Dissipative Euler flows and Onsager’s conjecture
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Abstract

Building upon the techniques introduced in [15], for any 6 < 11—0 we construct pe-
riodic weak solutions of the incompressible Euler equations which dissipate the total
kinetic energy and are Holder-continuous with exponent 8. A famous conjecture of
Onsager states the existence of such dissipative solutions with any Holder exponent
0 < % Our theorem is the first result in this direction.
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1 Introduction

The Euler equations for the motion of an inviscid perfect fluid are

{8tv+v«VU—|—Vp:O
, (1.1)

diveo =0

where v(z,t) is the velocity vector and p(z,t) is the internal pressure. In this paper we
consider the equations in 3 dimensions and assume the domain to be periodic, i.e. the
3-dimensional torus T2 = S x S! x S'. Multiplying (1.1) by v itself and integrating, we
obtain the formal energy balance

1d ,
g ML) dx:—Ag[((v'V)v)-v](aﬁ,t}dw.

If v is continuously differentiable in x, we can integrate the right hand side by parts and
conclude that

lv(z, 1)) dx :/ |v(x,0)|*dz  forall t > 0. (1.2)
T3 T3
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On the other hand, in the context of 3-dimensional turbulence it is important to consider
weak solutions, where v and p are not necessarily differentiable. If (v, p) is merely con-
tinuous, one can define weak solutions (see e.g. [27, 24]) by integrating (1.1) over simply
connected subdomains U C T? with C'! boundary, to obtain the identities

/UU(JC,O) dr = /Uv(x,t) dz+ /Ot /6U[U(U V) + pyl(z, 5) dA(z) ds
i) =

for all £. In these identities v denotes the unit outward normal to U on 90U and d A denotes

(1.3)

the usual area element. Indeed, the formulation (1.3) appears first in the derivation of the
Euler equations from Newton’s laws in continuum mechanics, and (1.1) is then deduced
from (1.3) for sufficiently regular (v, p). It is also easy to see that pairs of continuous
functions (v, p) satisfy (1.3) for all fluid elements U and all times ¢ if and only if they
solve (1.1) in the “"modern” distributional sense (rewriting the first line as d;v + div (v ®
v) + Vp = 0).

For weak solutions, the energy conservation (1.2) might be violated, and indeed, this
possibility has been considered for a rather long time in the context of 3 dimensional
turbulence. In his famous note [26] about statistical hydrodynamics, Onsager considered
weak solutions satisfying the Holder condition

lv(z,t) —v(a’,t)| < Clz — '’ (1.4)
where the constant C is independent of x, 2’ € T? and ¢. He conjectured that

(a) Any weak solution v satisfying (1.4) with 6 > % conserves the energy;

(b) For any 0 < % there exist weak solutions v satisfying (1.4) which do not conserve
the energy.

This conjecture is also very closely related to Kolmogorov’s famous K41 theory [23]
for homogeneous isotropic turbulence in 3 dimensions. We refer the interested reader to
[19, 28, 18], see also Section 1.1 below.

Part (a) of the conjecture is by now fully resolved: it has first been considered by
Eyink in [17] following Onsager’s original calculations and proved by Constantin, E and
Titi in [10]. Slightly weaker assumptions on v (in Besov spaces) were subsequently shown
to be sufficient for energy conservation in [16, 6]. In contrast, until now part (b) of the
conjecture remained widely open. In this paper we address specifically this question by
proving the following theorem:

1

T there is

Theorem 1.1. Let e : [0, 1] — R be a smooth positive function. For every 6 <
a pair (v,p) € C(T3 x [0, 1]) with the following properties:
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* (v, p) solves the incompressible Euler equations in the sense (1.3);
* v satisfies (1.4);

* the energy satisfies
e(t) = / lv(x,t)]* dx vVt € [0,1]. (1.5)
T3

This is the first result in the direction of part (b) of Onsager’s conjecture, where Holder-
continuous solutions are constructed. Prior to this result, there have been several construc-
tions of weak solutions violating (1.2) in [29, 30, 31, 12, 13], but the solutions constructed
in these papers are not continuous. The ones of [29, 30] are just square summable func-
tions of time and space, whereas the example of [31] was the first to be in the energy
space and the constructions of [12, 13] gave bounded solutions. Recently, in [15] we have
constructed continuous weak solutions, but no Holder exponent was given.

Remark 1.2. Since completion of this work, our technique for getting Holder continuity
has been refined in [21] to improve the regularity exponent in Theorem 1.1 to < é, see
also the works [5], [4] and [3].

Remark 1.3. In fact our proof of Theorem 1.1 yields some further regularity properties
of the pair (v, p). First of all, our solutions v are Holder-continuous in space and time, i.e.
there is a constant C' such that

v(z,t) —v(@, )| < C(lz ="+ [t = '])

for all pairs (z,t), (z/,¢') € T? x [0, 1].

From the equation Ap = —divdiv (v ® v) (after normalizing the pressure so that
[ p(x,t) dz = 0) and standard Schauder estimates one can easily derive Holder regularity
in space for p as well, with Holder exponent 6. A more careful estimate® improves the
exponent to 26. It is interesting to observe that in fact our scheme produces pressures p
which have that very Holder regularity in time and space, namely

lp(z,t) — p(a’, )| < C (|x — x’|29 + |t — t’|29) )

1.1 The energy spectrum

The energy spectrum F/(\) gives the decomposition of the total energy by wavenumber,

/|v|2dx:/oooE(>\)d/\.

3personal communication with L. Silvestre

1.e.
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One of the cornerstones of the K41 theory is the famous Kolmogorov spectrum
E(\) ~ €A™

for wave numbers A in the inertial range for fully developed 3-dimensional turbulent
flows, where ¢ is the energy dissipation rate. For dissipative weak solutions of the Eu-
ler equations as conjectured by Onsager, this would be the expected energy spectrum for
all A € (Ag, 00).

Our construction, based on the scheme and the techniques introduced in [15], allows
for a rather precise analysis of the energy spectrum. In a nutshell the scheme can be
described as follows. We construct a sequence of (smooth) approximate solutions to the
Euler equations vy, where the error is measured by the (traceless part of the) Reynolds
stress tensor Ry, cf. (2.1) and (3.5). The construction is explicitly given by a formula of
the form

U1 (, ) = vz, t) + W (vk(w, t), Ri(, t); Mz, At) + corrector. (1.6)

The corrector is to ensure that v, remains divergence-free. The vector field W consists
of periodic Beltrami flows in the fast variables (at frequency \;), which are modulated in
amplitude and phase depending on v;, and Rj. More specifically, the amplitude is deter-
mined by the error 1?;, from the previous step, so that

[vksr — villo < 6,7, (1.7)
ks — vells < 67, (1.8)

where 6, = || Ry || co.

The frequencies \; are therefore the active modes in the Fourier spectrum of the ve-
locity field in the limit. Since the sequence )\, diverges rather fast, it is natural to think
of (1.6) as iteratively defining the Littlewood-Paley pieces at frequency ). Following [9]
we can then estimate the (Littlewood-Paley-) energy spectrum in the limit as

(lvrsr — vel®)
E(Ax) ~ BV
for the active modes Ay, where (-) denotes the average over the space-time domain. Since
W is the superposition of finitely many Beltrami modes, we can estimate (|vy; 1 —vg|?) ~
0. Thus, both the regularity of the limit and its energy spectrum are determined by the
rates of convergence d; — 0 and Ay — o0.
In [15] it was shown (cp. Proposition 2.2 and its proof) that I/ can be chosen so that

| Risalloo < Clug, Ri)A,? (1.9)

for some fixed 0 < v < 1. By choosing the frequencies A\, — oo sufficiently fast,
(" convergence of this scheme follows easily. However, in order to obtain a rate on the
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divergence of \; we need to obtain an estimate on the error in (1.9) with an explicit
dependence on v, and R;.. This is achieved in Proposition 8.1 and forms a key part of the
paper. Roughly speaking, our estimate has the form

: 6" lvellcr
1Bl S =77 (1.10)

k
with v ~ % A first attempt (based on experience with the isometric embedding problem,
see below) at obtaining a rate on \; would then go as follows: in order to decrease the
error in (1.10) by a fixed factor K > 1 (i.e. dp11 < %5;{), we choose A, accordingly, so
that

A~ K||vgllendy, 7 (1.11)

Using (1.8) we can then obtain an estimate on ||vy41||c1 and iterate. However, it is easy to
see that this leads to super-exponential growth of A\, whenever v < 1. From this one can
only deduce the energy spectrum E()\) ~ A~! and no Holder regularity.

Our solution to this problem is to force a double-exponential convergence of the
scheme, see Section 2. In this way the finite Holder regularity in Theorem 1.1 as well
as the energy spectrum

E(A\r) S A (1.12)

can be achieved, see Remark 2.3. It is quite remarkable, and much akin to the Nash-
Moser iteration, that the more rapid (super-exponential) convergence of the scheme leads
to a better regularity in the limit.

An underlying physical intuition in the turbulence theory is that the flux in the energy
cascade should be controlled by local interactions, see [23, 26, 17, 6]. A consequence for
part (b) of Onsager’s conjecture is that in a dissipative solution the active modes, among
which the energy transfer takes place, should be (at most) exponentially distributed. In-
deed, Onsager explicitly states in [26] (cp. also [18]) that this should be the case.

For the scheme (1.6) in this paper the interpretation is that \; should increase at most
exponentially. As seen in the discussion above, this would only be possible with v = 1 in
the estimate (1.10). On the other hand, it is also easy to see that with v = 1 the estimate
indeed leads to Onsager’s critical % Holder exponent as well as the Kolmogorov spec-
trum. Indeed, from (1.11) together with (1.10) and (1.8) we would obtain §; ~ K% and
Mo ~ Kk leading to E()\;) ~ )\,;5/ °. Thus, our scheme provides yet another route to-
wards understanding the necessity of local interactions as well as towards the Kolmogorov
spectrum, albeit one that does not involve considerations on the energy cascade but is
rather based on the ansatz (1.6).

Onsager’s conjecture has also been considered on shell-models [22, 7, 8], whose
derivation is motivated by the intuition on locality of interactions. Roughly speaking,
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the Euler equations is considered in the Littlewood-Paley decomposition, but only near-
est neighbor interactions in frequency space are retained in the nonlinear term, leading to
an infinite system of coupled ODEs. The analogue of both part (a) and (b) of Onsager’s
conjecture has been proven in [7, 8], in the sense that the ODE system admits a unique
fixed point which exhibits a decay of (Fourier) modes consistent with the Kolmogorov
spectrum.

Although our Theorem 1.1 and the corresponding spectrum (1.12) falls short of the full
conjecture, it highlights an important feature of the Euler equations that cannot be seen on
such shell models: the critical % exponent of Onsager is not just the borderline between
energy conservation and dissipation in the sense of part (a) and (b) above. For exponents
0 < % one should expect an entirely different behavior of weak solutions altogether,
namely the type of non-uniqueness and flexibility that usually comes with the h-principle

of Gromov [20].

1.2 h-principle and convex integration

Our iterative scheme is ultimately based on the convex integration technique introduced
by Nash in [25] to produce C" isometric embeddings of Riemannian manifolds in low
codimension, and vastly generalized by Gromov [20], although several modifications of
this technique are required (see the Introduction of [15]). Nevertheless, in line with other
results proved using a convex integration technique, our construction again adheres to
the usual features of the h-principle. In particular, as in [15] we are concerned in this
paper with the local aspects of the h-principle. For the Euler equations this means that we
only treat the case of a periodic space-time domain instead of an initial/boundary value
problem. Also, it should be emphasized that although in Theorem 1.1 the existence of
one solution is stated, the method of construction leads to an infinite number of solutions,
as indeed any instance of the h-principle does. We refer the reader to the survey [14] for
the type of (global) results that could be expected even in the current Holder-continuous
setting.

It is of certain interest to notice that in the isometric embedding problem a phe-
nomenon entirely analogous to the Onsager’s conjecture occurs. Namely, if we consider
C1* isometric embeddings in codimension 1, then it is possible to prove the h-principle
for sufficiently small exponents «, whereas one can show the absence of the h-principle
(and in fact even some rigidity statements) if the Holder exponent is sufficiently large.
This phenomenon was first observed by Borisov (see [1] and [2]) and proved in greater
generality and with different techniques in [11]. In particular the proofs given in [11] of
both the h-principle and the rigidity statements share many similarities with the analogous
results for the Euler equations.
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The connection between the existence of dissipative weak solutions of Euler and the
convex integration techniques used to prove the h-principle in geometric problems (and
unexpected solutions to differential inclusions) was first observed in [12]. Since then these
techniques have been used successfully in other equations of fluid dynamics: we refer the
interested reader to the survey article [14].

1.3 Loss of derivatives and regularization

Finally, let us make a technical remark. Since the negative power of \ in estimate (1.9)
comes from a stationary-phase type argument (Proposition 4.4 in Section 4), the constant
C(vg, Rk) will then depend on higher derivatives of v, (and of If%k). In fact, with § — %
the number of derivatives m required in the estimates converges to oo. To overcome this
loss of derivative problem, we use the well-known device from the Nash-Moser iteration
to mollify vy, and Ry, at some appropriate scale /. Although we are chiefly interested in
derivative bounds in space, due to the nature of the equation such bounds are connected to
derivative bounds in time, necessitating a mollification in space and time. To simplify the
presentation we will therefore treat time also as a periodic variable and we will therefore
construct solutions on T® x S rather than on T? x [0, 1].

2 Iteration with double exponential decay

2.1 Notation in Holder norms

In the following m = 0,1,2,..., a € (0,1), and /3 is a multiindex. We introduce the
usual (spatial) Holder norms as follows. First of all, the supremum norm is denoted by
Il fllo := supys | f|. We define the Holder seminorms as

[l = max | D?fo,

|Bl=m
i s 127 (@) = DPf(y)]
Fhnsa = max sup T :

The Holder norms are then given by

£l = D [f1;
=0
HmeJra = Hf”m + [f]m+a-

For functions depending on space and time, we define spatial Holder norms as

Ioll = sup floC-, )l
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whereas the Holder norms in space and time will be denoted by || - ||
We also remark that we use the convention 0 € N: therefore estimates stated for the
norms || - ||,, with m € N include the C° norm as well.

2.2 The iterative scheme

We follow here [15] and introduce the Euler-Reynolds system (cp. with Definition 2.1
therein). We also establish the following common notation: if « is a 3 X 3 matrix with
entries u;;, we let divu be the (column) vector field whose components are given by the
divergences of the rows of u, namely (divu); = ) ; Ojuij. We will mostly deal with
symmetric matrices, however we will in some place take divergences of nonsymmetric
ones and it is useful to notice that, according to our convention, if a and b are smooth
vector fields, then div (a ® b) = (b- V)a + (div b)a.

Definition 2.1. Assume v, p, R are C" functions on T3 x S! taking values, respectively,
in R?, R, S3*3. We say that they solve the Euler-Reynolds system if

B+ div (v ®v) + Vp =div R
@2.1)
diveo =0.

The next proposition is the main building block of our construction: the proof of Theo-
rem 1.1 is achieved by applying it inductively to generate a suitable sequence of solutions
to (2.1) where the right hand side vanishes in the limit.

Proposition 2.2. Let e be a smooth positive function on S'. There exist positive constants

1, M depending on e with the following property.

o

Let § < 1 be any positive number and (v, p, R) a solution of the Euler-Reynolds system
(2.1) in T3 x S* such that

Be(t) <elt)— / v|*(z,t)de < 2e(t)  VteS', (2.2)
IRl < no (2.3)

and
D = max{1, [ R[|c1, [Jv]lc:} - (2.4)

For every § < %5% and every € > ( there exists a second triple (vy,p1, Rl) which
solves as well the Euler-Reynolds system and satisfies the following estimates:

Be(t) < elt) - / (et de < De(t)  VteS, 25)

IRillo <nd, (2.6)
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o1 —vlo < MV, @2.7)
Ip1 — pllo < M?0, (2.8)
and
. 5 D 1+e
max{||oren, [ Bilen} < ASH (5—) 2.9)

where the constant A depends on e, ¢ > 0 and ||v||o.

We next show how to conclude Theorem 1.1 from Proposition 2.2: the rest of the paper
is then devoted to prove the Proposition.

Proofs of Theorem 1.1. Let e be as in the statement, i.e. smooth and positive. Without loss
of generality we can assume that e is defined on R, with period 27, and it is smooth and
positive on the entire real line.

Step 1. Fix any arbitrarily small number ¢ > 0 and let a,b > % be numbers whose
choice will be specified later and will depend only on . We define (vg, po, }?io) to be
identically 0 and we apply Proposition 2.2 inductively with

_pn
6, =a"?

o

to produce a sequence (v, p,,, ;) of solutions of the Euler-Reynolds system and numbers

D,, satisfying the following requirements:

Bue(t) <e(t) — / o1 |* (2, 1) dw < 2ee(t) vt e St (2.10)
| Rallo < 6, (2.11)
||Un - Un—lHO S M 577,—1 ) (212)
1Pn = Pr-tllo < M?0,_1 . (2.13)
o 1.
D,, = max{1, |[vp]lc1, || Rullcr} and 8,4 < 55;/2. (2.14)

Observe that with this choice of 9,, and since a, b > %, (Un, pn) converges uniformly to a
continuous pair (v, p) and in particular

0 L 0 3 —
Jenllo <M1 < 2y (5)
7=0 7=0
Therefore, ||v,||o is bounded uniformly, with a constant depending only on e. By Propo-

3 Dn 1+e
n+1

5(3)

sition 2.2 we have
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Since A is depending only on e, ¢ and ||v,||o, which in turn can be estimated in terms of
e, we can assume that A depends only on ¢ and e.

We claim that, for a suitable choice of the constants a, b there is a third constant ¢ > 1
for which we inductively have the inequality

D, < a®".

Indeed, for n = 0 this is obvious. Assuming the bound for D,,, we obtain for D,, |

=3bn _c(14e)b™
Dyp1 < A% I SO
=
We impose € < }L and set
3 3(142
b= - and c:—( + %)
2 1—2¢

This choice leads to

cb— (=2 + (1 +¢&)(c+2b)) = 2(1 — %) >

] o

Since b™ > 1, we conclude
Dyir < (Aa~</1) 0™

Choosing a = A"* we conclude D, < a®" ",

Step 2. Consider now the sequence v,, provided in the previous step. By (2.10), (2.11),
(2.12) and (2.13) we conclude that (v, p,) converges uniformly to a solution (v, p) of
the Euler equations such that e(t) = [ |v|*(x, t)dx for every ¢ € S'. On the other hand,
observe that

1pn

an-i-l - Un”() < M+, < Ma™>

and
”Un—i-l - Un”Cl < Dn + Dn-‘rl < 2aCbn+1 .
Therefore
[ont1 — vnllos < vnsr = onllg 1 onss — vnlltn
< Mg 0b=52 )
If

o~ I 1—2¢
142 10+ 19 — 62’

then fcb — @ < 0 and therefore {v, } is a Cauchy sequence on C, which implies that

it converges in the C norm.

1 1-2 . .
We have shown that, for every ¢ < ; and every 6 < 575" there is a pair (v,p) €

C%(T? x S*,R3) x C(T? x S*) as in Theorem 1.1. Letting ¢ | 0 we obtain the conclusions
of Theorem 1.1 (and indeed even the Holder regularity in time). ]
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Remark 2.3. Using the bounds on §,, and D,, in the proof above, we can obtain an esti-
mate on the energy spectrum of v. First of all we observe (cp. Section 3) that in Fourier
space v,, 11 — v, is essentially supported in a frequency band around wavenumber \,,. For
A, we then have the relation

[vn+1 = vnller ~ [[vns1 = vallco An.
Therefore, Step 2 of the proof above implies
1 e
(bc+§)b :

Ap ~ @

and consequently the energy spectrum satisfies

3 n _ 342bc
E(An) o on a—(2+bc)b ~ Ay T+2be

Plugging in the choice of b, c from Step 1 of the proof yields in the limite — 0

E(\,) ~ A,

2.3 Plan of the remaining sections

Except for Section 10, in which we prove the side Remark 1.3, the remaining sections are
all devoted to the proof of Proposition 2.2.

Section 3 contains the precise definition of the maps (v1, p1, Rl) of Proposition 2.2.
The maps will depend upon various parameters, which will be specified only at the end.

Section 4 contains some preliminaries on classical estimates for the Holder norms of
products and compositions of functions, some classical Schauder estimates for the ellip-
tic operators involved in the construction and a “stationary phase lemma” (Proposition
4.4) for the Holder norms of highly oscillatory functions. This last lemma is also a quite
classical fact, but it plays a key role in our estimates.

In Section 5 we prove the key estimates on the main building blocks of the construc-
tion in terms of the relevant parameters: all these estimates are collected in the technical
Proposition 5.1.

The various tools introduced in the Sections 4 and 5 are then used in Section 6, 7 and
8 to derive the fundamental estimates on the Holder norms of v; and él in terms of the
relevant parameters. In particular:

e Section 6 contains the estimates on vy;
* Section 7 the estimate on the kinetic energy | |v;|%;

* Section 8 the estimates on the Reynolds stress R.

Finally, in Section 9 the estimates of the Sections 6, 7 and 8 are used to tune the
parameters and prove Proposition 2.2.
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3 Definition of the maps v, p; and ]o%l

From now on we fix a triple (v, p, R) and numbers 8, d, £ > 0 as in Proposition 2.2. As in
[15] the new velocity v, is obtained by adding two perturbations, w, and w,:

v =v+w, +w.=v +w, 3.1)
where w, is a corrector to ensure that v, is divergence-free. Thus, w. is defined as
W, := —Quw, (3.2)

where Q@ = Id — P and P is the Leray projection operator, see [15, Definition 4.1].

3.1 Conditions on the parameters

The main perturbation w, is a highly oscillatory function which depends on three param-
eters: a (small) length scale ¢ > 0 and (large) frequencies p, A such that

A
A op, — €N

W

In the subsequent sections we will assume the following inequalities:

D
p>6t>1, > —=>1, A > max {(uD)', -0} (3.3)
n
Here w := 2%6 > () so that
1+w
l+e=——.
1—w

Of course, at the very end, the proof of Proposition 2.2 will use a specific choice of the
parameters, which will be shown to respect the above conditions. However, at this stage
the choices in (3.3) seem rather arbitrary. We could leave the parameters completely free
and carry all the relevant estimates in general, but this would give much more complicated
and lengthy formulas in all of them. It turns out that the conditions (3.3) above greatly
simplifies many computations.

3.2 Definition of w,

In order to define w, we draw heavily upon the techniques introduced in [15].

e First of all we let 79 > 0, N,X\g € N, A; € {k € Z% : |k| = Ao} and 7,9) €
C*(B,,(Id)) be as in [15, Lemma 3.2].
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* NextweletC; C Z*,j € {1,...,8} and the functions «, be as in [15, Section 4.1];
as in that section, we define the functions

j —iklr
gb,gi(v,T) ::Zal(uv)e W’

lECj

Next, we let x € C°(R? x R) be a smooth standard nonnegative radial kernel supported
in [—1, 1]* and we denote by

(2.1) = 1 Tt
Xﬂ x? T €4X E’ g
the corresponding family of mollifiers. We define
ve(z,t) = / v(z —y,t — s)xe(y, s) dy ds
T3 xSt
Roe.t) = [ R =gt - 9ul.s) dyds
T3 xSt

Similarly to [15, Section 4.1], we define the function

p(t) = 3(2—1@3 <e(t)(1 9= [ PG dac) (3.4)

and the symmetric 3 x 3 matrix field
Ry(x,t) = pe(t)Id — Ry(,1) . (3.5)

Finally, w, is defined by

8
wo(,t) == /o) Y DAY (R;Eft’ t)) &) (vela, t), At) Bre™, (3.6)

j=1 keA; )

where B, € C? are vectors of unit length satisfying the assumptions of [15, Proposition

3.1]. Recall that the maps fy,ij ) are defined only in B, (Id). The function w, is nonetheless

well defined: the fact that the arguments of 7,(; ) are contained in B,,(Id) will be ensured

by the choice of 7 in Section 3.3 below.

3.3 The constants n and M

We start by observing that, by standard estimates on convolutions

lvelly + | Rell < C(r)DE" forany r > 1, (3.7)
e — vllo + || Re — R0 < CDC | (3.8)
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where the first constant depends only on r and the second is universal. By writing ‘ |ve|? —
w2 < v — vel* + 2|v]|v — v,| we deduce

/ [url? = [o]2| dz < C(DE)? + Ce(t)/2De (3.9)
T3
< o (mtaxe(t)l/z + 1) , (3.10)

where the last inequality follows from (3.3). This leads to the following lower bound on

o
) 2 g5 (et (1-3) = [ e = [ flo = 1o o)

G101 5 12
> 320 <Z min e(t) — Cno (mtax e(t)/* + 1> (3.11)
We then choose 0 < 77 < 1 so that the quantity on the right hand side is greater than 2%05.
This is clearly possible with a choice of 77 only depending on e. In turn, this leads to
H@ _1d| < Mo 1o (3.12)
Y, o ming py(t) 2
Therefore w, in (3.6) is well-defined.
In an analogous way we estimate p, from above as
pg(t) < 1 r @(t) —/ |U|2 dx +/ HU£|2 _ |U|2‘ dx
- 3(27'(')‘3 T3 T3
< L (% (t) + C6 ( ()2 + 1)
<30 1 max e max e
<6 (1 + mtaxe(t)> . (3.13)
Since |w,| can be estimated as
|wo<x7t)| <C \% Pé(t) )
we can choose the constant M/, depending only on e, in such a way that
M
lwollo < =-V0. (3.14)

This is essentially the major point in the definition of M : the remaining terms leading
to (2.7) and (2.8) will be shown to be negligible thanks to an appropriate choice of the
parameters \, i and ¢. We will therefore require that, in addition to (3.14), M > 1
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3.4 The pressure p;

The pressure p; differs slightly from the corresponding one chosen in [15]. It is given by

2
o 2
P=p-— |w2| —§<U—W,w>' (3.15)
Observe that, by (3.14), we have
M2
I = pllo = ==0 + v = velloljwllo- (3.16)

3.5 The Reynolds stress }031

The Reynolds stress Ry is defined by a slightly more complicated formula than the corre-
sponding one in [15, Section 4.5]. Recalling the operator R from [15, Definition 4.2] we
define R; as
Ry = R[yw + div(w @ vy + vy @ w)]
+ R[div(w ® w + R, — %Id)]
+[w®(v—vg)+(v—vg)®w—2<(v+e)’w>ld]
+[R,— R].

(3.17)

The summands in the third and fourth line are obviously trace-free and symmetric. The
summands in the first and second line are symmetric and trace-free because of the prop-
erties of the operator R (cp. with [15, Lemma 4.3]). Moreover, the expressions to which
the operator R is applied have average 0. For the second line this is obvious because the
expression is the divergence of a matrix field. As for the first line, since w = Pw,, its
average is zero by the definition of the operator P. Therefore the average of d;w is also
zero. The remaining term is a divergence and hence its average equals 0.

We now check that the triple (v, p1, Rl) satisfies the Euler-Reynolds system. First of
all, recall that Vg = div(gId) for any smooth function g and that divRF = F for any
smooth F' with average (. Since we already observed that the expressions to which R is
applied average to 0, we can compute

div Ry — Vpy = yw + div(w @ w) + div(w @ v + v @ w) — Vp + div R.
But recalling that div R = d,v + div (v ® v) 4+ Vp we also get
divR, — Vp, = 8(v+w) +diviw@w+0v@v+w Qv +vQuw.

Since v; = v + w we then conclude the desired identity.

In order to complete the proof of Proposition 2.2 we need to show that the (minor)
estimates (2.7), (2.8) and the (major) estimates (2.5), (2.6), (2.9) hold: essentially all the
rest of the paper is devoted to prove them.
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3.6 Constants in the estimates

The rest of the paper is devoted to estimating several Holder norms of the various func-
tions defined so far. The constants appearing in the estimates will always be denoted by
the letter C, which might be followed by an appropriate subscript. First of all, by this no-
tation we will throughout understand that the value may change from line to line. In order
to keep track of the quantities on which these constants depend, we will use subscripts to
make the following distinctions.

o (': without a subscript will denote universal constants;

* (C},: will denote constants in estimates concerning standard functional inequalities in
Holder spaces C” (such as (4.1), (4.2)). These constants depend only on the specific
norm used and therefore only on the parameter » > 0: however we keep track of
this dependence because the number r will be chosen only at the end of the proof
of Proposition 2.2 and its value may be very large;

* C.: throughout the rest paper the prescribed energy density e = e(t) of Theorem 1.1
and Proposition 2.2 will be assumed to be a fixed smooth function bounded below
and above by positive constants; several estimates depend on these bounds and the
related constants will be denoted by C;

* (,: in addition to the dependence on e, there will be estimates which depend also
on the supremum norm of the velocity field ||v||o: such constants increase with ||v|o
(this explains the origin of the constant A in (2.9));

» (s, Ce s, C, 52 will denote constants which are typically involved in Schauder es-
timates for C™** norms of elliptic operators, when m € N and a €]0, 1[; these
constants not only depend on the specific norm used, but they also degenerate as
a | 0 and o T 1; the ones denoted by C. s and C), ; depend also, respectively, upon
e and upon e and [|v||o.

Observe in any case that, no matter which subscript is used, such constants never
depend on the parameters y, £, 0, A and D; they are, however, allowed to depend on w and
€.

4 Preliminary Holder estimates

In this section we collect several estimates which will be used throughout the rest of the
paper.
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We start with the following elementary inequalities:

[fls < Cu(e™*If]r + €I f1lo) (4.1)

forr > s> 0ande > 0, and

[f9lr < Cu([f1rllgllo + 11 fllolgl+) (4.2)

for any 1 > r > 0, where the constants depend only on r and s. From (4.1) with ¢ =
Ilf ||1/ "[f]> /" we obtain the standard interpolation inequalities

[fls < Cullflle™ " LA (4.3)

Next we collect two classical estimates on the Holder norms of compositions. These are
also standard, for instance in applications of the Nash-Moser iteration technique. For the
convenience of the reader we recall the short proof.

Proposition4.1. Let U : Q — Randu : R® — Q be two smooth functions, with Q C RY.
Then, for every m € N\ {0} there is a constant C}, (depending only on m, N and n) such
that

[V oul,, <Cn ) [Wiflully [ulm (4.4)
=1

W o, < G Y (WL T i @5)
=1

Proof. Denoting by D’ any partial derivative of order j, the chain rule can be written

symbolically as

"(Wou) =Y (DW)ou Cie(Du)"(D*u)? ... (D"u)™ (4.6)
=1 o
for some constants C; ,, where the inner sum is over o = (074, ..., 0,,) € N such that

Zaj =1, chrj =m.
j=1 j=1
From (4.3) we have
1-L. L .
@) [u]; < Chllullp ™ [ulm for j > 0;

j—=1 Jj—1

- .
(b) [u]; < Chlu], ™ ulm™ forj = 1.

Then (4.4) and (4.5) follow from applying (a) and (b) to (4.6), respectively. O
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4.1 Estimates on Qb;(cjl

Recall that gzﬁ,(j L = gb,(j L(v, 7) are defined on R3 x S! and they are smooth (here v is treated
as an independent variable). Because the T-derivatives are not bounded in v, we introduce

the seminorms

[flm,r = max || DY fllcopao)xs)

|Bl=m
and ; B
D D
[flm+a,r = max sup Dy f(v, 7) o f(w, )| 7
|ﬁ|:m U#”UJGBR(O),TGSJ |/U _ w|0¢

where D? denotes partial derivatives in the v variable with multiindex 3 = (31, 3, 33).

Proposition 4.2. There are constants C}, depending only on m € N and such that the
following estimates hold:

e poll] ] scun
(000 +ith-0)ol)] <t @)
R [0, (000 + itk v)ef))] < Gt 49)

Proof. We recall briefly the definition of the maps gbgf L from [15, Section 4.1]. First of all
we fix two constants ¢; and ¢, such that ‘/75 < ¢ < g < 1andthen ¢ € CX(B,(0))
which is nonnegative and identically 1 on the ball B, (0). We then set

v) = v—k))? nd « vzzw.
¥(v) I;ZB(SO( ) a k(v) )

By the choice of ¢; we easily conclude that @D_% € (C®°. On the other hand it is also
obvious that ¢)(v—k) = ¢ (v). Thus there is a function o« € C'°(B1(0)) such that ay(v) =
alv—k).

We next consider the lattice Z* C R? and its quotient by (27Z)3 and we denote by C; ,
j=1,...,8 the 8 equivalence classes of Z*/ ~. Finally, in [15, Section 4.1] we set

j —i(k-L)r
o9 (v, 7) = Zal(/w)e (k3007 (4.10)
ZGCJ'

Observe that, for each fixed j, the functions {«; : [ € C;} have pairwise disjoint supports.
Therefore the estimate

[cb;(cﬂm < Clafmp™ < Cpp™

follows trivially. Next,
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On the other hand, if |v| < R, then oy(pv) = 0 for any [ with || > pR + 2: hence
0,0 < Ikl (R+217") @l < ChRp™

(in principle the constant Cj, depends on £, but on the other hand k ranges in U;A;, which
is a finite set). A similar argument applies to 3”(?;]7; and hence concludes the proof of
4.7).

We finally compute

D (0:00), + (k- v)of), ) = > ik- ( - 1) WD (v — 1))e 057

lECj M

+ S ik @ (D] (o — 1)e T FT
lGCj

Recall however that o € C'°(B;(0)): thus |[v — ;%| < ptif [D™a)(p(v = 1)) # 0. It
follows easily that

0r) +ilk - 0)8 | < O (o) + [klla)wr) < O™

which proves (4.8). On the other hand, differentiating once more the identities in 7, (4.9)
follows from the same arguments used above for [0, @], g- O

4.2 Schauder estimates for elliptic operators

We now recall some classical Schauder estimates for the various operators involved in the
construction. These estimates were already collected in [15, Proposition 5.1] and will be
used several times in what follows. We state them again for the readers convenience and
because of the convention on constants as set in Section 3.3, and refer to [15, Definitions
4.1, 4.2] for the precise definition of the operators P, Q and R.

Proposition 4.3. For any o € (0,1) and any m € N there exists a constant Cs(m, ) so

that the following estimates hold:

[Qu][mt+a < Cs(m, d)[|v]|lmta 4.11)
[P]lmta < Cs(m, a)||v]lm+a (4.12)
[RV[lm+14a < Cs(m, @)||v]lmta (4.13)
IR(div A)lm+a < Cs(m, @)||Allmta (4.14)

IRQ(div A)[[mta < Co(m, @) [|Allma (4.15)
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4.3 Stationary phase lemma

Finally, we state a key ingredient of our construction, which yields estimates for highly
oscillatory functions. Though this proposition is also essentially contained in [15], it is
nowhere explicitly stated in this form. Since it will be used several more times and in a
more subtle way than in [15], it is useful to isolate it from the rest.

Proposition 4.4. Let k € 7>\ {0} and A > 1.
(i) For any a € C*>(T?) and m € N we have

/ a(x)e™ T dx
T3

(ii) Let k € Z3 \ {0}. For a smooth vector field F € C>®(T? R3) let F\(z) :=
F(x)e***. Then we have

[a]m
< SUR (4.16)

C C C

IR < 5= 18 o + =5 1l + 32 [Flmeas
Cs Cs

IRQ(UE e < 575 I1Fllo + Sz [Flm + 1 [Flmta

where Cs = Cs(m, «) (i.e. the constant does not depend on \ nor on k).
Proof. For j =0,1,... define
A k(K g .
(Y, &) = —i e \'Thp2 V) a(y)|e™,
k J
Bj(y.§) = (ZW . V) a(y)

Direct calculation shows that

1 1
Bj(z,\x) = Xdiv [Aj(z, A2)] + XBjH(x’ Az).

In particular, for any m € N

a(x)e™* = By(x, \r)

>,|,_.

— 1 1
ZO/\— Aj(z, 2x)] + )\—mBm(x,/\m)

Integrating this over T? and using that |k| > 1 we obtain (4.16).
Next, using (4.1) and (4.2) we conclude

145 (-, A)lloe < € (Aal; + [alj4a)
< ONT* (A [alm + |lallo) forany j <m —1
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and similarly

B (- Ao < € (A [a]m + [almta) -
Applying the previous computations to each component of the vector field /' we then get
the identity

3
L

iGm(x, A\x)

F(x)e™ = Go(z, \r) = o

div [H;(z, \z)] +

> =
|-

<
Il
o

where the /; are matrix-valued functions (not necessarily symmetric) and G, is a vector
field. H; and G, enjoy the same estimates of A; and B,,, respectively. Thus, using (4.13),
(4.14) and (4.16) we conclude

m—1

IR < € (§ > A+ Aimnam(-,A-)na)

1 1

A e L

Finally, using (4.11), (4.13) and (4.15) we get

1 1
RGN < Cu (521l + s Pl + 55 (Flosa

as well. L]

S Doubling the variables and corresponding estimates

It will be convenient to write w, as

wo(x,t) = Wiz, t, A\t, A\z),

where
W(y,s,7.6) = Y ar(y,s,7)Bre™* 5.1)
[E|=Xo
/— Ry( A
o ,Og Z Z ( . y’) )) gbk,u (”Ug(y, )7 7_) Bkelk-§ (52)
J=1 keA;

(cp. with [15, Section 6]). The following Proposition corresponds to [15, Proposition 6.1],
with an important difference: the estimates stated here keep track of not only the depen-
dence of the constants on the parameter p, but also on the parameter ¢ and the functions v
and R (as it can be easily observed, these estimates do not depend on p): more precisely
we will make explicit their dependence on ¢ and D (for the constants recall the convention
stated in Section 3.3). Observe that all the estimates claimed below are in space only!
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Proposition 5.1. (i) Let a;, € C(T? x S! x R) be given by (5.1). Then for any r > 1

and any « € [0, 1] we have the following estimates:

ININ IN TN

The following estimates hold for any r > 0:

IA

Hasak ST ”r

(-5,7)
(587l
(-;5,7)
(-;5,7)

IN

||85'rak: ST

[
105(Oray, +i(k - ve)ar) (-, s, 7).

IA

Hassak: ST

IA

(ii) The matrix-function W & W can be written as

Z Uk(y, s,7) ”“5

(W ® W) (y7 8, T, 5) RZ y7

C.V6
CV6
C.V6
C,Vo

\/g (lurDr + u[z)gl—?”)

\/g (lurDr + ﬂDél_r>

\/S (lur—lDr + Dgl—r)
(

IA AN CIA A

lur—lDr + Dgl—r)

C.Vopu D*
C,Vou*D”
CNSp "t D”
CVope—t Do

T‘+1DT’+1 4 ,ungfr)
T‘+1DT‘+1 4 ,uDgfr)
r+2DT+2 4 IuDgflfr)
rDrJrl

+uDe)

1<|k|<2X0

where the coefficients Uy, € C™(T? x S' x R; §3*3) satisfy

Uik =

1

Moreover, we have the following estimates for any r > 1 and any « € |0, 1]:

1U(y 8,7l <

10, Uk(s,7)l, < Cob (W'D +
1Uk(+,5,7)]la < Cebu®D®
10-Ui (-, 8, 7)la < Cobu®D*

and the following estimate for any r > 0:

C.d (" D" + uD0")

luDglfr)

105Uk(+, 8, 7)||lr < Ceb (W'D + uDE") .

(5.3)
(5.4)
(5.5)
(5.6)

(5.7)
(5.8)
(5.9)
(5.10)

(5.11)
(5.12)
(5.13)
(5.14)

(5.15)

(5.16)

(5.17)
(5.18)
(5.19)
(5.20)

(5.21)
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Proof. The arguments for (5.15) and (5.16) are analogous to those in the proof of [15,
Proposition 6.1]. Moreover, precisely as argued there, the estimates for the Uy, terms fol-
low easily from the estimates for the a;, coefficients, since each Uy is the sum of finitely
many terms of the form a ax~. Here we focus, therefore, on the estimates (5.3)-(5.14).

First of all observe that it suffices to prove the cases r € N, since the remaining ones
can be obtained by interpolation. Recall now the formula for ay: if & € | i A;, then

a = VoY (R;E( )>)¢W<w<y, 9,7) (5.22)

otherwise a; vanishes identically.
Observe that the functions a; depend on the variables y, s and 7. We introduce the
notation [-],,, for the Holder seminorms in y and s

larC, ) m = > ||&DJax|,
J+Bl=m

and the notation |||ay(+, -, 7)|||,» for the Holder norm in y and s:

H|a/€ ’ ’ |||m Zﬂa’k ) 7

We next introduce the functions

Ty, s) = 7Y <M)

and Py, s, T gb ve(y, S),
pg(s) (y ) k,u ( f(y ) )
and observe that

= /plo.

Recall that ||p;|lo < C.6 by (3.13). Therefore the claimed estimate for » = a = 0 follows

trivially. Thus, we assume r € N\ {0} and we focus on the estimates (5.3)-(5.6) and
(5.11)-(5.14).

Proof of the estimates (5.3), (5.11) and (5.13). Recalling (4.2), we estimate

Haklllr < Cullv/pellolTllo[@1r + Crllv/pellol 0[] + Cull@lolITl[o[v/pe]
<. (V3 (o) +IT1) + [varl.) - (5.23)
Next, by (3.7), for any j > 1 we have [vy]; < C, D¢*7 for every j > 1. Applying (4.5)
in Proposition 4.1 and Proposition 4.2 we conclude

(2] < Y- (o] o™ i < Y (o)) D

=1 i=1

< ChZC P DU < G (0" DT+ pDET (5.24)

i=1
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Applying (4.4) of Proposition 4.1 we also conclude

T ] RE i—1 RE
], <c [7(9)} i H—ﬂ (5.25)
[[ ]] hizl b i Pe 0 Pe r
Now, by (3.12) we have
‘& <.
Pr 0 2

Moreover [ylij )]T < (}: indeed recall that, because of our choice of n in Section 3.3,
the range of % is contained in B%o (Id), whereas the ’y,gj ) are defined on the open ball
B,,(1d); since the ’y,gj ) are smooth and finitely many, obviously we can bound their norms
R

e

Using these estimates in (5.25) we thus get

uniformly on the range of the function

R/ @» = .
[T] < Cn 2l = log " lo[Relr + [ Bellolog T - (5.26)

r

Recall next that, by (3.11), ps(s) > C.9 for every s. Moreover, by (3.4), for r > 1 we
have

opuls) = ﬁ ((1 ~Sjere(s) =3 (j) / (020 07 we) (, 8) dsc) -

=0
Thus, we conclude

r—1

lodr < Ce+ Cllogllcorz[velr + Cn > v vl

j=1
r—1

< Ce + Celug)r + Cy, Z[W]j[w]rﬂ‘

j=1
3.7 (3.3)
< C.DI*" 4+ Cp,D*"2 < C.DOT. (5.27)

Set U(¢) = ¢~'. On the domain [, oo, we have the estimate [¥]; < C},6 1. There-
fore, applying again (4.4) we conclude

T

[o:'Tr < Cu Y67 Hipell M pele < Crd[pile < Co62DE " (5.28)
=1

It follows from (5.26), (5.28) and (3.7) that
[T], < C.6~ D1, (5.29)

Next, set W(¢) = 2. In this case, on the domain [§, C.d[ we have the estimates [¥]; <
C.02". Thus, by (4.4) and (5.27):

[Vods < Cn Y Ced>lpelly oy < Ced2 DI (5.30)
=1
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Inserting (5.24), (5.29) and (5.30) into (5.23) we conclude
laglll < Ced™2 DO + Co8% " D" + Cob DO
Recall, however, that ;z > §~! and hence
llaxl[l» < CeV/6 (W D" + D) .

From this we derive the claimed estimates for ||a||, for any » > 1 and for ||0;ax||,- and
||0ssag || for any r > 0.

Proof of the estimates (5.4) and (5.12). Differentiating in 7 we obtain the identities

Orai (-, 7) = v/pr L 0: i, (v, 7)
a‘rﬂ'ak('a *y T) = \/@ Fa‘r‘r¢§jl<vb T) .
Thus, arguing precisely as above, we achieve the desired estimates for the quantities
|0-ak]|rs ||Orsax || and ||O-rak]|-. However, note that we use the estimate (4.7) with R :=

|lv]|o and for [Otgb,(j L}m r and [(’977@5;2 L]m r. It turns out, therefore, that the constants in the
estimates (5.4) and (5.12) depend also on ||v/o.

Proof of the estimates (5.5), (5.6) and (5.14). Finally, we introduce the function

X (0, 7) = 0eg) + ik - v) gy

and x(y,s,7) = X,(ii(vg(y, s), 7). Then

Oray, +i(k - ve)ar, = /pexI.

Applying the same computations as above and using the estimates in Proposition 4.2 we
achieve the desired estimates for ||0-ay + i(k - ve)ag||, and ||0s(Orax + i(k - ve)ag)|| -
Finally,

0.0y + ik - vp)a) = \/pr T [&xiﬂ (e, 7)
and hence the arguments above carry over to estimate also the quantity |0, (0,ay + i(k -
Ug)ak> ||7« ]

6 Estimates on w,, w. and v,
Proposition 6.1. Under assumption (3.3), the following estimates hold for any r > 0

|wo ||, < CoV/EA™, 6.1)
||atwo||r S Ov\/g)\r+1 (62)
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and the following for any r > 0:

[well, < CoV/dDpu A" (6.3)
10ywel|r < CoV/EDuN" . (6.4)
In particular
[wllo < C.V3, 6.5)
wller < CoV/oN. (6.6)

Proof. First of all observe that it suffices to prove (6.1) when r = m € N, since the
remaining inequalities can be obtained by interpolation. By writing

wo(x,t) = Z ap(x,t, \t) Be™ = Z ag(z, t, \)Q(Ax),

[k|=Xo |k|=Xo
Orwo(w,t) = X Y Orag(x, t M)Q(Ax) + > Duag(w,t, M) (Az),
[k[=Xo Jlel=o

from (4.2) we obtain

lwollm < Cu D (I%llolarlsm + A" laxlo[u]um) .

[k|=Xo
10swollm < CuA D (1%llo[0ralm + A™ (107 lo[k]m)
|k|=Xo
+Ch > (I1%llo[0sar]m + N |0 lo[]im) -
[k[=Xo

When m = 0, we then use (5.7) to conclude (6.1) and (5.8) and (5.11) to conclude (6.2).
For m > 1 we use, respectively, (5.3) and the estimates (5.4) and (5.11) to get:

|wolm < C'e\/g (,umDm + uDO ™ 4 )\m)
||0two||m < CU\/S<)\,UmDm + )\,UDgl_m + )\m—i—l

+Mm+1Dm+1 _i_,uDgfm 4 )\m,uD>

However, recall from (3.3) that A > (Du)'* > Dy and A > ¢!, Thus (6.1) and (6.2)
follow easily.

As for the estimates on w, we argue as in [15, Lemma 6.2] and start with the observa-
tion that, since k - B, = 0,

kXBk

1 : iz
wy(z, 1) :XV X Z —iag(x,t, \t) Ve eirk | 4
[k|=Xo
+ X Z zVak(:v,t, )\t) X ‘k’Q ek

[k[=Xo
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Hence 1

we(x,t) = XQuc(x, t), (6.7)
where L x B

X .
ue(x,t) = Z iVag(z,t, At) X Wle”‘M. (6.8)

|k|=Xo

The Schauder estimate (4.11) gives then
Cs
[wellmta < THUCHera (6.9)

for any m € N and a € (0,1). We next wish to estimate ||u.|,. For integer m we can
argue as for the estimate of ||w,|| to get

el < Ce ([ar)iA™ + [ar)mi1) < CeV/d (WDA™ + pDE™)
< CANSuDN™ .

Hence, by interpolation, we reach the estimate ||t ||mro < Cev/ouDX™ 4 for any m, o.
Combining this with (6.9), for » > 0 which is not an integer we conclude ||w.|, <
C@s\/g DXL, On the other hand the corresponding estimates for any integer r > ( can
then be reached by interpolation.

Similarly, for 0,w,. we have
1
atwc = XQﬁtuc .
Differentiating (6.8) we achieve

B .
Ouc(z,t) = A Z iVO-ag(z,t, A\t) X ué’)‘”k

|2
EDN)
: kX Bk _inek
+ WE;\ iVOsar(z,t, A\t) X 7E e
=A0

Using Proposition 5.1 and (3.3) we deduce, analogously to above
|Osticl|y < CoV/EpuDN T

Using (6.9) once more we arrive at (6.3).

To obtain (6.5) and (6.6), recall that w = w, + w,.. For any a > 0 we therefore have
[wllo < [[wollo + [[wella < CeV/E + Ce V/SDuX*. (6.10)

We now use (6.10) with o = HLM: since by (3.3) we have \'7* = ATHo > Du, (6.5)

follows. In the same way

[wller < flwoll + [|Owollo + lwelli+a + [|Orwella
< CyVoA+ CyVODuX™ .

Again choosing o = 15 and arguing as above we conclude (6.6). []
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7 Estimate on the energy

A

’ 14w
0, such that, if the parameters satisfy (3.3), then

Proposition 7.1. For any o € (0 ) there is a constant C, s, depending only on «, e

and ||v

< C.Dl0+ Cy NopDX" Yt (1.0)

e(t)(1 - 5) — / o2, 1) da

Proof. We write

[v1)? = |v* + |wo|* 4 |we]* + 2w, - v + 2w, - We + 2w, - V. (7.2)

/wc'v < lwellollo G, D)l z2 < Ve(®)l[wello

integrating the identity (7.2) we then reach the inequality

\ [l = ool = o) do

By Proposition 6.1 we then have

[ = ol = o) o

Since

< Cellwello(1 4 [Jwello + [[wollo) +2‘/wo-v :

< O, VoD (1 + CNEDIN 1 Ce\/5>

lfo

and hence, recalling that A > (Du)'* we reach

[t = b = o)

Applying Proposition 4.4(i) and Proposition 5.1 we obtain

‘/wo'v

< C’&S\/ED/L)\“1 + 2 ’/wo cv

<Ce > [“i’“h < CellvlloVODpA™ + C.DVEA™,

k=[Xol

\ [ = ol = 10

Next, taking the trace of identity (5.15) in Proposition 5.1 we have

|W(y7 S, T, €)|2 =tr R[(y, S) —+ Z Ck(y7 s, T)eik'g

1<|k|<2)0

and hence
< Cp VDAL (7.3)

for the coefficients ¢;, = tr U,. Recall that

/T3 tr Re(z,t) de = 3(21)3pe(t) = e(t)(1 — 6) — /TS |ve|? dex.
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Moreover, by Proposition 4.4(i) with m = 1 we have

5>

1<|k[<2X0

[ — 5 Bt ) o

/ cr(m,t, M) e dy

.17
<ON' DY fah < CdDpAT!

1< k| <220

Thus we conclude

‘/ (|wol® + |ve|?) dz — e(t)(1 — 5)‘ < CdDpA .

[l = e

Putting (7.3), (7.5) and (7.6) together, we achieve (7.1).

Finally, recall from (3.9) that

< C.Dt.

8 Estimates on the Reynolds stress

Proposition 8.1. For every o € (0, 1)

w, e and ||v
hold:
||é1“o < Oy (DE +VEDuN! 4 \/g,u_l/\‘*)

[Rilles < Coud (VODE+VEDRX 4+ Vopmix)

Proof. We split the Reynolds stress into seven parts:

Ri=R'+ R+ R+ R+ R+ RS + RT

where
Rl = R —R
R = wow—uv)+0—u)Qw— —2<(v_3”‘)’w> 1d]
R? = R[div(w, ® w, + _ég — %Id)]
}O%ZIL = Ratwc

Ri = Rdiv((ve + w) @ w, + we ® (vy + W) — W @ W)
RS = Rdiv(v, @ w,)
R} = R[Bw, + div(w, ® vp)] = R[Daw, + vg - Vi, .

In what follows we will estimate each term separately in the order given above.

29

(7.4)

(7.5)

(7.6)

, there is a constant C, 5, depending only on «,
o0, such that, if the conditions (3.3) are satisfied, then the following estimates

(8.1)

(8.2)
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Step 1. Recalling (3.8):

VAN

IR, < CDt 8.3)
|Rer < 2D < 2DVEuA>, (8.4)

where in the last inequality we have used (3.3).

Step 2. Again by (3.8) and (3.7):

lv—vello < CD¢
v —vel|er < 2D.
Moreover, Proposition 6.1 gives
lwllo < CeV/s
[wller < CV/oN.
Using this and (4.2) we conclude
1B2le < C.V6DI<C.DI 8.5)
|R3|lcn < CoV/oD + CNVOADL < CoV/6ADY (8.6)

where in the last inequality we have used (3.3).

Step 3. We next argue as in the proof of [15, Lemma 7.2]. Recall the formula (5.15)
from Proposition 5.1. Since p, is a function of ¢ only, we can write R‘I’ as

div (w, @ wo— 3 (Jwo|* — pe)ld + Ry)
= div (w, ® w, — Ry — 3(|w,|* — tr R,)1d)

=div | Y (Up— 3(trUpId)(w, £, A)e

1<[k|<2)0
O19 > divy [Us — §(tr Up)ld](w, £, At)e™ (8.7)
1<[k[<2X0
We can therefore apply Proposition 4.4 with
m= {H—wJ +1 (8.8)
w

and « € (0, H—Lw) Combining the corresponding estimates with Proposition 5.1 we get

Hé?“o S Cs<m7 Oé) Z (Aail[Uk]l + )‘aim[Uk]erl + Aim[Uk]m+1+o¢)

1<[k[<2X0
< Cy(m,a)C, (Aa—ldﬂp + A (D™ 4 e
4 Afmé (Ium+1+aDm+l+a 4 luDgfmfa)>

(3.3)
< O duDX* . (8.9)



Onsager’s conjecture 31

Observe that in the last inequality we have used (3.3): indeed, since m > HTW by (8.8),

we get
A > max {0 (D)} > max {fm T (,uD)mL} (8.10)

Next, differentiating (8.7) in space and using the same argument:

IR5][ < CA| R
+C Y (AT U2 + AT Uklmsa + A [Uklmg2ta)

1<|k|<2)o

< Ce 0D,
Finally, differentiating (8.7) in time:

Ouiv (w, © w4 (fwof? = pi)ld + By)

L<|k[<2)0
XD div,[0:Uk - 3(tr O, UId) (¢ A

1< k| <220

Thus, applying the same argument as above,
||até§||0 S Cs Z (Aa_l[asUk]l + Aa_m[asUk]m-I—l + A_m[asUk‘]m-i-l-i-a)
1<[k|<2X0

+CA Y (AT OU 4 A0 Ul

1<]k|<20

+ )‘_m[aTUk]m+1+a)
< Cys(puD + 071+ N)suDA>
< Cy 6D .

Finally, putting these last two estimates together:

IR} cn < | R3||y + [|0u R3] < Cs0pDA™ (8.11)

Step 4. In this case we argue as in [15, Lemma 7.3]. Differentiate in ¢ the identity (6.7)
to get
dpw, = %Qatuc>
where

kX By jak
\k|2 e +

Oue(w,t) =X Y i(VOra)(x,t, At)

[k[=Xo

+ > i(VOsar) (1, At) X

|k[=Xo

k x Bk z/\xk’
|k[?
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Choose again m as in (8.8) and apply the Propositions 4.4 and 5.1 to get

||éil||0 < Cs Z (Aa_l[afak]l + /\a_m[aTak]mH + )\_m[aTak]m+1+a)
|k|=Xo

CS a— a—m —m
+ T Z (/\ 1[asak]1 + A [asak}m-l—l + A [asa'k]m—f—l-i-a)

[k|=Xo
<C,(A'uD + A" + VoD (8.12)

where in the last inequality we have again used (8.10) for the two rightmost summands
in the corresponding parantheses (cp. with the argument given for (8.9) in the paragraph
right after). Using then (3.3) we conclude | BR[| < C,v/dpuDA",

Following the same strategy as in Step 3:

1B < CARYo

+ Cs Z (/\a_l[aTak]Q + )\a—m[aTak]m+2 + A_m[aTak]m—&—%&—a)
|k[=Xo

OS a— a—m —m
+ T Z (/\ l[asak]2 + A [asak]m-i—Q + A [asak]m—f—?—f—a)

|k[=Xo
< C, VOuDA . (8.13)

Differentiating in time

[feazalt

< C’SA Z ()\a_l[arfrakh + /\a_m[aTTak]m+1 + )\_m[aTTak]m+1+a)
lkl=Xo

+ Cs Z (/\a_l[arsak]l + )\a_m[aTsak]m—l-l + )\_m[aﬂ-sak]m+1+a)

|k|=Xo

Z (/\a_l[assak]l + AT [Oss | m1 + )\_m[assak]m+1+a)
|k[=Xo

L &
A

< C, VOuDA . (8.14)
Putting (8.13) and (8.14) together we obtain

|RY|ler < CysVouDA®. (8.15)

Step 5. In this step we argue as in [15, Lemma 7.4]. We first estimate

|(ve + w) @ Wetwe @ (v + W) — We @ Wel|o <
< C([Jve + wllof[wella + llve + wllallwello + [Jwelol|wella) -
< Cllwella (Jv]lo + l[wolla + [[wella) -
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From Proposition 6.1 we then conclude
(v + W) @ We + we @ (Vg + W) — We @ We|la < CoysVODEA? L.
By the Schauder estimate (4.14), we get
1R3]o < CosVaDpNY, (8.16)
As for || R3||; the same argument yields
IRl < CoV/3DpA™.
Next we estimate

10:((ve + W) @ we + we @ (Vp + W) — We @ We) ||
<wella ([[Ovella + [|0swolla + [[Ocwella) + |0swella (lvella + [Jwolla)

Observe that ||0,v¢|la < Chl|0wv ol < C,DL~ and ||vg|a < Chllv]lol~® < Cu/60—°.
Thus, recalling Proposition 6.1 we conclude

10:((ve + w) & we + we @ (Ve + W) — We @ We)|o
<C, VoDuX"! (Ctha + O Cv,s\/SDuAa)
+ Cy D ((Jh\/?%—a + Ce\/?w) < C, VDN 8.17)
where in the last inequality we have used (3.3). Applying (4.14) we then achieve

1Rl on < Cp o V/EDuN>. (8.18)

Step 6. In this step we argue as in [15, Lemma 7.5]. Since By, - k = 0, we can write
div (ve @ w,) = (w, - V)ve + (divw,)vy

= Y Jar(Bi - V)ve + vp(By, - V)ag] e
[E|=Xo

Choose m as in (8.8), apply Propositions 4.4 and 5.1 and use (8.10) to get

12500 < Co Y A (llarllofveds + loellofars)

|k|=Xo
+C Y AT (larllo[vemer + llvellola]me)
|k|=Xo
+Co > A (llagllo[velmrisa + lvellolarlmsiia)
[k|=Xo

< Cv,s)\a_l\/S(D + DM) + Cms)\—m-i-oz\/g (Dg—m + Dm“,um“)
+ C’v,s)\_m\/g (Dg—m—a + Dm+1+aﬂm+1+o¢)
< C, VoDpX!, (8.19)
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As in the Steps 3 and 4:

1880 < CAIRE o+ Co Y A" (llaxllofvelz + [lvellofar2)

k=0
+Cy > A ™ (lagllofvdmez + [[vello[ar]m )
[k|=Xo
+C; Z AT (”akHO[W]erQJra + HWHO[ak]erZJra)
[k[=Xo
< Co s VODpX™ . (8.20)

As for the time derivative, we can estimate

18,250 < (I) + (I1) + (III),

where
) =C0 3 X (I9anllofveds + loelloldranly)
|k|=Xo
+Cs > A ([10sallofvd + llvello[dsarhs)
|k[=Xo
+Co Y X (llagllo[@rves + [10vellofar]) | (8.21)
lkl=Xo
(I) = C. > A" ((|0rakllofvelmr + [[vello[0rak)m 1)
[k|=Xo
+Cy Y X ((|0sarllo[vedmir + lvello[Osai)msr)
|k|=Xo
+Co Y X (larlloldwdmer + 10velloarlms1) (8.22)
[k|=Xo
and

(D) = G Y A" (l0-anllofvelmsrea + vellolrar]msria)

[kl=Xo

+C ) A (10sarllofvdmiria + lloello[sar]msrra)

|k[=Xo

+Co > A (larllo[0velmiva + 10:vello[ar)mr1a) - (8.23)
[k|=Xo

Again using Proposition 5.1 and the conditions (3.3) we can see that

18: RSl < Cp s VODUA. (8.24)
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Thus,
|RS||cn < | RSy + [|0:RS||o < CypsVODuA™ . (8.25)

Step 7. Finally, to bound the last term we argue as in [15, Lemma 7.1]. We write
R = R(Byw, + vg - Vw,) = RS + R + RI°,

where

R} = R\ Y (Orag +i(k - v)ay)(x, t, M) B
|kl=Xo

R =R Y (dar)(x,t, M) B

|k[=Xo

RI°:=R Z (ve - Vyag)(w, t, \t) B

|k[=Xo

The arguments of Step 6 have already shown

IRYO|lo < Cy VDX (8.26)
IR or < Cy VDA (8.27)

As for ]O%ﬁ’, we apply Proposition 4.4 with m as in (8.8) to get

IR0 < Cs > (A H|0sakllo + A [0sar]m + A" [0sk)mea)

[k[=Xo

< C,VoDuXt. (8.28)
Analogously

1RSI < CeA| R lo
+C Y (AT 0sar)s + AT Dsaklmar + AT [0s0k]ms14a)

|k|=Xo

< Co VDA (8.29)
and
||at-é?||0 S Cs Z ()\a_lnassak”O + )\_m+a [8ssak]m + /\_m[assak]m+a)

|kl=Xo

00 Y (A 0ranllo + AT Derarlun + X Orr k] )
[k[=Xo

< Oy VDA, (8.30)
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which in turn imply
1Rl cr < C VDA (8.31)

For the term R? define the functions
be(y, s, 7) = (Orax, + i(k - ve)ag)(y, s, 7).
Applying Proposition 4.4 with m as in (8.8) then yields
1700 < Cs D~ (A l1bkllo + A bl + A b

[k|=Xo
< CeVou '\ + Co Vo (=1 D™ 4 DOy At
+ 0575\/3 (/Lm_1+aDm+04 + Dgl—m—oz) /\1—m
< CeVop™'A", (8.32)

where we have used (5.5) and (5.9) in Proposition 5.1 to bound ||bx||o, [bk]m and [bx]mta-

Similarly,
IRl < CAlIRY o

+C Y (Aol AT Bt + AT Bl mr14a)
[k|=Xo

< Co Vop Ao, (8.33)
Finally, differentiating R? in time and using the same arguments:

10,850 < CA D (A10:billo + AT [0rbelm + A (Dbl msa)

|k|=Xo
+ 05 > (A10billo + X Dbkl + A [Osbrlm o)
[k|=Xo
< CpVop A (8.34)
Therefore
IRl er < CooVou AT (8.35)
Summarizing
IR llo < Co V3 (DpA®t + ptA%) (8.36)
IR]llor < CuoV/3 (DpA™ + p ' A+ (8.37)

Conclusion. From (8.3), (8.5), (8.9), (8.12), (8.16), (8.19) and (8.36), we conclude
[allo < oy (DU +VEDE+ DA + VoD
+ \/SDM)\Qafl + \/glufl/\a>

< Cus (D€ +VEDuNT 4 \/Eu—lAa) . (8.38)
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From (8.4), (8.6), (8.11), (8.15), (8.18), (8.25) and (8.37), we conclude

IR1]lc, < Cus (D + VOADL + §DpX® + VEDu®
+VODPN + Vo AT
<O, (\/SDeA +VEDIN \/EDMU\““) . (8.39)

In the last inequality we have used (3.3) once more: v/ouD > D§~1/2 > D. O

9 Proof of Proposition 2.2

Step 1. We now specify the choice of the parameters, in the order in which they are
chosen. Recall that ¢ is a fixed positive number, given by the proposition. The exponent w
has already been chosen according to
1
| fe=-12 ©.1)
1l —w
Next we choose a suitable exponent « for which we can apply the Propositions 7.1 and

8.1. To be precise we set
w

T tw) ©-2)

The reason for these choices will become clear in the following. For the moment we just

observe that both o and w depend only on € and that a € (0 , 1.e. both Propositions

' Too)
7.1 and 8.1 are applicable.
We next choose:

16
(= —— 9.3
I.D (9.3)
with L, being a sufficiently large constant, which depends only on ||v]|o and e.
Next, we impose
12D = \ (9.4)
and
D\ T DS\ o D&\

where A, is a sufficiently large constant, which depends only on ||v||o. Concerning the
constants L, and A, we will see that they will be chosen in this order in Step 3 below.
Observe also that i, A and % must be integers. However, this can be reached by imposing
the less stringent constraints

<D <A

DO | >



and

IA
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D(S 1+€
V()

1+e
Do oA, (D_5) |
02 0?2

provided A, is larger than some universal constant. This would require just minor adjust-
ments in the rest of the argument.

Step 2. Compatibility conditions. We next check that all the conditions in (3.3) are
satisfied by our choice of the parameters.
First of all, since 6 < J, the inequality £/~ > % is for sure achieved if we impose

Ly>n". (9.6)

Next, (9.5) and A, > 1 implies

because by assumption § < §2.

Also,
A ow AT oy (6
(MD)1+M DHT“’ v 52

Since w < 1, A, > 1 and § < 4, we conclude A > (uD)'**. Finally

14w 14w

Do\ = - w A, 5 \ 1w
)\El—l—w (9~3)§(9-5) Av < ) (L;15D_1)1+ o (Dw > )

52 - R Sltw

Thus, by requiring
A, > LI 9.7)

we satisfy A > ¢~(1+%)_ Hence, all the requirements in (3.3) are satisfied provided that the
constants L, and A, are chosen to satisfy (9.6) and (9.7).

Step 3. C° estimates. Having verified that o € (0, 1) and that (3.3) holds, we can

apply the Propositions 6.1, 7.1 and 8.1. Proposition 8.1 implies
1 Rullo < C, (De FVEDENTE \/SD%AG—%)

0+ —0 (9.8)

(since now the exponent o has been fixed, we can forget about the a-dependence of the
constants in the estimates of Proposition 7.1 and 8.1). Choosing first L, and, then, A,
sufficiently large, we can achieve the desired inequalities (9.6)-(9.7) together with

||13b1||o <0 .
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Next, using Proposition 7.1, it is also easy to check that, by this choice, (2.5) is satisfied
as well. Furthermore, recall that, by Proposition 6.1,

o1 = v]lo = [Jwllo < CVS.

If we impose M to be larger than this particular constant C, (which depends only on e),
we then achieve (2.7).
Finally, as already observed in (3.16),

M2
lp1 —pllo = 75 + [|v = vellofJwlo -

Since |[v — vello < CD¢ < C§ and ||wl|ly < C.\/6, we easily conclude the inequality
(2.8). This completes the proof of all the conclusions of Proposition 2.2 except for the
estimate of max{||v1||c1, || R1|cn}-

Step 4. C'! estimates. By Proposition 8.1 and the choices specified above we also have
| Raler < 67
whereas Proposition 6.1 shows
lorller < D+ [Jwl|er < D + CeV/oA.

Thus, we conclude

o D(S 1+e
max{||vl||cl, ||R1||cl} < D+ C.VoA < D+ C.VoA, (—)

52
3 D 1+¢
< D+ C.A02 (§> )

Since 62 > 62, we obtain

o s (D 1+e
wax (ol 1Rl } < 260,07 (3)

Setting A = 2C.A,, we conclude estimate (2.9).

10 Proof of Remark 1.3

Step 1. Estimate on the C' norm. We claim that the proof of Proposition 2.2 yields also
the estimate

D 1+e
Ipiller < llpller + Ad*Te (§> : (10.1)
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where, as in Proposition 2.2, A is a constant which depends only on e, ¢ > 0 and ||v||o.
Indeed, recall the formula for the pressure:
p=p- -

Therefore we estimate, using Proposition 6.1

[p1ller = lpller < flwollollwoller + Jwllol|v — veller + [lwl|er][v — vello
< C0N+ C.DVS + C.DIVSN.

As before, (3.3) implies A > pD > D5~ and D¢ < §. Therefore, we conclude

D(S 1+E
Iptler < [pllor + CooA < [pller + Cuhud (—)

52
D 14
< lpllor + A%+ (5_) |

Step 2. Iteration. We now proceed as in the proof of Theorem 1.1. We construct the

o

sequence (py, vn, Ry,,) of solutions to the Euler-Reynolds system, starting from

(pOa Vo, R%0) = (Oa 07 0)
and applying Proposition 2.2 with §,, = a~*". As in the proof of Theorem 1.1, we set

y_ 3 3042
2 1—2¢

and choose a sufficiently large so to guarantee the inequality
D,, = max{||lvalc1, | Ruller} < a®" .

We then use (10.1) to conclude

Ipnrallor < llpaller + Aal 2D
Since A depends only on ||v,||o which turns out to be uniformly bounded, we can assume
that A does not depend on n. Therefore, if we choose a sufficiently large, we can then

write

lpnsiller < |lpuller + o (138) e+ 1)

Since py = 0, we inductively get the estimate

[Pnsiller < (n+ 1)ai T3t < gl+ae)(er "
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(again the last inequality is achieved choosing a sufficiently large). Summarizing, if we
set ¥ = (1 +4¢e)(c+ 1), we have

Hpn+1 _anO S C€5n S Ceaibn
Ipn1 = paller < a™
Interpolating we get |[p,y1 — Pallce < Coal@F)=D8" for every o € (0,1). Thus the
limiting pressure p belongs to C'? for every

1 1
< = .
1+9 1+ (1+4e)(c+1)

0

As e | 0, we have ¢ | 3 and hence

1 1
T40 5

L
10°
we construct a pair (p,v) which satisfies the conclusion of Theorem 1.1 and belongs

to CY(T? x ST, R3) x C?(T? x Sh).

Therefore, for every 6 < if the € in Proposition 2.2 is chosen sufficiently small,
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