following: let 0 < o < 1 and p > 1, we have that

(i) If wg € WoP(T?) then

[w(t, Nweaw» Sap lwollLe + [wolwer,
for any t € [0, T, where a(t) = m

(ii) If wy € C(T?) N WP(T?) with p > 1 then w(t, -
any t € [0,7]. When a = 1 we also have w(t,-)
te[0,7].
(iii) If wp € WP(T?) with p > 2/« it holds w(t, ) € W*P(T?) for any t € [0, 7).
In a similar fashion, in [25] the author constructed an example of initial datum wg € L N WP
with p > 2 such that the unique bounded solution w continuously loses integrability in time, i.e.
w(t,-) belongs to the Sobolev space WP(*) with p(t) being a decreasing function of time. On the
other hand, log-Holder coefficients of Yudovich’s solution of (IT]) are conserved if one assumes that
the velocity is Lipschitz, see [13].
For more irregular initial data, in [I7] the authors showed that if wyg € L*°NB,; ,, for some s > 0 and
p > 1, the unique solution w of (L)) satisfies w(t,:) € L>® N B;ég, with s(t) := sexp(—Ct|lwol|co)-
Here B, denotes the usual Besov space. Moreover, they suggest that the loss may be improved
to a polynomial law as in [12], see [I7, Remark 3].

Our purpose is to look for a (possibly more general) class of initial data so that the regularity
is propagated without any loss. The motivation comes from recent results on the propagation of

regularity for the linear transport equation driven by irregular velocity fields, i.e. the equation
a0 +b-Vo=0,
0(0,-) = bo.

In [10] it has been shown that bounded solutions of (3] propagate regularity of logarithmic order
provided that b is a divergence-free vector field in L'([0, T]; WP (T%)). In detail, for any a > 0 we
define H'°%“ to be the functional space

log,a d ‘ fla+h) = f@))* daxdh
= {f €L Ml /B// e log<1/rh\>1a<°°}’

11|22 + [f131108,0- The authors of [10]

WeP(T?) for any 0 < o/ < a and

) €
€ WHP(T?) for any 1 < p’ < p and any

(1.3)

which is a Banach space endowed with the norm || f]|%0,.0 1=
show the following bound on the [-]z0g,« Semi-norm

t g
16(t, Y] spionr Sp ( [ 19506 ds) 180ll = + Bol rosr (1.4)
0
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with @« = p > 1. The same result has been reproduced in [34] using an equivalent Besov-type
semi-norm and Littlewood—Paley’s theory. Going back to the Euler equations, it is immediate to
check that the bound (I.4]) holds for solutions in the Yudovich class (as pointed out in Theorem [3.]
below). However, our aim is to go beyond the class of bounded solutions, showing that the same

result holds for weak solutions of (1) arising from wy € LP N H o83 with p > 4. The result is the
following.

Theorem 1.1. Let wg € L* N Hlog’%(’lfe) and let w € L>([0,T]; L*(T?)) be any weak solution of
(LI) starting from wo. Then, there exists a constant C' > 0 such that w satisfies the following bound

1
Hw(t,-)HHbg,%sc(uwoqug,%w%uwouzﬂrwoum), for anyte0,7).  (L5)

Remarkably, Theorem [L1] holds in a class in which uniqueness is not known, but all the so-
lutions in L°°([0, T); L*(T?)) are renormalized in the sense of DiPerna-Lions, see [30]. Moreover,
in addition to improving the result in terms of integrability of the initial datum wy, the proof is
substantially different from the one in [I0] being more Eulerian in spirit. In particular, we do not
use the Lagrangian representation of the solutions (which still holds as a consequence of the renor-
malization property) and we use a commutator estimate proved in [4, Proposition 13]. We observe
here en passant that the Littlewood-Paley approach of [34] could also work under the hypothesis
of Theorem [T but we preferred not to follow this route in order to make the proof as simple as
possible.

Our second interest is the inviscid limit from the 2D incompressible Navier-Stokes equations

Ow” + u¥ - Vw” = vAw”,
uy(ta ) = vl(_A)ilwy(ta ')7 (NS)
w”(0,-) = w,

where v > 0 is a parameter related to the viscosity of the fluid, and wf is a zero-average initial
datum (possibly depending on v) such that

wy — wo, in LP(T?).

We recall that in two dimensions solutions of the Navier-Stokes equations (NS)) are regular if the
initial datum is square integrable, i.e. for w¥ € L?(T?). Here we look for rates of convergence as
the viscosity v — 0 when the spatial domain is the torus T?, so that no boundary layers have to
be considered. In this regards, the case of smooth initial data ug € H® (with s > 2) was analyzed
by Masmoudi in [32] who showed that

vt if s <s—2
ul/ t,‘ —ut,- s/< ’ 4 B 7
[u”(t, ) = ult, ) 5 N{(Vt)(s—svz, fs—2<s <s—1,

together with the implications on the vorticity side (wp € H® with s > 1). We also mention the
recent work [24] in which the authors found a rate of convergence of order v uniform in time for
time-quasi-periodic solutions of (LLI]) with a small time-quasi-periodic external force.

For Yudovich’s solutions, the following rate of convergence for the velocity field was proved by
Chemin in [15]

(1.6)

sup_[[u” (t,) — u(t, )|z < Cy(vT)z X CTllollzoe), (1.7)
t€[0,T]

for some constants C7, C' > 0 with C; depending on T" and ||wp|| <. Concerning rates of convergence
for the vorticity, a similar power law rate has been showed in [I7] under the additional assumption
wo € By, with s > 0 and p > 1. In particular, in [17] the authors prove the following rate

s(t)
(vt)1+s® s(t) := exp(—Ctllwolco)- (1.8)
It is important to point out that this rate has been obtained by combining losing estimates for the
Besov regularity (i.e. w”(t,-) € B;(CQ)) together with the rate for the velocity (LT). Notice that

lw” (2, ) = w(t,)llze <

~
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(L7) and (L)) are not uniform in time and they actually deteriorate exponentially fast. In this
regards, the improvement of the losing estimate proved in [12] implies that the rate (L&]) holds
with an exponent that deteriorates polynomially in time, i.e. 5(t) = H%tsp’ as pointed out in [17,
Remark 3]. In [16] we proved a related result for Yudovich’s solutions but with a different approach:
without requiring any kind of regularity on the initial data, we showed that it is possible to obtain

the rate of convergence

lw” (¢, ) = w(t,)llze S max{p(v),v7}, (1.9)
where 3 depends on ||wgl|ee, T, and p, while ¢ : RT™ — R™ is a continuous function with ¢(0) = 0.
In detail, the function ¢ is a modulus of continuity depending on the initial datum wq such that

llwo(- + h) —wollr1 < @(|h)), for |h| small enough.

Notice that the regularity of the initial datum is somehow encoded in the function ¢ and it can
be made quantitative assuming some regularity on wg. Our purpose here is somehow between [16]
and [17]: we aim to prove a rate which does not deteriorate in time requiring some regularity on
the initial datum. To this end, we look for a regularity class for the initial datum that is rougher
than Besov and which provides an explicit form for the function ¢ appearing in (L.9). Once again,
the inviscid limit for advection-diffusion equations with Sobolev velocity fields (see [5), 10, 34]) and
the propagation of logarithmic regularity suggest to look for a logarithmic rate of convergence.
Our second main result is the following.

Theorem 1.2. Let wy € L™ ﬂHlOg’a(T2) for some p > 0. Let w and w” be, respectively, the unique
bounded solutions of the Euler and Navier-Stokes equations arising from wgy. Then, there exists a
constant C' > 0 depending on p, T, ||wol| og.a, and ||wol|re such that

sup ¥ (t, ) — w(t, )2 < ——

_ 1.10
t€(0,7) |log v|*/2” (1.10)

The strategy of the proof relies on the stochastic Lagrangian representation of solutions of the
Navier-Stokes equations as in [I6], i.e. the solution w” has an explicit formula in terms of the
stochastic flow of w” which is given by

w"(t, 7) = Elwg (Xio(2))],

with E denoting the expectation, and Xy is the solution of the stochastic differential equation

dX{ (2, &) = u”(s, X/ s(x,&)) ds + V2udW,(€), s €10,t),
X;:t(x,g) =z

The rate (L9)) is then obtained exploiting the estimate on the difference quotients of functions
belonging to H'°®% (see Theorem below) and the convergence in the zero-noise limit of the
stochastic flow X" towards the deterministic flow of the limit solution. We remark once again that
our result provides a rate of convergence for a class of initial data more irregular than the one
considered in [I7]. Moreover, it is worth noting that the constant C' in (LI0]) diverges for T' — oo,
but the rate of convergence is independent of T'.

2. FUNCTIONAL SETTING

In this section we fix the notations and we recall some preliminary results. We start by recalling
the definitions and some properties of the spaces of functions with derivatives of logarithmic order
from [10, [I1]. For any o > 0 we define the space

log, 2 /md fl@+h)— f(z)] dzdh
HEO() = {f & LA /Bw, LA iy <°°}’

and the corresponding semi-norm

. / / fz+h)— f(z)] dzdh (2.1)
Hiroso := Byjs J1 || log(1/|h)t= '
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The space H'°&(T?) is a Banach space endowed with the norm

1F [ Fpos.a = IFIIZ> + [FTiposa- (2:2)
Using the Fourier representation, the following characterization is shown to hold in [10].
1 [ Fpiosa ~aa D log(2+ KD [a(k)I. (2:3)
kezd

We now give a precise statement for the theorem on the propagation of regularity to which we
referred in the introduction, see [10, Corollary 1.2].

Theorem 2.1. Let b € L' ([0, T); WHP(T%)) be a divergence-free vector field for some p > 1. Then,
any solution 6 € L>([0,T] x T%) of (L3) satisfies

¢ z
16(t, Y] s S (]/ nvnws,oands> 180ll = + Bol s (2.4)
0

for any t € [0,T].

For any f € H'°%%(T%) we define for any = € T¢ the function

1

_ [fl@+h) - f@)*  dh :
LJ“”‘(ém e mgvmwﬂ> | 25

and it follows that L, f € L*(T9) with

HLoszL2 = [f]Hlog,a- (2.6)

The following estimate on the difference quotients holds, see [11, Theorem 1.11].

Theorem 2.2. Let o > 0 be fized. For any f € H'*%(T%) it holds
(@) = f(y)| < C(d,a)log(1/(Jx — 1)~ (Laf () + Laf(y)), (2.7)
for any x,y € T¢ such that |x — y| < 1/36.

We point out that the previous theorem is proved in [I1] in functional spaces that are a general-
ization of H'°% in a non-Hilbertian framework. Precisely, one can consider the spaces X?? which
are defined as follows.

Definition 2.3. Let p € (0,00) and v € (0,00) be fized. We define

1/p
o flx+h)— f(x)P dzdh
[f] X7 (Td) = (/31/3 /’]rd |h|d log(l/’h‘)l_py> ) (2.8)

XVP(TY) := {f € LP(T%) : [f]x(pa) < 00} (2.9)

and we set

For p > 1, the space X7P (']I‘d) is a Banach space endowed with the norm

[fllxve = 1 Flle + [f1xe, (2.10)

and the Gagliardo semi-norm [f]x~.» is lower semicontinuous with respect to the strong topology
of LP. With these notations, we have that H'°&® = X2:2, Moreover, the semi-norms [ ] Fog.a are
increasing in «, i.e for any 0 < a < o’ < oo it holds

[flrese < [f]gos.as

see [11l, Proposition 1.3].
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3. PROPAGATION OF REGULARITY

The aim of this section is to analyze the propagation of the H°&® regularity for weak solutions
of the 2D Euler equations. For solutions in the Yudovich class the propagation follows immediately
by Theorem [2.1] as shown in the following.

Theorem 3.1. Let wy € L°NH"Y&P(T2) for some p > 1. Then, the unique solution w € L>=([0,T]x
T?) of (1) satisfies
P 142
(ts Vamoe Sp 5 IwoloE + olgionss  for any 0<E<T. (3.1)

Proof. By Theorem 2] for any 0 < ¢ < T the unique bounded solution w satisfies

P

t 2
[w(t, )] prrosr Sp (/ IVu(s, )| v d8> [lwollLee + [wo] riog.p- (3.2)
0
By the properties of the Biot-Savart operator, we have that
IVu(s, e Sp llw(s, e < lwollpe, — forany 0<s<T. (3-3)

where in the last inequality we used that the spatial domain is T? together with the basic energy
estimate on w. Substituting (B.3)) in (3.2) the proof is completed. O

We now consider the case of unbounded vorticity. To this end, we need to introduce some
preliminary definitions and results from [3] 4, [6] that we adapt to our context.

Definition 3.2. Let 0 < 6 < 1 and define the semi-norms

= s ok [ [ Kiw - y)lute) - u(y) P dody, (3.9
0<h<1/2 Td JTd
where the kernel Ky, is a positive, bounded and symmetric function defined as
1
Kp(x) = ————, or |x| < 1/2, 3.5

independent of h for |x| > 2/3, equal to a positive constant outside B(0,3/4), and periodized so as
to belong in C>=(T?\ B(0,3/4)).

Notice that (3.4 defines a semi-norm because it vanishes if u is a constant. Moreover, the
semi-norms are decreasing in 6, i.e.

[u]g < [u]gl, if 0’ < 0. (36)
Correspondingly, we define the space I/Vl?)g g as follows
Wiego = {u € L*(T%) : [u]y < oo}, (3.7)
which is a Banach space endowed with the norm
lull3.g = llull72 + [ulj- (3.8)
The following proposition holds, see [4, Proposition 1].
Proposition 3.3. For any s > 0 and any 0 < 6 < 1 one has the (compact) embeddings
WH2(T?) € Wiy o(T7) € LX(TY).
In addition, using the Fourier representation it holds
1
log (W + h>‘
| log h|?

1+

(k) <Y log(1+ [k))' | a(k)[*. (3.9)
kezd

ull72 + [ulg ~ sup
kezA\ {0}

We point out that in [4, Proposition 1] the authors consider as spatial domain the space RY.
Moreover, the converse inequality in (3.9) also holds. We prove it for completeness.
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Proposition 3.4. For any 0 < 0 <1 and u € I/T/I%gﬂ(']l‘d) the following holds:
[ull?z + [ulf Z Y log(1+[k)'la(k)* (3.10)
kezZd4\{0}

Proof. Tt follows from a straightforward adaptation of the argument in [I1, Theorem 1.4]. We write

L, [ Kl = lute) = u) dody ~ ulz + [ 5 L Kalut+2) = ) ayaz

2/3

kezd\{0}

Then, it is clear that it is enough to estimate the term inside the parenthesis. First of all, notice
that

etz — 12 =1 — cos(k - 2).
Then, for 0 < |k| < 10 we use that 1 — cos(¢) ~ &2 for £ € (—2,2) to obtain
Kn(2)|e** =12 dz > k> > 1. (3.11)
B3
On the other hand, for |k| > 10 using the Coarea formula we have that

d—1

-z z = % — COS r _r T d—1
- Kn(2)(1 —cos(k - 2))d /O /Sd_1 (1 (|k|r61)) (H_h)dd dHe 1,

where H?~! denotes the (d—1)-dimensional Hausdorff measure and 6 is such that k-2 = |k||z| cos 6; .
Then, since for every k € Z% and r > 0 with r|k| > 1, it holds

/d 1(1 — cos(|k|r6y)) dH >4 1,
i

we obtain that

2 d—1
3 r
Kp(2)(1 —cos(k - z dz>/ / 1 — cos(|k|rt)) ———— dr dHI!

> /§ 7Td_1 d 1 <h+ 1)
2d r ~ log — .
1/k| (r 4+ h)4 ||

We conclude using the simple estimate

L <h+ 1>>1 <h+ 1>1_6>11 k|| ¢ O
——log — | > log — > |log .
| log [? k| ||
In view of the above proposition together with the equivalence in ([Z3]), for 0 < 6 < 1 the norms
| - ll2,0 and || - || giog,1-6 are equivalent and thus we can identify the spaces
HV10(T) = W2, o(T). (312)

We now recall the following commutator estimate from [4] and adapted to our context, see [4,
Proposition 13].

Proposition 3.5. Let a € WP(T?) be a divergence-free vector field with 1 < p < 2. Then, there
exists a constant C' > 0 depending only on p and d such that for all g € Lp,(Td) with % + 1% =1,

L, [, Ve = n)(ata) ~ atw)late) - g dedy < Clloghi* [Valslgly.  (313)

We can finally prove our first main result.
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Theorem 3.6. Let wg € L* N Hlog’%(TQ) and let w € L>([0,T]; L*(T?)) be any weak solution of
(L) starting from wg. Then, there exists a constant C' > 0 such that w satisfies the following bound

1
ot ) ogg < C (nwOquog,% + Vil zQHWOHM) . foranyt€[0,7). (3.14)

2

Remark 3.7. The constant in the statement of Theorem (B.6]) depends depends on the constant in
BI3) of Proposition withd=2 and p=1p = 2.

Proof. Let w € L>¥([0,T); L*(T?)) be a weak solution of (IT)) and let p° be a family of smooth
mollifiers. Then, the function w® = w * p* satisfies the equation

Ow® +u - Vwe = re,
u(t,z) = K *xw(t,-)(z), (3.15)
w(0,) = wo * p%,

where the commutator r€ is defined as
r®i=u-V(wx*p®) — (u-Vw) * p°. (3.16)

In particular, since w, Vu € L>([0,T]; L*(T?)) we have that r* — 0 in L'([0, T]; L?(T?)), see [22,
Lemma IL.1]. Thus, by using the equation (B.I5), the function |w®(t,z) — w®(t,y)|? satisfies the
equation

Orlw® (t,2) — w(t,y)|* + [u(t,x) - Vo +ult,y) - Vyllws(t,2) — w(t, )
=2(r°(t, ) + 77 (t, ) (W (t, ) —w™ (¢, y))- (3.17)
Then, we use (BI7) and divu = 0 to compute

i /T | En(@ = yle(t,2) - (ty)* dedy
B / | VK =)t ) —ult, ) (1, 2) = o (1,9) dedy

+ 2/ Kn(z = y)(r(t, ) +r°(t, ) (W (8, 2) = (8, ) dz dy.
T2 JT2

We integrate in time and we use Proposition to obtain that

/ Ky (x = y)|ws(t,2) — w(t,y)[* do dy S/ Ky (@ = y)|wf(z) — wi(y)|* dz dy
T2 JT? T2 JT2

T
T
2 [0 K= )00 + 1) () — (1) dedy
0 T2 JT2
+ Ct|log bl [V oo 2|2 -

Since any weak solution w € L°([0, T]; LP(T?)) with p > 2 is renormalized (see [30]), the following
bounds hold

[ oo s < flwollzs,
IVullgee 2 < Cllwllpoe L2 < Cllwol| 2,

and then we get that

/ Kp(z — y)|ws(t,z) — w(t,y)|* dzdy S/ Kp(z —y)|wi(z) — wi(y)* dzdy
T2 JT2 T2 JT2

T
" 2/0 /T | En(@ = 9)(r (6 2) + 151, 9)) (5 (@) (1, y) da dy df

1 2
+ Ct|log h|2|wol| g2 |lwol[ 74
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Finally, the convergence of the commutator r* allows us to take the limit € — 0 obtaining that

/T L B = le(t.a) - () dedy < /T 2 /T K — y)leolz) — woly)? de dy

1
+ Ct|log h||woll 2 [lwo |7,

and the definition of the semi-norm [-]1 in ([B4]) implies that
2

]
[wt, -)]2% < [we]é + Ctllwoll 2 llwol74- (3.18)

Then, the conclusion follows from the equivalence of the norms || - ||, 1 and || - HHlog 1
19 ’

4. VANISHING VISCOSITY LIMIT

In this last section we study the inviscid limit of the 2D Navier-Stokes equations (NS). Our goal
is to provide a logarithmic rate of convergence (in the viscosity) assuming that the initial vorticity
belongs to the space H'°&:,

We start by introducing the Stochastic Langrangian representation of (NS|). Let (92, F,P) be
a given probability space, we define the map X* : [0,T] x [0,7] x T2 x Q — T? as follows. For
P-a.e. £ € Q and for any t € (0,7) and any s € [0,7] we consider a T?-valued Brownian motion
W, adapted to the backward filtration, i.e. satisfying W; = 0. The map s — Xt”ﬁ(a:, €) is obtained
by solving

{ AXY(2,6) = u”(s, X[ y(2,€)) ds + V20 dW,(€), s € [0,1), 1)

Xlgj,t (.%', g) = Z.
For P-a.e. £ € Q the map z € T? — X{s(x,€) € T? is measure-preserving for any ¢ € [0,7] and
s € [0,t] (see [29]). Moreover, by the Feynman-Kac formula (see [27) 29]), the function
w”(t,x) = Elwg (Xio(2))], (4.2)
satisfies the advection-diffusion equation
O’ +u”’ -V’ — vAw” =0,
with initial datum wf, where we have denoted by E[f] the expectation, i.e. the average with respect
to P. As usual, we will omit the explicit dependence on the parameter £ € Q. Therefore, the couple
W (t,3) = VH(—A) W (8, ) @), (43)
w”(t, ) = Elwg (Xio ()], (4.4)
solves the Cauchy problem for the Navier-Stokes equations (NS|). The couple (u”,w") defined by
the equations (&3]) and ([£4)) is the Lagrangian representation of solutions to (NS)).
We remark that the probability space and the Brownian motion can be arbitrarily chosen. Thus,
the Lagrangian representation does not depend on the probability space. Indeed, since u” is a
smooth function, the equation (AJ]) is satisfied in the strong sense [27), 29], namely one can find

a solution Xy to (41) on any given filtered probability space with any given adapted Brownian
motions as described above.

Finally, we recall the following theorem proved in [16, Theorem 2.8].

Theorem 4.1. Let wy € L®(T?) with |jwo|lp~ = M. Let (u,w) and (u”,w") be, respectively, the
unique bounded solutions of the Euler and Navier-Stokes equations with the same initial datum wq.
Denote with X and XV the corresponding deterministic and stochastic flows. Then, for any T > 0
there exists a constant B(M,T) such that

sup IE[ / XY (2) — Xy o(x)|? dz| < CVPOLT), (4.5)
5,t€[0,T) T2

We can now prove our second main result, which we rewrite for the reader’s convenience.
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Theorem 4.2. Let wy € LN HY%(T2) for some o > 0. Let w and w" be, respectively, the unique
bounded solutions of the Euler and Navier-Stokes equations arising from wgy. Then, there exists a
constant C > 0 depending on p, T ||wol| frios.a, and ||wo| e such that

C
sSup le/(t7) —W(t, ')HLQ <

_ 4.6
t€(0,7) |log v|/2 (46)

Proof. Let € > 0 be a parameter that we will fix later. We use the Feynman-Kac formula to write
() =t s = [ 16¥(6.2) —alt, ) da
= /. [Ewo(X¢p)] — wo(Xeo)|? da
< / / wo(X{o) — wo(Xt,0)? P da
{IXY o= Xt0l<e}

+ / / wo(X{o) — wo(Xt0)* P da
{IXY o= Xt,0l>e}

=I+1I.
We start by estimating I: if we assume that € < 1/36, we apply Theorem and we have that
XV X0)2dPdz< S g | [ 1L V)% + Lo wo(Xp0)?] d
|wo(X{o) — wo(Xt0)l T = [Lawo(X¢p)? + Lo wo(Xt0)?] dz
{IX7o~Xeol<e} [loge|* ™ |/
C(a) 2
~ |log E\a[wO]Hlog’a’

where in the last line we used (2.6]) and the measure preserving property of X” and X. To estimate
11 we use the fact that wg is bounded, Chebishev’s inequality and the convergence of the flows in
Theorem [Tl to obtain that

Cllwoll? o .
//{IX ol }|W0(th:0)_WO(Xt,O)|2de$§7H EOQHL EM X7 (x) — Xeo(x)? da
,Z()_ t,0/>¢€

2
< Cllwol| 7.0 BT

2

3
Thus, by defining ¢ := Vﬁ(M’T)M, we finally get
v C(O{)[Wo]z log,a
o (6:) =t e < g + Cllollzer ™0
C(a)a(M,T) “[wo)?0g.0
= Hlog + CHwOH%OOVﬁ(M,T)/2
|log v|®

Clen T, flwoll oz f|wllzee)

)

|log v|*

where in the last line we used that the logarithm converges slower than any power. This concludes
the proof. O

Remark 4.3. An easy interpolation argument implies the convergence of w” towards w in all L1
spaces with 1 < g < oo and rate

sup [’ () — wit, Yo < —C
7. - 7. Lq _77
te(0,T) |log V‘f(a’Q)

with f(c, q) := min {% %} . (4.7)
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