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Abstract

In (Isett, Regularity in time along the coarse scale flow for the Euler equations,
2013), the first author proposed a strengthening of Onsager’s conjecture on the fail-
ure of energy conservation for incompressible Euler flows with Holder regularity
not exceeding 1/3. This stronger form of the conjecture implies that anomalous
dissipation will fail for a generic Euler flow with regularity below the Onsager
critical space L B31 /030 due to low regularity of the energy profile. This paper is
the first and main paper in a series of two, the results of which may be viewed
as first steps towards establishing the conjectured failure of energy regularity for
generic solutions with Holder exponent less than 1/5. The main result of the present
paper shows that any given smooth Euler flow can be perturbed in C ,1,45_8 on any
pre-compact subset of R x R? to violate energy conservation. Furthermore, the per-

turbed solution is no smoother than Ctl’és_s. As a corollary of this theorem, we show

the existence of nonzero C,l,fcs_s solutions to Euler with compact space-time sup-
port, generalizing previous work of the first author (Isett, Holder continuous Euler
flows in three dimensions with compact support in time, 2012) to the nonperiodic
setting.

1. Introduction

The present work concerns the construction of Holder continuous solutions to
the incompressible Euler equations on R x R?

The work of P. Isett is supported by the National Science Foundation under Award No.
DMS-1402370. S.-J. Oh is a Miller Research Fellow, and would like to thank the Miller
Institute at UC Berkeley for support.
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that fail to conserve energy. As we consider solutions with fractional regularity,
what we mean by a solution to (E) is a continuous velocity field v : R x R? — R3
and pressure p : R x R? — R that together satisfy (E) in the sense of distributions.
For continuous solutions, this notion of solution may be formulated equivalently
in terms of the integral laws of momentum balance and balance of mass, which are
commonly used to derive (E) in continuum mechanics; see [15].

A central question concerning weak solutions to (E) is the possibility of dissi-
pation or creation of energy for solutions to Euler in Holder or Besov type spaces
where the known results on energy conservation do not apply. The interest in this
question originates from a 1949 note of L. Onsager on statistical turbulence [27],
wherein Onsager proposed a mechanism for turbulent energy dissipation driven by
frequency cascades that he postulated may exist even among appropriately defined
weak solutions to the inviscid equation (E). There Onsager stated that energy is
conserved by periodic solutions in the class L{°CY if « > 1/3, and conjectured
that energy conservation may fail for such solutions if « < 1/3 (see [15,17] for
detailed expositions). The conservation of energy stated by Onsager was proven in
[7, 18], and this result was refined in [6] to show that energy conservation holds for
energy class solutions in the space L? B31/C3 @) on either 7 x T" or I x R" (see also

[16,21] for further proofs). On the other hand, the proof of energy conservation fails
1/3
B

for the space L,3 3 oo

and an example in [6] suggests that anomalous dissipation
of energy may be possible in this class. The Besov regularity B 11,/ 20 carries a special
significance in turbulence theory as it agrees with the p = 3 case of the scaling
(lv(x 4+ Ax) —v(x)|P)1/P ~ e3 |Ax |% predicted by Kolmogorov’s theory [26]. See
[19,29] for further discussion. Recently there has also been a series of advances
towards the negative direction of Onsager’s conjecture that we will discuss further
below [1,12,14,23].

Following the works above, the first author proposed in [24] a stronger form
of Onsager’s conjecture that will be a main motivation for the present work. The
conjecture of [24] states that a generic solution to incompressible Euler with reg-
ularity at most 1/3 will not only fail to conserve energy, but also will possess an
energy profile of minimal regularity. For periodic solutions in the class C;C¢ with
a < 1/3, the conjecture may be formulated precisely as follows:

Conjecture 1. (Generic Failure of Energy Regularity) For any o < 1/3, there
exists a solution to (E) in the class v € C,CY(R x T") whose energy profile
e(t) = fT'l |v|2(¢, x)dx fails to have any regularity above the exponent 2a /(1 — ),
in the sense that e(t) ¢ W>*/(1=0+er(I) for every e > 0, p = 1 and every open
time interval I € R.!

Furthermore, the set of all such solutions v with the above property is residual
(in the sense of category) within the space of all weak solutions to (E) in the class

)
\)

I Here we use W57 to denote the Sobolev space with “s” derivatives measured in L”.
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v e C;CY(R x T") when the latter space is endowed with the topology from the
C:C% norm.

Conjecture 1 conveys a sense in which anomalous dissipation should be unstable
and nongeneric for weak solutions to Euler with regularity strictly below 1/3.
Assuming Conjecture 1, anomalous dissipation fails to hold for generic solutions
to Euler in the class C;C¢ when o < 1/3, as the energy profile of a typical solution
in such a space will fail to be of bounded variation, and hence fail to be monotonic.
Instead, the only regularity one can expect for the energy profile of a solution in
this class would be provided by the following estimate, proven in [24]:

sup sup XEEO D < g, M)
t At#0 |Af|T-a

One expects that the Cl% bound above should be sharp, since the proof of (1)
can be viewed as a generalization of the argument used by [7] to prove the positive
direction of Onsager’s conjecture. (The proof of (1) gives more precise information,
showing that the fluctuations in the energy profile at time scales of the order 7 are

governed by contributions from wavenumbers of the order rfﬁ J)

The formulation of Conjecture 1 captures part of the intuition that even slight
perturbations in a space of solutions with regularity below 1 /3 will typically produce
small, rapid oscillations in time for the energy profile of the solution, and the
regularity of these oscillations will be governed by the regularity of the perturbation
in accordance with the proof of inequality (1). The same intuition offers a picture
of what may be expected for solutions in the Onsager critical spaces L7 B>

3,00
for p < oo, namely that anomalous dissipation (if possible) would be similarly

nongeneric for solutions in Lp B / for p < oo, but in contrast would be stable

under perturbation for Euler ﬂows in the L°°B3l / 030, where having a strictly positive
rate of energy dissipation —g; f o2 (t, x)dx = & > 0 is an open condition. One

goal of our work is to give ngorous support to the above intuition in the range of
exponents o < 1/5 for dimension n = 3.

Remark. The aforementioned stability result derives from the following estimate
for the difference of the energy profiles e, e; of two weak solutions to Euler in the
class vy, v € L°°Bl/ 3 with domain I x T” or I x R", which was observed in [24,
Section 3] by extendmg the argument of [6,7]:

2

d
Na(ez —e1)

SClvy—v 513 Max { ||v 5173, ||V 51/3
. llv1 2||L?033f00 [ 1||L’OOB3‘/OO [ 2||L;>033(00
Here it is important to consider solutions with uniform in time bounds rather than

. e . . . 51/3
L? integrability, since the analogous estimate in the class LpB / wfor3 <p<oo

controls only the L’ /3 norm of % de (or the total variation norm of in the case

p = 3). For p < o0, one should expect instead that the set of all solutlons with
nonincreasing energy profiles would be a closed set with empty interior (and hence
be nowhere dense) in the space of all L” Bj / solutions.
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In this paper and the companion paper [22], we establish two results towards
affirming Conjecture 1. The main result of the present paper shows that given any

smooth Euler flow, the law of energy conservation can be violated by arbitrarily
. . . 1/5—¢
small localized perturbations in C,

no better than the perturbation.

, and the regularity of the perturbed flow is

Theorem 1.1. (Perturbation of smooth Euler flows) Let (v(o), p(0)) be any smooth
solution to the incompressible Euler equations on R x R3. Then for any €,8 > 0
and pre-compact open sets o), U such that Qo) # ¥ and Q) C U, there exists a
weak solution (v, p) € C,l’és_g X C,z, ECI/ > 1o the incompressible Euler equations

on R x R such that the following statements hold:

1. The solutions (v, p) and (v, p)) coincide outside U, that is,

(v, p) = (v0), p)) on (R x RO\U. )

2. Thesolutions (v, p) and (v, p()) differ at mostby § in the Cll’fcs_s X Cz()cl/s_g)

topology, that is,
lv—voll s + Ilp — poyll 20/5-0) < 8. 3
1,x t,x

3. Foreveryt € R and open set Q' C R> such that {t} x Q' € Q(0), the solution
v(t, x) fails to be in the class v(t,-) ¢ CY5(Q), and furthermore fails to
belong to the Sobolev space v(t, ) ¢ Wi H Q). As a consequence, v does
not coincide with vy on any open subset of Qo).

4. There exists t, € R and a smooth, non-negative function ¥ = ¥ (x) = 0 with
compact support such that

xlt.x)ed} S{x|yx) =1}

and we have

2 2
/ 1/;(x)|v(t*’x)| dr > / W(x)|v(0)(t*’x)| d. @)
R3 2 R3 2

In particular, the solution v fails to conserve energy if its energy is finite.

We note in passing that Theorem 1.1 provides the first construction of finite
energy, continuous solutions failing conserve energy that take place outside the
setting of periodic tori. In particular, we obtain failure of energy conservation for
C,lffs solutions on any bounded domain, and the existence of compactly supported
solutions on R x R? by taking (v(0), p0y) = 0 and (o) to be a non-empty pre-
compact open subset of a suitable domain /.

As in previous constructions, the range o = 1/5 is out of reach of our method.
On the periodic torus, the construction of (1/5 — ¢)-Holder solutions that fail to
conserve energy was first achieved in [23] improving on initial constructions of
(1/10 — g)-Holder solutions in [12, 14] (see also [1,2] for a shorter proof closer to
the scheme of [12,14]). We also note the construction of solutions with compact

time support in the class CRX N L}Ci/%g by [3,5].
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Remark. Theorem 1.1 holds as well for background solutions (v(y), p()) which
are defined only on some open set O which contains /. Indeed, all our arguments
go through essentially verbatim, as all of our techniques are localized. Moreover,
in terms of the Cauchy problem, Theorem 1.1 demonstrates that uniqueness and
conservation of energy fail for all smooth initial data in the energy class within the
class of weak solutions constructed in the Theorem.

In the companion paper [22], we prove the existence of solutions to Euler with
energy profiles approaching the minimal regularity 2o/(1 — &) for 0 < @ < 1/5,
thus confirming that the 2« /(1 — «v)-Holder estimate (1) is sharp in this range. This
result supports the intuition underlying Conjecture 1, as we show moreover that
irregularity of the energy profile may arise from a compactly supported perturbation
of the 0 solution in C7', .

Theorem 1.2. (Euler flows with prescribed energy profile [22]) Let ¢ < 1/5, let
I € R be a bounded open interval, and let &(t) = 0 be any non-negative function
with compact support in I which belongs to the class é(t) € C! for some y > 127"‘

o
Then:

1. There exists a weak solution (v, p) to the incompressible Euler equations in
the class v € C* (R x T3) with support contained in

suppvUsuppp € [ x T3

such that the energy profile of v is equal to ng |v|2(r, x)dx = é(t) for all
teR

2. Moreover, one may choose a one parameter family of solutions (va, pa), 0 <
A £ 1, with the above properties such that the energy profile of v is equal to
f’]l‘3 lva|2(z, x)dx = Aé(t) and such that ||UA||C105X — 0as A — 0.

Theorem 1.2 builds upon work of [2,12, 14] for prescribing smooth energy profiles
the periodic setting and on the organizational framework developed in [23]. We
remark that our arguments also allow one to achieve an energy profile that does
not have compact support provided the norm ||e|| c7 = sup, le(®)] + sup, sup| a0

et 2001 s finite.

We view our proofs of Theorems 1.1 and 1.2 as first steps towards establishing
Conjecture 1 in the range of exponents @ < 1/5. Namely, in the greater scheme
of proving Conjecture 1, one could proceed by showing that the set of exceptions
to the Conjecture is contained in a countable union of closed subsets of C;C¢
having empty interior. Verifying the empty interior condition amounts to proving
a perturbation result, which would roughly amount to showing that an arbitrary
solution with v € C;C¢ can be perturbed in C;C¢ to obtain a solution v € C;C¥
whose energy profile fails to belong to W2¢/(I=)+&1 (1) on every open interval
I C R. The second statement of Theorem 1.2 shows that the trivial solution v = 0
can be perturbed in C;C¢ to achieve any given energy profile e(¢) which is small
in C2¢/(=)+¢/2 Our proof of Theorem 1.1 suggests that a similar perturbation
should be possible with the 0 solution replaced by an arbitrary smooth background
flow.
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An important goal of our work is to emphasize the perspective that Onsager’s
conjecture is inherently a local problem, where the main issue at hand concerns
high frequency oscillations in the velocity field at small spatial scales. Other results
that help draw attention to this point of view are the works of [11,16,21]. This local
perspective on the problem is emphasized by the local character of Theorems 1.1
and 1.2, and by the improvements in our construction that allow us to achieve this
localization.

In considering the problem of constructing nonperiodic solutions, we are con-
fronted with new issues that are closely connected to the conservation of angular
momentum and did not arise in the previous work in the periodic setting. That is,
in the setting of the whole space every weak solution to the Euler equations with
finite energy and appropriate integrability conserves both linear and angular mo-
mentum, and these conservation laws pose further restrictions on the construction
of weak solutions that were not present in the periodic setting. Thus, even if one
is only interested in constructing solutions with finite energy without requiring the
additional property of compact support, there is essentially no way to avoid consid-
erations regarding the conservation of angular momentum. The main difficulty we
face in this regard involves the construction of symmetric tensors with a prescribed
divergence 9; R/ = U" and good decay. See Sections 1.1.2 and 10 below for fur-
ther discussion. At the same time, our method of constructing compactly supported
solutions by localizing the construction also appears to be the most straightforward
approach to obtaining finite energy, continuous solutions on the whole space or on
a bounded domain.

In connection with the conservation of angular momentum, we observe that our
methods yield a result of i-principle type that is of independent interest. The result
we obtain (Theorem A.1 below) states that any smooth incompressible velocity
field with compact support that satisfies the conservation of linear and angular

momentum can be realized as a limitin L7, weak-* of some sequence of compactly

supported C,l‘fcs_g Euler flows. This theorem contributes to the growing literature
on h-principle type results in fluid equations [8,10,13,25]. See Appendix A below
for further discussion.

The proof of Theorem 1.1 (as well as Theorem 1.2 in [22]) is simplified substan-
tially by the fact that we are able to obtain an exponential growth of frequencies
in the iteration, and to truncate a parametrix expansion in the argument after a
bounded number of steps. These simplifications are achieved through the use of
spatially localized waves, through a family of operators designed to solve the sym-
metric divergence equation (see Sections 1.1.2 and 1.1.4 below), and through the
use of sharp estimates for the regularized velocity field, phase functions and stress
that were developed in the work of [23] using an accelerated mollification tech-
nique. The same novelties in the proof lead to other features in the construction
that are desirable from a physical point of view, including a compatibility with
the scaling and Galilean symmetries of the equations, and a self-similarity of the
construction. We discuss these further in Sections 1.1.3 and 1.1.4 below. Our proof
also features a simple proof of a key property of the mollification along the flow
technique introduced in [23], which is included in Section 11.1.
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Our overall construction is based on the method of convex integration that
has been used to construct Holder continuous Euler flows in the periodic setting
[1,12,14,23]. In particular, we follow rather closely the notation and framework
developed in the first author’s earlier paper [23]. However, the present construc-
tion also involves several modifications compared to [23] that specifically address
the issue of angular momentum conservation, and which are used to localize the
construction. We have therefore made an effort to give a summary of the new con-
struction that is mostly self-contained, referring to [23] only for some basic results
and estimates.

1.1. Main Ideas in the Construction

The main new ideas in our construction revolve around the issue of angular
momentum conservation and the related problem of localizing the construction to
obtain compactly supported solutions. The new ideas we employ result in some
new features for the construction that are desirable from a physical point of view,
including compatibility with the symmetries of the equations and the exponential
growth of frequencies.

1.1.1. Euler-Reynolds Flows and Conservation of Momentum The Holder
continuous weak solution to the incompressible Euler equations (E) in Theorem 1.1
is constructed by an iteration scheme, where each step consists of adding a correc-
tion to an approximate solution to improve the error while maintaining the desired
properties. Beginning with the work of [14], the space of approximate solutions
used to build continuous solutions to (E) consists of the solutions to the following
underdetermined system known as the “Euler—Reynolds equations”:

' + 9,y +8'p=0a;R

9.0) &)
jvT = 0
Here, R/! is a symmetric tensor called the Reynolds stress whose trace-free part
measures the error by which (v, p) fail to solve the Euler equations.? Solutions
to (5) are called Euler—Reynolds flows. A well-known and important property of
the equation (5) is that it contains weak limits of solutions to the Euler equations.
Namely, the divergence free property of v remains true after taking weak limits,
and a weak limit of tensors v/ v/ must be symmetric, even though it may fail to be
rank 1.

Under appropriate decay assumptions, the space of Euler—Reynolds flows on
R x R3 can also be viewed as the space of incompressible velocity fields which con-
serve both linear and angular momentum. Namely, the usual laws of conservation

2 The convention initiated in [14] is slightly different in that the Reynolds stress is repre-

sented as R/ and there is an additional requirement that RI! has vanishing trace. Although
we will not use this convention, one obtains an equivalent definition of Euler—Reynolds flows

since the trace part can be absorbed into the pressure gradient 3l p=10;( pz?j h.
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of linear and angular momentum
/vl dx = const, /xkvl — x'v*dx = const (6)

can also be proven for Euler-Reynolds flows under the assumption that R/! e L}’x
(which is exactly the integrability one obtains if R/! is obtained from weak limits of
Euler flows with uniform bounds on ||v|| Ltzx)‘ Conversely, if v’ is divergence-free
and conserves both linear and angular momentum, then (formally) one can represent
v as an Euler—Reynolds flow with p = 0 by solving the following underdetermined
elliptic equation, which we call the symmetric divergence equation:

3R =0 (7

for U! = 9,v' +9;(v/v'). The conservation of linear and angular momentum for v’
ensures that the implied force U F=30 49 I (vivh) is orthogonal to every element
K; to the kernel of the Killing operator d; K; + ;K j, which is (up to a sign) the
adjoint to the symmetric divergence operator 8.,~Rj ! on symmetric tensors (with
appropriate decay). Formally, this property ensures that U lies in the image of the
symmetric divergence operator.

It is a basic principle of convex integration that approximate solutions used in
the construction turn out to be weak limits of solutions to the partial differential
equation (or inclusion) that is being solved (see, for example, Appendix A below,
or [8,13,23]). As a consequence, we are forced in our construction to work with
approximate solutions that likewise satisfy the laws of conservation of linear and
angular momentum (6), which are linear and thus survive under weak limits. In
particular, our corrections must maintain the conservation of angular momentum (in
addition to the divergence-free property and the conservation of linear momentum),
which is a new feature compared to the construction on the periodic torus.

1.1.2. Localized Solution to the Symmetric Divergence Equation The main
innovation in our construction is a new method for solving equation (7), which
enables us to control the support of the solution R/! and to obtain C estimates for
R7! and its derivatives compatible with dimensional analysis and with the transport
structure of the problem. Our solutions are given by explicit linear operators applied
to the data U, which retain the property of compact support when the data U’ is
compactly supported, and produce solutions to (7) whenever U' is L?-orthogonal to
constant and rotational vector fields 3; and x¥8; — x! 9. As discussed earlier, these
vector fields span the kernel of the L?-adjoint of the symmetric divergence operator.
Given a correction to the velocity and pressure fields that is spatially localized and
preserves both linear and angular momentum, this method allows us to construct a
new Euler—Reynold stress that is similarly localized in space. This idea is key to
our localized convex integration scheme, as we will explain below in Section 1.1.3.

The starting point behind the construction of solution operators to (7) can be
illustrated in the context of the strictly simpler problem of finding compactly sup-
ported solutions to the divergence equation

QR =U (8)
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where U is a scalar function and R’ is an unknown vector field on R”. This equation
arises often in hydrodynamics, as well as in the foundations of the differential forms
approach to degree theory [30, Section 1.19].

Assume now that the scalar field U in (8) has compact support, and satisfies
fR" Udx = 0. These conditions are clearly necessary for a compactly supported
solution to (8) to exist. Our starting point for solving (8) is that, when these necessary
conditions are satisfied, one can obtain a solution to (8) by Taylor expanding in
frequency space

n 1 n
UE) =00+ Zsz/o d'U(og)do = D i&R' () ©)
i=1 i=1
—~ 1o
R\(&) = ?/ 3'U(c€)do. (10)
0

From the physical space expression of (10) one can see that the vector field R
defined in (10) actually has compact support in a ball of radius p about O whenever
U is supported in the ball of radius p. One can see also see from (9) that the vector
field R! defined by (10) solves (8) whenever f Udx =0 0) =0.

We now view Formula (10) as the frequency space representation of a linear
operator applied to the scalar function U. The problem with this operator is that the
resulting solution R’ apparently has a singularity at the origin in physical space. Our
cure for this problem is to “spread out” the singularity by taking advantage of the
translation invariance of Equation (8). Namely, one can construct new solutions to
(8) by conjugating the operator defined by (10) with a translation operator, thereby
translating the singularity. By taking a smooth average of such conjugates we obtain
an operator which is explicit and does not have a singularity while also maintaining
control over the support of the solution. The operator obtained in this way turns
out to coincide with a known formula introduced by Bogovskii in [4] for solving
Equation (8).3 The novelty here is that we obtain a conceptual derivation of this
formula that generalizes to solving the symmetric divergence equation.

In our context, it is also important that the solution R/! (t, x) moves with time
along the ambient coarse scale flow of the construction when the data U L, x)
travels in the same way. In other words, our operators should commute well with
the advective derivative along the coarse scale flow. We achieve good transport
properties for our solution operators by taking advantage of the freedom to conjugate
with any smooth family of translations we desire when defining the solution operator
ateach time slice. By averaging with respect to a family of translations which moves
along the ambient coarse scale flow, we are able to achieve solution operators with
good commutator properties with respect to the advective derivative. We refer to
Section 10 for the full details of the solution to (7).

1.1.3. Localization of the Construction  Our construction relies on the use of
localized waves that are supported on small length scales which vary inversely with

3 The authors thank Hao Jia and Peter Constantin for bringing Bogovskii’s formula to our
attention.
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the frequency of the iteration. In contrast, the constructions in the periodic setting
use waves supported on length scales of order ~1 independent of the ambient
frequency. Thus, in our construction, the number of waves occupying each time slice
is very large at high frequencies. The corrections in the construction are modified so
that they maintain the balance of angular momentum as well as the divergence-free
property.

Due to the use of localized waves and a rearrangement of the error terms in the
construction, we always solve (7) with data which satisfies the necessary orthogo-
nality conditions while simultaneously remaining localized to a small length scale
p. This smallness of support leads to a gain of a factor p for the solution to (7),
which is an estimate one expects from dimensional analysis

IRllco < plIUco-

The gain of this smallness parameter p allows us to achieve for the first time expo-
nential (rather than double-exponential) growth of frequencies during the iteration.
Eliminating the need for double-exponential growth of frequencies in the iteration
leads to some technical simplifications in the proof, and also leads to solutions that
appear more natural from a physical point of view.

In contrast to the periodic case, where the increment to the energy in each
stage of the iteration is a prescribed function of time e(t), we prescribe a local
energy increment e(#, x) that is a function of both space and time, allowing for
the possibility of compact support in time and space. In order to ensure that our
increments satisfy the required bounds on both spatial and advective derivatives, we
apply the machinery of mollifying along the flow introduced in [23]. For the Main
Lemma of the iteration, we also prove an estimate on the local energy increment; see
(25). This estimate applied in our paper to prove the nontriviality of our solutions.
We hope that estimates of this type may also be useful in future applications, such
as the study of admissibility criteria for the Euler equations as initiated in [11].

Using our bounds on the local energy increments and the other natural estimates
of the construction, we prove that the solutions obtained from the iteration fail to
belong to v(t, -) ¢ C'/31% on essentially every open ball contained in their support.
While this lack of regularity is a new result concerning the solutions produced by
the iteration, we emphasize that this property actually follows from the construction
without any modifications. For instance, the same argument shows that the solutions
of [2,23], which belong to C,C)‘g‘*_'S for some o* < 1/5 and all ¢ > 0, actually
fail to belong to v(z,-) ¢ C @0 for any § > 0 on basically their whole support.
Our solutions, whose frequencies grow exponentially, necessarily fail to belong to
v(t,-) ¢ C'/5%% and we show that they may also fail to be in v(z, ) ¢ cl/3 by
taking an appropriate choice of frequencies in the iteration.

Our result on the failure of higher regularity confirms that the estimates applied
in [23] are sharp, and that any improvement in regularity for the solutions requires
modifications in the construction. For example, we see that the solutions of [5],
which possess regularity v(z, -) € C'/37¢ for almost everywhere ¢, must be obtained
through a nontrivial modification of the construction of [2]. The proof of this lack
of regularity also suggests that such results may be more difficult to obtain without
losing control over the energy profile, as we show that failure of spatial regularity



On Nonperiodic Euler Flows with Holder Regularity 735

follows from the same family of estimates that are used to control the energy
profile.

Our techniques for localizing the construction and addressing the issue of an-
gular momentum conservation lead to a framework that accords well with the
symmetries of the Euler equations. Thanks to the combination of our use of local-
ized waves and our new method for solving the divergence equation (7), we have
obtained an iteration framework whose bounds are all dimensionally correct with
constants that are universal. We have also maintained the property that the esti-
mates of the iteration depend only on estimates for relative velocities as opposed
to absolute velocities (for example, || Vv||co as opposed to [[v]|co). This property
is natural in view of the Galilean symmetries of the Euler equations, and the fact
that Onsager’s conjecture itself is Galilean invariant.

1.1.4. Comparison with Ideas in Turbulence Previous constructions of Euler
flows by convex integration have led to many features that are regarded as unphys-
ical and sharply contrast the well known description of turbulence in the physics
literature. One of the most glaringly unphysical features of previous solutions ob-
tained through convex integration has been the requirement of double-exponentially
growing frequencies in the iteration, which result in large gaps in the energy spec-
trum of the solutions. In contrast, turbulent flows are well-known to exhibit a power
law in their energy spectrum, which was first predicted by the foundational the-
ory of Kolmogorov. Another strange feature common to previous constructions of
Holder continuous solutions is the use of waves occupying length scales of size ~1
independent of their frequency. Turbulent flows, on the other hand, have since the
seminal ideas of Richardson been described to first approximation as being com-
posed of a self-similar hierarchy of eddies occupying smaller and smaller length
scales.*

The solutions constructed in the present work turn out to have a closer resem-
blance to the above physical descriptions of turbulent flows. We use waves that are
supported on small length scales which allow us to achieve an exponential growth
of frequencies for the iteration while obtaining a purely local framework for the
construction. This use of localized waves seems to be essentially forced on us by the
problem. The resulting solutions exhibit a self-similar structure similar to what was
once imagined to be characteristic of turbulence. From the point of view of com-
paring to turbulence, the most significant, unphysical characteristic that remains
for our solutions is the failure to reach the regularity 1/3 conjectured by Onsager,
which is predicted by Kolmogorov’s theory and agrees with certain experimental
measurements of turbulent flows. In this regard, it is important to remark that the
new methods introduced here do not introduce any error terms which would prevent
improvements in the Holder regularity (see Remark 7.5).

4 1tis important to note, however, that self-similarity in turbulence is known to fail. The
phenomenon of intermittency which describes this failure of self-similarity is an active area
of research; see, for instance [9] for a recent mathematical approach expanding the model
of [20] and for further references.
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A closely related, unphysical property of our solutions is the presence of anom-
alous time scales in the construction that are inconsistent with the Holder regularity
1/3 and also differ from the natural time scales of turbulent flows. The scale of time
cutoffs for waves at space scale 2~ Lin our constructionis A~%/>, which is far shorter
than the scale A ~2/3 obtained from turbulence theory for the turnover time of eddies
at scale 1. In view of the time regularity estimate (proved in [24])

1-2 2
1@: + P<gv- V) Pyyivllcogxin < C2UN0IE, cu ) gony-
which is saturated in our construction for @ = 1/5, this feature limits the regularity
of the construction to C,;C ;/ 3 We refer to [24, Section 9] for further discussion.

2. Organization of the Paper

We organize the remainder of the paper as follows. The main body of the
paper begins with Section 3, where we state the Main Lemma of the paper, which
provides an essentially complete statement of the result of a single iteration of the
construction.

After some preliminaries on the geometry of flow maps in Section 4, the con-
struction itself begins in Section 5, which provides a high level summary of the
scheme and derives a list of the error terms in the construction. Section 6 finishes
the description of the construction up to the choice of some length and time scale
parameters that are determined in Section 7. Sections 8 and 9 are devoted to esti-
mating the elements of the construction and the resulting error terms. In Section 10,
we derive and prove estimates for the new operators which are applied in Section
9.1 of the construction to solve the symmetric divergence equation (7). In Section
11, we show how that the Main Lemma of the paper implies Theorem 1.1 on the
perturbation of smooth Euler flows.

The paper concludes in Appendix A, where we indicate how the Main Lemma
of the paper can be used in combination with the operators of Section 10 to yield a
sharp h-Principle type result for incompressible Euler on R x R3.

3. The Main Lemma

In this section, we present the Main Lemma which is responsible for the proof
of Theorem 1.1. The purpose of this lemma is to describe precisely the result of
one step of the convex integration procedure. Theorem 1.1 follows from iteration
of this Lemma as we will explain in Section 11.

To state the Main Lemma, we recall the notion of frequency and energy levels
for Euler—Reynolds flows introduced in Sections 9 and 10 of [23].

Definition 3.1. Let L = 1beafixedinteger. Let & = 2, and let e, and ey be positive
numbers with eg < e,. Let (v, p, R) be a solution to the Euler-Reynolds system.
We say that the frequency and energy levels of (v, p, R) are below (&, ey, er) (to
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order L in C% = € (R x R?)) if the following estimates hold:

IV¥0]|co < BRel/? k=1,...,L (11
IVEpllco < EFey k=1,....L (12
IVERI|co < Eer k=0,....L (13
[IVE@ +v-V)R||co £ EFF el 2ep k=0,...,L—1. (14

Here V refers only to derivatives in the spatial variables.

It is important to note that the bounds in Definition 3.1 are consistent with the
dimensional analysis of the Euler equations: namely, the frequency level E ~ [L] -1
is aninverse length and the energy levels e, and e have the dimensions of an energy
density ey, eg ~ IT12 We refer to Sections 9 and 10 of [23] for the motivation for
this definition and further discussion.

Our Main Lemma is based on the Main Lemma in Section 10 of [23] but
also keeps track of how the support of the approximate solution enlarges after the
addition of a correction. The way the support enlarges is governed by the geometry
of the flow map of the velocity field v, so the following definition will be useful for
keeping track of this support.

Definition 3.2. (v-adapted Eulerian cylinder) Let &5 = P, (¢, x) be the flow map
associated to a vector field v. Given 7, p > O and a pomt (t0, x0) of the space-time
R x R3, we define the v-adapted Eulerian cylinder CU (z, p; to, xo) centered at
(to, xo) with duration 2t and base radius p > 0 to be

Cu(t, pi 10, x0) i= {®s(t0, x0) + (0, 1) = Is| Sz, [hl < p}. (15

In other words, év (z, p; 1y, xp) is the union of spatial balls of radius p about the
trajectory of (zp, xo) along the flow of v for ¢ € [tp — 7, 19 + T].
Similarly, if § C R x R3 is a set, we define

Cor.p:8) = ) Cu(r. pito, x0). (16)

(f0,x0)€S
With these definitions in hand, we can state the Main Lemma.

Lemma 3.1. (The Main Lemma) Suppose that L = 2. Let K be the constant in
Section 7.3 of [23], and let M = 1 be a constant. There exist constants Cq, C > 1,
which depend only on M and L, such that the following holds: let (v, p, R) be
any solution of the Euler—Reynolds system whose frequency and energy levels are
below (B, ey, eg) to order L in Co.

Define the time-scale 0 = 16”—1/2’ and let e(t, x) : R x R3 — R> be any
non-negative function which satlsﬁes the lower bound a

e(t,x) = Kegp  forall (t,x) € C‘U(G, e supp R), 17)
(using the notation of Definition 3.2) and whose square root satisfies the estimates

VK@, + v V) e Plleo < MEF(Ze)/) el 0<r<1,0<k+r<L.
(18)
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Now let N be any positive number obeying the bound

o\ 32
Nz (—) (19)
€R
2\ 12
and define the dimensionless parameter b = fy—zN
e

Then there exists a solution (v1, p1, R1) of the Euler—Reynolds system of the
formvy =v+V, py = p 4+ P whose frequency and energy levels are below

el/2 1/2
(E/v e:)’ e/R) = CONEs €R, (e;;—zN) €R (20)
R
1/2 172
:(CQNE,@R,bl—eU ;R ) (21)

to order L in C°, and whose stress Ry is supported in
supp R1 C év(e, E_l; suppe). (22)

The correction V.= v; — v is of the form V =V x W and can be guaranteed to
obey the bounds

—_ — —1 = — i 2
V1o + (NE)YIVV|lco + (b~ Eel/2) 7113, +v70))VIco £ Ce” (23)

|Wlco+(NE) VW co+b Bel/H) (3 +v79,) Wl co
<c(NE) el (24)

The energy of the correction can be prescribed locally up to errors bounded uni-
formly in t by

‘/ |V|2(t,x)1//(x)dx—/ e(t, x)y(x)dx
R3 R3

/2,102
< e (Iwlp + 87 IVViL) (25)

Sfor any smooth test function  (x) € C2° (R3), where L' = L' (R3). The correction
to the pressure P = p| — po satisfies the estimate

I1Pllco + (NE) IV Pllco + (b~ Eey/) 1|3 + v - V)Pllco < Cer. (26)
Finally, the space-time supports of V and P are also contained in

supp V Usupp P C Co(0, E7Y; suppe). 27)
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Lemma 3.1 is very similar to the Main Lemma in [23], but there are a few
differences which are important to observe.

Unlike the Main Lemma in [23], Lemma 3.1 is entirely consistent with dimen-
sional analysis and does not impose a restriction on N that would force super-
exponential growth of frequencies. Namely, the Main Lemma of [23] imposes an
additional condition N = E" for some n > 0, and this condition on the fre-
quency growth parameter forces a double-exponential growth of frequencies when
the lemma is iterated to construct solutions to Euler. The condition N = E" is
also unfavorable for being inconsistent with dimensional analysis, as the parameter
E has the dimensions of an inverse length, whereas the parameter N is supposed
to be dimensionless. By excluding the requirement N = E”, Lemma 3.1 is now
completely consistent with dimensional analysis, and hence agrees with the scal-
ing symmetries of the Euler—Reynolds equations. Furthermore, Lemma 3.1 allows
for an exponential (rather than double-exponential) growth of frequencies in the
iteration, which gives our solutions a closer resemblance to the classical picture of
turbulent flows.

Another feature of Lemma 3.1 contrasting the Main Lemma of [23] is that
Lemma 3.1 keeps track of the enlargement of support of R in terms of the v-
compatible Eulerian cylinders in Definition 3.2. Also, the function e(¢, x) which
determines the increment of energy to the system is a function of both time and space
rather than simply a function of time e(#) as in [23]. Thus, the required estimates
(18) for e(t, x) are stated in terms of both advective and spatial derivatives, and the
lower bound (17) is stated in terms of the v-compatible cylinders. In order to apply
Lemma 3.1 to construct solutions, we will have to show that there exist energy
profiles which satisfy the necessary conditions (17) and (18) for any given values
of E and e,. We have included an additional parameter M in (18) to ensure that
such functions can be constructed.

The estimate (25) for the energy increment also differ from those of [23] for the
increment to the total energy. Here our energy increment estimates are localized as
they are stated in terms of a test function . This type of estimate allows us to es-
tablish local properties of the resulting solutions, including the failure of local C'/3
regularity stated in Theorem 1.1. The estimate (25) is also more natural in terms of
dimensional analysis. From this point of view, the factor of (|| || ;1 + E-Nvy L)
has the dimensions of volume when we regard v as being dimensionless. The units
of volume have been normalized to agree with units of mass [M] in the physical
derivation of the Euler equations. Therefore, both sides of (25) have the dimensions
of energy %

Finally, we point out that, as in [23], the enlargement of support is expressed in
terms of the support of R, rather than the support of v and p. Thus, if the Euler—
Reynolds flow (v, p, R) satisfies the Euler equations except on a compact subset
Q C R x R? on which R is supported, the corrections to the pressure and velocity
and the resulting error R; can be made to have compact support in a neighborhood
of Q by the appropriate choice of e(z, x), even if the ambient velocity and pressure
(v, p) do not have compact support.
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Now we begin the proof of Lemma 3.1. We start in Section 4 with some pre-
liminary lemmas concerning the geometry of the Eulerian cylinders of Definition
3.2 that will play an important role in the proof. We then give a technical outline
of the scheme in Section 5 wherein we organize a list of the error terms in the
construction. We continue the proof of Lemma 3.1 through Section 10.

4. Preliminaries on Eulerian and Lagrangian Cylinders

Here we collect some basic facts about the geometry of Eulerian cylinders which
will be useful during the construction. We will assume throughout this section that
we are working with time-dependent vector fields v (¢, x) = (v', v%, v?) defined on
R x R3 which are continuous in (7, x) and C! in the spatial variables with uniform
bounds on || Vv|co. We denote by &, the flow map associated to v, which is the
one-parameter group of mappings ®; : R x R x R?> — R x R? generated by the
space-time vector field 3, + v - V. If v is defined only on an open subset of R x R3,
then likewise @ (z, x) is defined only on an open subset of R x R x R3.

In addition to Eulerian cylinders, we will also be interested in the concept of a
Lagrangian cylinder adapted to a vector field v, which we define as follows.

Definition 4.1. (v-adapted Lagrangian cylinder) Let v = (v', v2, v3) be as above.

Let &3 = d, (¢, x) be the flow map associated to a vector field v. Given 7, p > 0
and a point (f9, xo) of the space-time R x R3, we define the v-adapted Lagrangian
cylinder Ty (, p; to, xo) centered at (¢, xo) with duration 27 and base radius p > 0
to be

Py (x, p; 10, x0) 1= {®s (g, x0 + 1) : Is| = 7, k| < p}. (28)

In other words, f‘v (z, p; 1y, xo) is the union of trajectories for times r € [fo — 7, o+
7] emanating from a spatial ball of radius p about xy.
Similarly, if § C R x R3 is a set, we define

Po@,p;8) = |J Tulx pit0, x0). (29)

(tg,x0)€S

Throughout the proof, we will often make use of the following duality between
Eulerian and Lagrangian cylinders:

(', x") € Cplt, p;1,x) < (1,x) € [y(z, p; ', X). (30)

Our first Lemma provides the most basic estimate on the geometry of the flow
of v.

Lemma 4.1. Let v = (v', v2, v3) be as above and let ®,(t, x) = (1 + s, D (1, x))
be the flow map associated to d; + v - V. Then for every (to, xo), (s, h) € R x R3,
we have

|kl 1VVlco < @] (19, x0) — (0. x0 + M)| < [Alef VW0, (31)
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Proof. Define d2(s) := |’ (to, x0) — P’ (to, x0 + h)|2. Recalling the definition of
@/, we easily compute

d

% d%(s) = 2 (P} (1, x0) — P (to, x0 + 1)) - (v(to + s, P (to, x0))

— v(tg + s, CD;(I(), xo))) .

By the mean value theorem, we see that
2 d » 2
=2[[Vullcod(s) = d—d (s) = 2[IVullco d=(s).
\)

Note that d?(0) = |A|?. Thus, applying Gronwall on each side, we obtain

|h|2672SHVU”C() g dZ(S) é |h|262s\|Vv||Co .
Taking the square root, we then arrive at the desired set of inequalities. O

A simple consequence of Lemma 4.1 is the equivalence of Eulerian and
Lagrangian cylinders.

Lemma 4.2. (Equivalence of Eulerian and Lagrangian cylinders) Let v be as above,
let (to, x0) € R x R3 and let T, p > 0. Then

A

[y(z, e TV 1. x0) Cy(t, 03 fo, x0) C [y(z, e™Vvlop: 10, x0).  (32)

Proof. Let (7, x) € ['y(t, e "IV?l0p: 4. x0). Then there exist s € R, |s| < 7 and
h € R3 with || < e~7IV¥lop such that

(t, x) = @y (1, X0 + h) (33)
= D,(19, x0) + h (34)
h = ®(ty, x0 + h) — @ (1o, X0)- 35)

From Lemma 4.1 we have |i] < e’IV?lo|n| < p. This bound establishes the first
containment in (32).

For the second containment, let (¢, x) € év (t, p; to, x0). Then there exists € R,
Is| £ tand h € R3, |h| £ p such that

(t, x) = Dy(t0, x0) + (0, h) (36)
= D, (19, x0 + ) (37)
(0, ) = ®_ (D (tg, x0) + (0, h)) — D_s(Dy(10, X0))- (38)

From Lemma 4.1 we have |i| < elslIVVlojp) < e7IVelop which concludes the
proof. O

From Lemma 4.1 we can also quickly prove the following containment prop-
erties of cylinders:
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Lemma 4.3. Let v be as above, let (tp, xo) € R x R3 and let v, 11, 00, p1 be
positive numbers. Then

VvlloTa

P1; to, X0) (39)
Co (12, p2: T (T1, p1: 10, %0)) € Co(T1 + 12, p2 4 €l VVIOTH2) 545 x0)  (40)
[y(r2, p2: Co(T1, p1: 10, x0)) € Co(ty + 12,V 02(0) + )i 10, x0).  (41)

Cy(t2, p2; Cy (11, p1; 10, X0)) € Co(T1 + 12, 02 + €

Proof. To see the containment (39), let (7, x) € év(rl, o1 év(‘L’o, 005 10, X0))-
Then we can write

(t, x) = @y, (s, (t0, x0) + (0, ~1)) + (0, h2) 42)
with |s;| < 1; and |h;| < p;, i = 1, 2. We rewrite (42) as
(1, x) = Dy 45, (f0, x0)) + (0, b1 + h2)
(0, hy) = ®y, (g, (0, X0) + (0, h1)) — Dy, (Py, (f0, X0)).

Then || < elVPlos2)p,| < elVUlon2 ) by Lemma 4.1, and the containment (39)
follows by the triangle inequality. The containments (40) and (41) are proven sim-
ilarly. O

We will sometimes have the need to compare the cylinders of two related veloc-
ity fields. To prepare for such a comparison, we start with the following preliminary
estimate.

Lemma 4.4. Suppose that u(t, x) and v(t, x) be vector fields on R x R3 as above.
Denote by W &(t,x) = (t + 5, V@) and Wdy(t,x) = (¢t + 5, WD) their
associated flow maps. Let (g, xo) € R x R3. Then we have a comparison estimate
@] (19, x0) — “ @ (10, x0)| < [lv — ullcols|elIVI0. (43)
Proof. Define
d*(s) = |V @, (10, x0) — “ P} (10, x0)I*.

Then we have

d
—@) =2 (" (10,30~ @ 1. x0)) - (00 Dy 10, 30) ~u(“ D (10, %)) )
(44)
Writing v = (v — u) + u and applying the mean value theorem, we have
d o 2
a(d ) S 2]lv —ullcod + 2| Vul| cod”. (45)

Inequality (43) now follows from (45) and the fact that d2(0)=0. O
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The estimate (43) is most useful when the vector field u is the smoother of the two
vector fields. Note that the inequality (43) reduces to the trivial bound |® (79, x0) —
(to+5,x0+s0)| < |lv— 1 cols| when we take u = ¥ to be a constant vector field.
We also remark that Lemma 4.4 holds even if v is only continuous, in which case
the trajectory @, (z, x) through any given point may fail to be unique.

From Lemma 4.4, we have the following Cylinder Comparison Lemma

Lemma 4.5. (Cylinder Comparison Lemma) Ler v and u be as in Lemma 4.4,
T >0,p>0and (ty, x0) € R x R3. Then,

Co(t, p; 10, x0) € Cu(z, p + Tllv — ul| coe™ ™ntVelo-IVvlod, 1 oy (46)

Proof. For (7, x) € Cy(t, p; to, xo), There exists s and & with |s| < 7 and |h]| < p
such that

(t, x) = W (10, x0) + (0, h)
= W (19, x0) + (V@ (10, x0) — Dy (t0, x0)) + (0, k).

The containment (46) now follows from Lemma 4.4 and the triangle inequality.
O

The following Lemma will be our basic tool in Section 11 for keeping track of
the enlargement of support of the approximation solutions during the iteration.

Lemma 4.6. Let v, u be C! vector fields on R x R3 such that v = u on (R x R3)\Z,
where Z is a closed set. Then for any open set @ C R x R3 containing Z (that is,
Z CQ)andt, p > 0, we have

[u(z, p; Q) =Tu(z, p; Q).

Proof. By symmetry, it suffices to show that IA“M (t,p; Q) C ﬁv(f, p; ), orequiv-
alently,
R x RO\, (7, p; ) € R x RO\ (7, p; Q). (47)
Let (r,x) € (R x R3)\f‘v(t, p; ). By definition, this is equivalent to the
statement

W@ (z,x) & B(p; 19, x9) forany (fp, x0) € 2 and |s| < 7.

In particular, (”)Cbs (t,x) € (R x R3) \  for |s| £ 7. Notice, however, that
v = u in the region (R x R3)\Q. Therefore, (7, x) € (R x R)\I, (7, p; Q), which
proves (47). O

5. Basic Technical Outline

In this section, we recall the basic technical outline of the scheme and give a
list of the error terms which arise.

Let (v, p, R) be a velocity field, pressure and stress tensor which satisfy the
Euler—Reynolds equations (5) with frequency energy levels below (&, ey, eg). To
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perform the construction, we add corrections to the velocity and the pressure v| =
v+ V, p1 = p+ P where the correction to the velocity is a sum of high frequency,
divergence-free waves V = >, V; which have the form

V; = e (v + Svy) (48)
= e”‘s’ 171. (49)

The phase function &; (¢, x) and amplitude v; (#, x) are at disposal, but vary slowly
in space relative to the large frequency parameter A. The small corrections Sv;
are present to ensure that (48) is divergence-free, and also to make sure that each
correction has vanishing linear and angular momentum. Each individual wave has
a conjugate wave V; = V; which oscillates in the opposite direction & 7= —&rand
has amplitude v; = vy, so that the overall correction is real-valued.

The corrected velocity and pressure now satisfy the system

ot + ;0] vh) + 8" py = 8, V! + 0,07 V) + 9, (VI (50)
+ >0,V Vi) +9; [Z Vi Vi+ sl + R”}
J£D
(51
d;v] =0.

Our goal is to represent the terms on the right hand side of (50)—(51) as the diver-

gence 0; RJ of a symmetric tensor RJ which is small and which satisfies appro-
priate bounds on its spatial and advectlve derivatives. First it is necessary to define
appropriate mollifications v, and R, of the given v and R so that the building blocks
of the construction will be influenced only by the low frequency part of the given
(v, p, R). These mollifications give rise to the following error term:

01 = ( — v )V + VI — o) + (R = RI). (52)

We now gather the remaining terms in (50)—(51). Expanding the first term in (50)
using the Ansatz (48) leads us to impose the transport equation

&l +v]0jE =0 (53)

for the phase functions &;7. One can interpret equation (53) as an assumption that
the high frequency features are carried by the coarse scale flow. It is natural to
impose (53) since, as the paper [24] demonstrates, this behavior is forced by the
Euler equations in some quantitative sense.

Assuming (53) and using 9; V/ = 0, the remaining error terms in Equation (50)
then have the form

9; 00 =0,V + 0,V +8;(Viuh) (54)
= Ze"*ff (0 + vl 07 (55)

+ Z eI 57 (56)
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The term (55) is referred to as the transport term since it involves the advective
derivative. In contrast to the work of [23] in the periodic setting, it is necessary to
keep the terms (55)—(56) together for working in the whole space. The reason is
that o j(Vj vé) by itself may fail to be orthogonal to rotational vector fields, even
though it is guaranteed to have integral O and is therefore orthogonal to constants
(that is translations). The combination 9; CALES j(Vj vé) on the other hand is
already the divergence of a symmetric tensor, and therefore satisfies the necessary
orthogonality conditions to invert the symmetric divergence equation. Therefore,
as long as we ensure that the term 9,V also satisfies the necessary orthogonality
conditions (that is, V conserves both linear and angular momentum), one can hope
to solve (54).

We also isolate the high frequency interference terms from (51), which we can
gather in symmetric pairs so that once again the necessary orthogonality conditions
are clearly satisfied

. 1 . .
PRIADEEDIIUATERAN (57)
J#I J#I
1 . .
=5 2. ViV +Vig;V)). (58)
J#I

To treat these terms, we draw on the idea introduced in [14] of using Beltrami
flows. Following the treatment in [23], this approach involves adding additional
correction terms to the pressure

P=P+ > Pry (59)
JAT
where P; j = _%VJ -V, and imposing the “microlocal Beltrami flow” condition

(iVED) x vy =|VE/|vy

so that the waves V; in (48) serve as curl eigenfunctions to leading order.
After we apply the identity

Vi-VV;+V; VVi==-Vi x(VxV)=V; x(VxV)+VV; -V,

and add the gradients of the pressure terms P; 7, the remainder of the high frequency
interference terms (57) can then be written as a main term which is made small
after choosing sharp time cutoffs

. -1 .
0,0} = — 2T o x (1981 = Dy + vy x (V& = Durl (60)
J#I
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plus lower order error terms involving the small corrections §v;, which we
express using (49)

9;0%, = _71 erfﬂfﬁéﬂ [vr x [((VE)) x By1+ 8vy x [((VE) x T/]]

J#I
1 .
— 5 2 AT o X [ VES) X Bug] + vy X [GVED x Sv]]
J#T
1 .
-5 Zel“fﬁéﬂ [0/ x (V x §,) 4y x (V x 5)]. (61)
J#T

We remark that our estimates for the terms (60) and (61) rely on a nonstation-
ary phase argument, so it is important to check that we have uniform bounds on
| IV + &)~ |lco for all pairs of indices I, J, J # I which interact in the
construction.

The final term in (51) is called the stress term and takes the form

0 =2 (V{ V) + P/ + R (62)
I
where Py is the low frequency part of the correction to the pressure (59). The
term Qél is the only error term (including (52)) which is of low frequency. We
expand (62) using the Ansatz (48), and to ensure that (62) is small, we choose the
amplitudes Py and v; so that the leading order term in (62) cancels. This choice
leads to the stress equation for the amplitudes:

> vjvh = —Pos’" — RI. (63)
1

The role of the term P in (63) is essentially to ensure that the right hand side of (63)
is positive definite, and also to help prescribe the leading order term in the energy
increment of the correction as in the estimate (25). Note that equation (63) leads
to the estimates v; ~ |R|'/2 and | Py| ~ |R] for the amplitudes of the corrections
indicated in inequalities (23), (26).

The remaining stress term is then given by

0f =" (5v]5; + v]8v) + 60]80)) (64)
I

Thus, the new stress takes the form
il il il il il il
R{ =03, + 0% + 07 + 0} + 0%y (65)

where Qﬁ,l[ and le are represented by Equations (52) and (64) and where Q7, Oy
and Qp are obtained by solving the elliptic equations (54), (60), (61).

We now proceed in Section 6 below to describe the correction in more detail.
In Section 6.1, we will complete the outline of the scheme by indicating how the
error terms in (65) are organized, and how the support of the error terms remains
under control during the iteration.
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6. The Shape of the Corrections
Our correction has the form of a sum of individual waves
vi=>"v/. (66)
1
The individual waves are complex-valued and take the form
vi=e (v + 5v§) (67)

where the phase function &; (¢, x) is allowed to be nonlinear, and the amplitude v;
is complex-valued and required to satisfy v; € (V&)L so that the wave (67) is
divergence free to leading order. The nonlinear phase functions &; and amplitudes
vy vary slowly in comparison to the large frequency parameter A. The correction
dvy in (67) is a lower order term defined in Equation (72) below which is present
so that each wave V; is exactly divergence free.

In previous approaches, the divergence-free property was ensured by taking the
wave V; to be the curl of a vector field

Vi =V x Wy (68)

as in [23] or by solving a divergence equation to correct the main term as in [14].
Here, we use waves of the form

V]:VXVXY[ (69)

where the potential Y; is given by

1
leﬁe

1

irEp _ v
= —=VjJ.
V&2

i, VI (70)
We impose the double-curl form (69) because our waves are required to be diver-
gence free and also to ensure that the corrections have 0 angular momentum. Thus,
the curl form (68) is also achieved, and it will be easy to see that the associated
Wi = V x Y7 obeys all of the same estimates stated in (24) as in [23]. With the
Ansatz (69), we have

v = [(EVENXT (71)

1 ) V X yj
Su = =V x | (V&) Xy + — | (72)

Our amplitudes are required to satisfy the “microlocal Beltrami flow” condition
(iVEr) x vy = |Vér|vg (73)

so that (67) behaves to leading order like an eigenfunction of the curl operator with
eigenvalue A|V&;|. Condition (73) allows us to control interference terms between
high frequency waves provided we include sharp time cutoffs which keep the phase
gradients very close to 1 in absolute value |V&;| ~ 1.
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To specify the amplitudes v; more precisely, we must first specify the index
set Z for the indices I € 7. The index I € Z has two parts I = (k, f). The
discrete coordinate k = (kg, k1, kp,k3) € Z x 73 indicates the location of the
wave V7 in space time. Namely, a wave with location index k = k(/) will be
located in a neighborhood of the point (t(1), x(I)) = (kot, k1p, k2p, k3p) and
more specifically its support will be contained in a Lagrangian cylinder adapted to
Vg

. (2
supp V; C [, (?T Py t(I),x(I)) . (74)

The waves V; will be arranged so that every given point and time (¢, x) has at most
24 location indices k for which the wave Vik, r)(t, x) may be nonzero. The time
scale T > 0 and the space scale p > 0 are small parameters which will be specified
during the construction.

The other part of the index I = (k, f) is the direction coordinate f, which
specifies the direction of oscillation of the wave V(, r). This coordinate f € F
belongs to a finite set F of cardinality | F'| = 12, which we take as in [23] to be the
set of faces of a regular dodecahedron

1.+ 1.+ 4.0, 1
Fo i(O, , <p)7i(, <p,0)’i( ¢,0,1)
VIi+er  Jl+¢2  Jl+¢?

with ¢ = (1 4 +/5)/2 being the golden ratio. Thus, each location index k supports
12 waves indexed by (k, f) and the number of nonzero waves at a given point (¢, x)
is bounded by 2% x 12. The reason for the cardinality | F| = 12 is that 6 independent
directions are necessary in order to span the space of symmetric tensors in Equation
(63), and each direction f must come with a conjugate direction — f corresponding
to the conjugate index I = (k, — f).

To explain the amplitude v; more precisely, we decompose vy = aj + ib; into
its real and imaginary parts, which both take values in ay, b; € (V&;)* pointwise.
The condition (73) is equivalent to the relationship

(V&pD
— X
[VEr|

The imaginary part is then represented in the form
t—t(
b = El/z(t,x)n( @

Let us explain the terms appearing in equation (76). The factor

() ()
T T

is an element of a rescaled, quadratic partition of unity

D rt-y=1 (78)

yeZ

by. (75)

aj =

) i (t, X) Y1 P (Ve ). (76)
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that is used to glue local solutions of the homogeneous, quadratic equation (63).
Hence, the wave V(y, ) is supported in the time interval of size 2{ aboutt(l) = kot
as desired.

Similarly, the factor ¥ (¢, x) is an element of a partition of unity in space

D Vliokidokn X)) =1 (79)

ki,k2,k3

which localizes V(x, r) to the cylinder f‘vs (%r, p; t(I1), x(I)). More specifically, ¥
solves a transport equation

@ +vl3)Yx =0 (80)
Vit (1), x) = Yi(kot, x) = Y (x) (81)

whose initial conditions

- —k —k —k
TG =1 (x1 1p) . (xz 2p) . (xz 3p) 82)
o o P

form a rescaled, quadratic partition of unity in space as in (79).

Here we introduce the new element of including a small length scale p on which
the waves are localized. Having such sharp cutoffs in space is natural in view of
the goal of obtaining solutions with compact support. We will also find in Section
10 that these cutoffs play a role in ensuring that our new method of solving the
symmetric divergence equation obeys the correct bounds which eliminate the need
for super-exponential growth of frequencies. We will see that p is chosen to be of
size ~ E7!, the same length scale on which the building blocks v; and V& vary.

The factor

(Vés1-VEI)
- ——90 83
|V$[|2 51 ( )

Pr(VE ) =06
is a vector field of size &1 which takes values in the plane (V&;)L. This vector
field was constructed by taking an orthogonal projection of one of the other phase
gradients V&;j, ol = (k,of) which occupies the same location indexed by &,
but oscillates in a different direction o f. The vector field (83) is essentially the
smoothest vector field of size A1 taking values in (V&) that one can hope to
construct. Placing 7311-(VE<7 Db in (76) ensures that b; (and hence a; defined in
(75)) takes values in (VE&;). The index o1 # I is chosen to satisfy o = o1,
which ensures that by = —b; and hence a; = ay, so that V; = V; is indeed a
conjugate wave.

The factor &'/2(z, x) isa regularized version of the function el/2(¢, x) described
in the statement of the Main Lemma (Lemma 3.1). Thus, we will show that

&2, x) 2 Keyl* (84)

on a neighborhood of the support of R/! which will contain the support of R;Sﬂ.
The function &'/2(¢, x) satisfies all the bounds stated in (18), and can also be
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differentiated in space an arbitrary number of times with good bounds. From (76),
the amplitude v; can be written in the form

vy 251/210}1. (85)
The factor &!/2 accounts for the size of the amplitudes |v;| £ C e}e/ % with C de-
pending on the constant M in (18), while 0; has size of the order |0;| &~ 1. The

renormalization (85) leads to a renormalization of the stress equation (63) for the
renormalized amplitudes v;. We choose Py in (63) to be

Py = ]~+1Rj18 = ]“+1tR
=——e+ - i1 =—=¢+ -tr R,.
0 3 3 ot 3 300

With this choice, the right hand side of the Stress Equation has a prescribed trace
e(t, x)

j -1 ~ 87! 3 jl
> vl = e, x)— — R} (86)
1

Here Rf;l denotes the trace free part of R/!. The function é turns out to be the
main term in the increment to the energy (see Section 8.1 below). In terms of the
renormalized amplitudes v;, Equation (86) becomes

. jsl 87! i
D00y =5+ (87)
1
. Rl
el = 22, (88)
e

The tensor ¢/! in (88) is bounded by lle/! lco = O(1/K) due to the lower bound
e(t,x) = Kep assumed for e(t, x) in (84). In Section 7.3 below, we verify that,
on the support of R, the regularized function ¢ maintains the same lower bound
satisfied by e. Aslong as K is larger than some absolute constant, this bound ensures

that the term /% in (88) is smaller than the term ‘33—’[ in (87), so that the right hand
side of (87) is positive definite and solutions v; to (87) exist.

We can rewrite Equation (87) as a quadratic equation for the unknown coeffi-
cients y; appearing in (76), which all have size on the order of ~1. It turns out that
the coefficients y; can be written as

v =vs (V& e’). (89)

for some smooth, real-valued functions y s depending only on the gradients of the
phase functions occupying the same location V&7, I € k x F and the tensor &/
appearing in (88). In fact, only six different functions y s are used for the formula
(89), so that one is not worried about seeing an infinite multitude of constants in
the construction.
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The phase functions themselves are chosen to satisfy the transport equation

(a0 +vlo;) & =0 (90)
Er(t(1), x) = & (x) 91)

where the initial data &; is a linear function whose gradient has absolute value
V& = 1. The direction of the initial data &, r) is obtained by taking the faces
f € F of the dodecahedron, and applying different rotation matrices Oj to these
faces

Ek. () = f - Opg(x — x(I)) (92)
x(I) = (kip, kap, k3p). (93)

Here we use a family of 2* rotations O] depending on the equivalence class of
k] € (Z/ (27))*. These rotations ensure that no two phase functions occupying
adjacent location indices k will oscillate in the same direction. More precisely, they
satisfy the following Proposition taken from [23, Lemma 7.1].

Proposition 6.1. There exists a collection of 2* rotations Ofx indexed by [k] €
(Z)(2Z))* and a positive number ¢ > 0 with the property that

|foOu+foOwlZc ff eF [k,[K1e(Z/QL)* (94

holds unless f' = — f and [k] = [K'].

This arrangement will allow us to have uniform bounds on |V (£; +&;)|~' < A, so
that the phase functions &; 4+ &; appearing in (60) remain uniformly nonstationary
(see Proposition 7.1 below).

We refer to Section 7 of [23] for a full derivation of the construction.

6.1. A Preliminary Bound on the Support of the New Stress

Having specified the construction in more detail, we can now briefly indicate
how the support of the stress R/ calculated in (65) will remain under control during
the iteration. Here we explain the rationale for including sharp cutoffs in space ¥
in our definition of the amplitudes v;.

The support of the terms Qs and Qg will be relatively easy to control, and one
can see from equations (52), (63) and (64) that these terms will be supported in a
neighborhood of the support of R containing the union of the supports of the waves
Vi composing V. We therefore focus on the term Qj - Q¥ + Ql ! + 0’ H/, which
is obtained by solving the elliptic equation

;00 =U! (95)

Ul =av o (v 4 Vi) + 30 (Vv PusT). 6)
J#I
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We will construct Q ¢ as asum of individual parts Q‘g => Qg NE Each individual

part.Q"Ol’ 7 accoupts for the wave Vll and the interaction terms involving Vll by
solving the equation

il
9jQp.1 =Uj 7
Ul =8,V +9; (vg vig v vg) (98)
1 : . .
+1 2 o (vivievivi-vive) (99)
JI#T

where we recall the choice of P; ; in (59).

Note that the force term U ; satisfies the orthogonality conditions necessary for
(97) to admit a solution, as the individual waves V; are required to have O linear
and angular momentum at all times, and because we keep the interactions of line
(99) in a symmetric form. Furthermore, observe that the support of Uy is contained
in the support of Vj.

Our method of solving the Equation (97) has the property that if the data U f is
supported in an Eulerian cylinder CA'vg (z, p; 1o, x0) adapted to v, and furthermore
U 5 satisfies the orthogonality conditions necessary for the existence of a solution,

then the solution Qg ; We construct is also supported in the same Eulerian cylinder

CA’US (7, p; to, x0). From Lemma 4.2 on the equivalence of Eulerian and Lagrangian
cylinders, it follows from (74) that

A (2T Z9velor
supp Vy Usupp Qo1 € Cy, ?,63 0%t (), x(1) ) . (100)

The containment (100) will play an important role in controlling the support of the
overall stress Ry, which is achieved in Section 7.5.

The containment (100) will also be essential for proving that only a limited
number of waves V; and stress terms can be nonzero at any given point. We sum-
marize this basic property of the construction as a Proposition, which we prove in
Section 7.6 after the parameters of the construction have been chosen.

Proposition 6.2. (Limited Interactions) Let #(I) denote the number of indices I’
such that the support of Vy: intersects the support of Vi, plus the number of stress
terms Qo1 whose supports intersect the support of Qo,;. Then #(I) is bounded
by an absolute constant.

7. Choosing the Parameters

We now assume that we are given a solution (v, p, R) to the Euler—Reynolds
equation with frequency-energy levels below (Z, ey, eg) to order L in C? in the
sense of Definition 3.1. In Section 6, we defined a correction of the form

Vi = eI (v; + Svy)
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up to the choice of several parameters in the construction. These parameters include:
the frequency parameter A; the mollification parameter ¢, for v,; the mollification
parameters ¢;, &, for R, and &'/2; the time scale parameter 7; and the length scale
parameter p.

The purpose of this section is to specify our choices of these parameters. More-
over, we show that the support bounds (22), (27) and Proposition 6.2 hold under our
choices, provided that (100) holds. We remark that (100) ultimately follows from
our procedure of finding a compactly support solution to the symmetric divergence
equation, which will be presented in Sections 9-10.

The large frequency parameter A has the form

A= B,NE (101)

where N is the frequency growth parameter satisfying the conditions of Lemma
3.1, and B, is a large constant which will be chosen at the very end of the argument.

7.1. Defining the Coarse Scale Velocity Field

To begin the construction, it is necessary to define a suitable regularization v,
of the velocity field v. We define

Vg = Mg, * Mg, * V (102)

to be a double mollification of v in the spatial variables at a length scale ¢,. Regu-
larity in time for v, is established from the Euler—Reynolds equations, and having a
double mollification is useful for proving the commutator estimate for (9; +ve- V) vg.
The most important requirement on the length scale ¢, is that & !'is smaller than
A, which ensures that the effective frequency of v, (or the cost of taking a spatial
derivative) is small compared to X.
Associated to the coarse scale velocity field v., we also define the coarse scale
advective derivatives
D H2
53:(8t+v£'v)» m
The regularization in Equation (102) gives rise to an error term of the form

j iNy/! ) 1
W =)V + VI —vy)

= (3 + ve - V)2 (103)

described in Equation (52). The parameter ¢, is chosen in order to achieve a good
estimate on the leading order part of this error term, which is given by

Oy = > e [ = vhuf +vj@ = D] (104)
I
Strictly speaking, the amplitudes v; in (104) depend on the choice of v.. How-

ever, the construction of Section 6, in particular Equation (76), guarantees that the
amplitudes obey an estimate

< Alé?|co (105)

Z|U1|
1
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as long as the lower bound ¢ > K e, is satisfied on the support of R,, and provided
the phase gradients V&; remain within a certain distance of their initial values. See
Section 7 of [23].

We construct the function &'/2(z, x) in Section 7.2 by regularizing the function
e!/2(t, x) given in Lemma 3.1, so we expect to prove a bound of the type

1€ 21 co < 1€l co. (106)

Here we recall the notation that the symbol < denotes an inequality which has not
been proven, but will be established later in the construction. (In particular, there
is no implied constant.)

Assuming (106), the bound (105) implies an estimate

< AMe)? (107)

Z|v1|

1

where M is the constant in Lemma 3.1. Inequality (107) implies that
L 1/2
H Qi H < AMe*|lv = vellco. (108)

‘We now choose the parameter ¢, in (102) to ensure that Q s | obeys a bound which

is consistent with a scheme aimed at the regularity 1/3 (see Section 13 of [23])

e 11) 2, j? /2
200N

EAE

Using well-known estimates for mollifications (see Sections 14 and 15 of [23]),
one has that

v —vellco < Aek VU]l o (110)

provided that the mollifying kernel 7., satisfies vanishing moment conditions
[ h%ne, (h)dh = 0O for all multi-indices 1 < |a] < L.
We achieve the estimate (109) by taking ¢, of the form

gy =aN Vgl (111)

where a is a small constant depending on the A and M in inequalities (105)—(110).
Observe that &' = N'/L' & is smaller than A ~ N E since we assume control over
at least L = 2 derivatives in Lemma 3.1. We also note that the choice of &, here
coincides up to a constant with the choice of parameter in Section 15 of [23], which
will allow us to quote the estimates from [23].
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7.2. Defining the Regularized Stress and Energy Increment

In addition to defining the coarse scale velocity field v, we also require suit-

able regularizations of the energy increment e(z, x) and the stress R/!(z, x). These

regularizations e (¢, x) and RJ (t, x) are used to define the amplitudes in Equations
(76) and (89) of Section 6.

Our definition of R, follows the construction in Section 18 of [23]. We first
regularize R in space using a double convolution R, = 7, * 1, * R, and then
regularize in time by averaging along the trajectories of the vector field (9; + ve - V)
to form

R, x) = / RI'(@(t, x))ne, (s)ds. (112)

The map &, appearing in (112), which we call the coarse scale flow, is the one-
parameter family of diffeomorphisms of R x R? generated by the space-time vector
field (9; +ve - V). Namely, &, (7, x) : Rx R x R3 — R x R3is the unique solution
to the initial value problem

d o d i i

Efbs(t,x): 17 aq)s(tv-x)zvg(q)S(tsx))v CD()(I,X)Z(Z,)C).
The motivation for averaging along the coarse scale flow comes from the need
to estimate the first advective derivative g Q17 of the transport term Q7 obtained
from solving equation (55). In particular, estimating (I; Q17 requires estimates on the
second advectlve derivatives of the amplitudes vy, and therefore requires estimates

Rg and 3¢ by virtue of the construction of Section 6. The key fact which
312 32

allows for estimates on the second advective derivative is the fact that 2 3; commutes
with pullback along the flow, and hence commutes with the averaging in (112)
a jl D Rg)f
(0 + v 0a) R (2, x) = a7 (@5 (2, x))ng, (s)ds

d
=/—Ré (s (2, X)), (s)ds. (113)
ds °F

Integrating by parts in (113) allows one to estimate %Rs, whereas estimating
spatial derivatives requires preliminary estimates on the coarse scale flow ;. These
estimates are established in Section 18 of [23]. There, the double-mollification in
space plays a role in the commutator estimates for spatial derivatives V¥ %RE. We
will also give an alternative proof of the identity (113) in Section 11 below.

The parameters ¢, and &; have the form

er=cN VEET! g =cNTTE e (114)
where c is a small constant which is chosen to ensure that the error term generated
by the mollification satisfies the bound

1/2 172

e
IR = Relleo < oo (115)
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The important point about the parameter ¢, is that &; is smaller than the natural

time scale 2~ le, /2 within which the flow of v, remains under control. This upper

. 1/2
bound follows from the condition N = (e’{ el |
e

R
As for the energy increment e(#, x) we define the regularized energy increment
¢ by regularizing the square root of e in essentially the same way. Namely, we
define

e\, x) = / (/%) (s (t, x))7e, (s)ds (116)

where (e!/%) er = Ne, ¥, xel/2isa spatial mollification of e!/2. With this definition,

the inequality (106) follows immediately.

Note that bounds we assume for e!/%(z, x) in (18) are identical to those assumed
for R/! in Definition 3.1 up to a factor of M e;al/ 2. Therefore, all of the estimates
for e follow with the exact same proofs as the estimates for R;. In particular, we
can again choose parameters €, and &; of the form (114) depending on the constant
M in (18) in such a way that the estimate

1/2
< e

12 =172
lle e’ leo = 100N

(117)

is satisfied.
To ensure that ¢ is suitable for the construction, we now must check that the
lower bound

é(to, x0) = Keg (118)

is satisfied for (79, xo) on the support of R, where é = (¢'/2)2. Inequality (118)
is verified in Section 7.3 below, where additional constraints are imposed on the
kernels n;, and n,,.

7.3. Checking the Lower Bound on the Energy Increment

Here we verify that the square root of the regularized energy increment, which
takes the form

2, x) = /61/2(d>s(t, x) + (0, 1)) e, (W)ne, (s)dhds, (119)

satisfies the lower bound &é'/2(r, x) = K1/2e}g/2 for (¢, x) in the support of R,.

Here we abuse notation by writing 1, (k) to abbreviate the expression ng, * ng ()
coming from (116).
What we are given in the Main Lemma is that the function e'/?(z, x) being

averaged in (119) already satisfies the lower bound el/2 > g1/ ze}e/ 2
—1 —1/2
€y s

on any v-
adapted Eulerian cylinder C, (& 21 19, x0) centered at a point (¢p, xg) in

the support of R.
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To ensure that the function &'/? inherits the necessary lower bound from e!/2,

we impose an additional assumption that both kernels in (119) are non-negative
Negs Ne, = 0. (120)

This assumption prohibits us from imposing the vanishing moment condition
f h%ne, (h)dh = 0 for moments of second order |a| = 2, as it will be neces-
sary for f |h|2ngx (h)dh > 0. As a consequence, we are forced to take L = 2 for
our choice of ¢ in the choice of parameters (114) for &1/2_ This choice of parameter
results in slightly worse bounds for derivatives of &!/? compared to what would be
achieved by a larger value of L, but these slightly weaker estimates do not affect
the proof. The key properties we maintain are the fact thate; ! ~ N 1722 is smaller
than the frequency A &~ N & by a factor of N'/2, and the factors of ey ! do not
appear in the estimates until more than two derivatives of &!/2 are taken.

Assuming the conditions (120), we can now check that the lower bound
2 (ty, xo) = KV/ 2e}e/ 2 holds for (0, xo) in the support of R, provided the con-
stants in &, and ¢, are chosen appropriately small. First we make a simple observa-
tion that the support of R, is contained in a Lagrangian cylindrical neighborhood
of the support of R

supp R, C f‘vs (&1, &x; supp R). (121)

The containment (121) follows immediately from the Definition (112) of R, and
the Definition 4.1 of a Lagrangian cylinder.

From the Definition (119) and the condition that n,, and n,, are non-negative
with [ 5, (s)ds = [ ne, (h)dh = 1, we know that the lower bound (118) is satisfied
at a point (#1, x1) provided that el2(t,x) = KV 2e}e/ % on the Eulerian cylinder
(t,x) € CA’US (&¢, €x; 11, x1). Combining this observation with (121) and the assumed
lower bound (17) on e!/ 2 we obtain the desired lower bound (118) as a corollary
of the following Lemma.

Lemma 7.1. If the constant c in (114) is chosen sufficiently small, then
Co(er, &5 Ty, (1, £x3 supp R) € Co(E7 e, 2 B s supp B). (122
Proof. According to Lemma 4.3, we have
Co (&1, &2 Do, (e, £ supp R)) € C, (22, £4(1 4 €l V10%): supp R)
- CA'US (2¢4, 3¢x; supp R)

for the appropriate choice of ¢ in (114). According to the Cylinder Comparison
Lemma 4.5, we have

CA‘US (2¢1, 3ey; supp R) C C, (28,, ey +2|v — vg IICos,e”V”’f ot supp R) .

/2

Substituting the choice (114) and applying the estimates ||[v — vellco < e,l, and

172
( ‘fyzN) < 1, we have

eR

CA‘US(28,, 3ey;supp R) € CA’U(ZCE_leU_I/Z, 6cE_1; supp R).
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This establishes Lemma 7.1, and consequently the lower bound (118), when ¢ is
chosen to be a sufficiently small constant. O

7.4. Choosing the Time Scale of the Construction

Having chosen the parameters for mollifying the velocity, energy increment and
stress, we have now completely specified the building blocks in the construction up
to the choice of three parameters. The three parameters which remain are: the time

t—t(I)
T

scale 7, which determines the lifespan of the time cutoffs n ) of Equation

(77) which enter into the amplitudes, the space scale p, which determines the size
of the support in space for the initial data &k (¢t (1), x) of the spatial cutoffs V¥ (¢, x)
in equation (82), and the constant B;,_in the definition of the frequency parameter
= B, NE. Among these three, the first parameter we specify is the lifespan
parameter t.
The parameter t takes the form
T =bE le; 12 (123)
where b < 1 is a small, dimensionless parameter which we will now specify.

The choice of the lifespan parameter t is restricted by several aspects of the
construction. First of all, T cannot be larger than a multiple of Eei/ 2 as the elements
of the construction which are transported by v, cannot be controlled with good
bounds for times larger than || Vv, || . Secondly, it is necessary for the gradients
of the phase functions to remain W1th1n a certain, finite distance cq of their initial
values in order to ensure the construction is well-defined

IVEr — Vérllco < co. (124)

When the requirement (124) is satisfied for a sufficiently small constant ¢y, we may
guarantee that the phase functions in the construction remain nonstationary, which
is necessary for gaining cancellations while solving the equation d; QI = ei*ki u’l
with oscillatory data. Namely, we have the following Proposition:

Proposition 7.1. (Nonstationary Phase) There exists bg > 0 and an absolute con-
stant A > 0 such that for t of the form (123) with b < by we have

IIVEN o + 1 IVE +ENI o £ A (125)

for all indices I and all pairs of indices I, J with J # I whose supports intersect.

By Proposition 6.1, the construction is arranged so that (125) is satisfied for by
the initial data for the phase gradients VS 7 and V(S 1+ &' 7). The bound (125)
remains satisfied (with a larger constant) provided (124) holds. It is also necessary to
impose (124) with a possibly smaller constant ¢ to ensure that equation (87) admits
solutions in v; € (V&;)* with uniform bounds. See Lemma 7.5 and Proposition
7.2 of [23].
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. 1 172
Assuming 7 < E7 l¢, /

for V& is

, the estimate we obtain from the transport equation

IVE — Vérllco < ABel/*t = Ab. (126)

Therefore, all the aforementioned requirements on the phase gradients V&; of the
construction can be guaranteed by choosing t of the form (123), where b < by is
an appropriately small constant such that the desired bound (124) holds.

Choosing b = b to be a small constant (or something close) would in principle
be necessary to obtain the conjectured 1/3 regularity of solutions for the type of
convex integration scheme we consider. However, the smallness of the parameter
T plays a crucial role in controlling the High Frequency Interference Terms, and
for this reason we are forced to choose » much smaller than a constant, ultimately
leading to solutions with lesser regularity 1/5. This obstruction to higher regularity
was studied in [23], where it was observed that the Transport Term of Equation
(55), which obeys the bound (see Section 19 of [23])

107lco £ CA~'r " e}/* + Lower order terms , (127)
1/261/2
< Cbh~ 190 _°R_ + Lower order terms (128)
B, N
1/2 1/2

can only be guaranteed to have the size desired for the 1/3 regularity if the
b chosen in (123) is taken to be a constant. On the other hand, the High Frequency
Interference Terms, which obey the bound

|Qwllco < C ber + Lower order terms (129)

require b to be significantly smaller than a constant in order for an improvement
in the error to be observed. The estimate (129) arises from Equation (60), which
shows that Qp will only be small provided the terms |[[|[V&;| — 1|0 are small.
Optimizing between (128) and (129) leads to the choice

o2 12
b= boB_l/Z(l/v—z). (130)
ep N

Now the only parameters which remain to be chosen are the length scale p and the
large parameter B,.

7.5. Choosing the Length Scale and Controlling the Support of Ry

A new feature of our construction is the presence of a small length scale parame-
ter p which determines the size of the region on which the spatial cutoffs ¥ (¢, x)
are supported. The purpose of these sharp cutoffs is to control the supports of the
corrections V!, P and the new stress RJ obtained at the end of each stage of the
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iteration, which are required to stay within a neighborhood of the support of the
energy increment e!/?(z, x) according to Lemma 3.1, that is,

suppV € Co(E e, /2, 27" suppe), (131)
supp P € C,(E e, /2, 715 suppe), (132)
supp R; € C, (”‘_1 ~12 gl suppe). (133)
We will take the parameter p to have the form
p=c,E71 (134)

where ¢, is a small constant associated to p which we choose here so that the
containments (131)—(133) can be guaranteed. Note that these containments are
identical to (22) and (27) in the Main Lemma.

Remark. Before we proceed to choose p, it is important to point out that length
scales significantly smaller than (134) would be forbidden for a construction aimed
at proving the conjectured 1/3 regularity. Namely, the presence of sharp space
cutoffs at scale p gives rise to a term of size

0sllco < p " (NE) teg +- - (135)

within the stress term Qs defined in (64). That is, Qs is schematically of size

Vol - |vy]
051~ D> ———
1

and terms of size (135) appear when the derivative hits the spatial cutoff.’ Ideally,
1/2 1/2

the bound (135) should be of size = AfR to obtain 1/3-Holder solutions (see

Section 13 of [23]), and this requirement gives restrictions on the use of length
scales smaller than (134).

We now proceed to estimate the support of R in terms of the parameter p. As
discussed in Section 6.1, the term composing R with the largest support is the term

Qj I QJTJ + Q Q 1> Which is obtained as a solution to the elliptic equation
0; Qg = Ul According to the containment (100), the term Q]l =2y Qg’l is
obtained as a sum of localized pieces, with

supp 00,1 € Cu, (.l V210 p1 1 (1), x(1)) . (136)

The term Qo is nonzero only when the wave V; is nonzero, so we now study the
conditions under which V; is nonzero.

5 The same estimate also arises from the term (61).
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By construction, the support of each wave V; is contained in the support of
its spatial cutoff v and its corresponding time cutoff n, (¢), which together are
supported on some Lagrangian cylinder

A 2
supp V; < 1, (?’ p; z<1),x(1>) . (137)

A wave V| can only be nonzero if the cylinder supporting V; intersects the support
of &/, implying that the terms V; and Q¢ ; are nontrivial only when

(t(I), x(I)) € Cy,(z, p; supp &)

by the duality (30) between Eulerian and Lagrangian cylinders. Thus from (136),
we have

supp Q0.1 C Cy, (z, Ap; Cy, (T, p; supp &)). (138)

Here the constant A is an absolute constant which changes from line to line, and
we have used the fact that elV¥loT < el < A is bounded. By Lemma 4.3, the
right-hand side is bounded by

supp Q0.1 € C., (27, Ap; supp@). (139)
From the definition of ¢, we have
suppe C f‘ve (&, &x; suppe),
and it follows from Lemma 4.3 that

supp Q0.1 C Cy, 2T + &, Ap + Agy; suppe) (140)

where A is an absolute constant coming from the bound || Vv|lpe; < Eei/ 26, <1.
From the cylinder comparison Lemma 4.5, we obtain

supp Qo1 € Cy (2T + &1, Ap + Aex + Allv — ve |l co(T + &); suppe) . (141)

/

Using the estimate |[v — vellco < ell) 2 guaranteed in line (111), we can therefore

guarantee the bound

supp Q0.1 € Cy (E_lev_lﬂ, gl suppe) (142)

after possibly choosing smaller constants ¢, ¢, and bg in the definitions (114),

(134), (123) and (130) for the parameters ¢y, &, p and t. We also see that the sum

Qo = >; Qo,r has the same bound on its support from supp Qo < UJ; Qo.1-

Finally, it is clear that the other terms Q ps and Q s contributing to Ry in (52) and (63)

have even smaller support. Therefore the containment (133) has been guaranteed.
By construction, these choices also guarantee that

suppe C Cy (E_leljlﬂ, gL suppe) ,

which implies the desired containments (131)—(132) for V and P.
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7.6. Bounding the Number of Interaction Terms

Having chosen the time and length scales of the construction, we can now verify
Proposition 6.2, which states that each wave V; and stress term Q o shares support
with a bounded number of distinct indices.

First, for a given index I, let #(I) denote the number of indices I’ such that
the support of V;/ intersects the support of V. Recall from (137) that each wave
is contained in a cylinder supp V; C f‘vg(%’, p0;t(I), x(I)). Therefore, if V; is a
wave whose support intersects the support of V;, the cylinders corresponding to
the two waves intersect, and by (30) we have

N 2T A 2T
t(J),x(J)) € Cy, (? p; Ty, (? P; I(I)JC(I))).

By Lemma 4.3 and the bound || Vv, gt < 1, we have

(t(J), x())) € Cy, (%T 10p; t(l),X(I)) . (143)

The number of lattice points (¢(J), x(J)) = (kot, k1p, kop, kzp) with k; € Z
which can belong to a cylinder (143) is clearly bounded, and so is the number of
indices J = (ko, k1, k2, k3, f) € Z* x F which occupy such locations, since at
most a finite number | F'| indices J share a given location index k. Thus, the number
of waves #(/) which interact with V; is bounded by an absolute constant.

To finish the proof of Proposition 6.2, it suffices to bound the number of stress
terms (p,; occupying a given point. This number is bounded by following the
same line of reasoning, but considering the Eulerian cylinders in (136) containing
the support of Q¢ 1, and applying the corresponding bound (41) in Lemma 4.3.

8. Estimates for the Corrections

In this section, we verify the estimates stated in the Main Lemma (Lemma 3.1)
concerning the corrections V and P. More precisely, we establish the estimates

IV [ co UE" (€)1 k=1,...,L (144)
IVEpillco(EN e, k=1,...,L (145)

concerning the frequency and energy levels of vy = v+ V and p; = p + P, with

&, e)) = (CoN E, er). We also prove the bounds (23) and (26) for the corrections
V and P, respectively, and the local energy increment bound (25). The estimates
considered in this Section will also prepare us for estimating the resulting stress R
in the next two Sections.

First we state the bounds satisfied by the elements of the construction obtained
from solving a transport equation. We recall the following estimates were estab-
lished for the phase gradients V&; in the construction of [23]. To state the estimates,
it will be convenient to use the notation y; := max{y, 0}.
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Proposition 8.1. (Transport Estimates) Let L = 2 be as in Lemma 3.1. There exist
constants Cy such that for alla 2 1 and 0 < r < 2, the bounds

gV D rw lco + 11V D rvs I
[} - 0 —_— 0
at klc at e
é Ca Ea(Eell)/Z)rN(a+(r—1)++l—L)+/L (146)

are satisfied. Here V' denotes any spatial derivative of order a. Moreover, if D@
denotes any derivative of the form

D@ = v (p, 4 v, - VYIVL2(, + v, - V)'TVE (147)
witha =a1+ax+a3,r =r1+ry a;,ri 2 0andr < 2, we also have the bound

ETHID Vil co + DV VE llco S CaB (Bey/?) NHTDaHImR/E,
(148)

According to Proposition 8.1, every spatial derivative costs atmost |[V| < N/ Zin
the estimate, and each coarse scale advective derivative costs at most |§| < Ee,]/ 2,
In particular, as L = 2, the cost of a derivative | V| is smaller than the frequency
parameter A & N E by a factor of N~(=1/L) < N~=1/2 which means that the terms
Y and &; can be regarded as having frequency less than A. Also, since we have
imposed that L > 2, it is important to note that the factors N'/Z do not appear in
the estimate until at least two derivatives have been taken.

Proposition 8.1 was established for the phase gradients V&; in Section 17 of
[23], relying on the transport equation

(at T vgaj) 8le, = —0lvla g (149)

satisfied by the phase gradients. The estimates for the cutoff gradients Vi can be

proved similarly, as they obey the identical transport equation as the phase gradients.
=\ 2

We remark that the estimates for second advective derivatives (%) of V&; and

V1 are more subtle to prove than the rest, and require the following estimates for
(0; 4+ ve - V)v, and its spatial derivatives:

Proposition 8.2. (Coarse Scale Velocity Estimates) Let L = 2 be as in Lemma 3.1.
The vector field v, defined in (102) satisfies the bounds

[V@ellco £ C B l/PN@D+/E g > 1 (150)
V4@ + ve - VIve|co £ C 8 e, NUFa=DI+/L g >, (151)
These estimates are obtained by commuting the mollifier n,4, = n,, with the

Euler—-Reynolds equations, and using a commutator estimate akin to [7]. We refer
to Section 16 of [23] for the proof.
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We also state the bounds satisfied for the terms ¢ and R, which were defined
in Section 7.2 using a mollification along the flow of v,. For compactness, we use
the notation of line (147) and also

1 ifr=b

>p) =
(r=2) {o ifr <b.

Proposition 8.3. (Stress and Energy Increment estimates) Let L = 2. Then for
everya 2 0and 0 < r < 2, there is a constant C,; such that

1/2 ~
e 2ID@DE 2 co + | D@D R, |l co

<c, EaeR(Eell)/z)(rgl)(N Eelle/z)(r§2)N(a+l—L)+/L' (152)

Proposition 8.3 was established in Section 18 of [23] for the term R,. A large part
of the work goes into estimating the coarse scale flow @, associated to v,, and into
establishing basic properties of mollification along the flow. Since the function e!/2
that was regularized to form &'/% obeys the same estimates as those assumed for
egl/ 2R, the same estimates follow for &1/2. The restriction to L = 2 (which was
not present in [23]) arises from the considerations in Section 7.3.

From Propositions 8.1 and 8.3, we obtain estimates for the basic building blocks
of the construction:

Proposition 8.4. (Amplitude estimates) For L = 2, the amplitudes v satisfy the
bounds

1D sl o £ CuB e >t Nt =/ (153)
ID@Dsvrllco < CuB !N~ B>t~ N@t2=1)+/L (154)

foraZ0and0 < r <2

The estimates for v; follow from Propositions 8.1 and 8.3 after repeated appli-
cations of the chain and product rule using the expressions (76) and (75) for the real
and imaginary parts of v;. The estimates (154) for the small correction terms §v;
then follow from the estimates (153) for v; and the estimates for V&; of Proposition
8.1 using the expression (72) for §v;. The details are carried out in Sections 20 and
21 of [23], although there the correction §v; has a slightly different form. The main
point is that, schematically, v; has the form

1 I _,
Svp ~ XVUI + EV vy

up to some factors involving phase gradients. The first derivative V hitting vy costs

a factor of |V| < E compared to the bound ||vf|lco < e}e/ 2, whereas the factor %

gains a factor of (B, N E)~! in the estimate, and the additional term involving Z—ZZ
is lower order. The additional restriction to L = 2 in the estimates arises from the
considerations in Section 7.3 as in Proposition 8.3. This restriction does not affect
the final conclusion of the Main Lemma.



On Nonperiodic Euler Flows with Holder Regularity 765

The bounds (23) and (26) stated in Lemma 3.1 for the corrections V and P to
the velocity and pressure, are straightforward applications of Propositions 8.1-8.4.
Furthermore, the frequency and energy level bounds (144) and (145) forvy = v4V
and p; = p + P (with Cy > 1 sufficiently large) follow in a similar manner. A
key point in this implication is Proposition 6.2 which states that only a bounded
number of waves can interact at any point. The relevant arguments are carried
out in Section 22 of [23]. The estimate (27) on the support of V and P has been
established during the proof of the containment (22) in Section 7.5, as we have that
supp V U supp P C supp e. The estimate (24) for the potential W = >, V x ¥
defined in line (69) is also a straightforward application of the same estimates, even
though our terms W; = V x Y have a slightly different form than the corresponding
terms in [23].

Regarding the corrections, the only parts of Lemma 3.1 which do not follow
from the proof of the Main Lemma of [23] is the estimate (25) concerning the local
energy increments. We now turn to the proof of this estimate.

8.1. Local Estimates on the Energy Increment

Here we verify the estimate (25) on the energy increment of the solution.

Let 1/ (x) be a smooth test function on R3 with compact support and let 7 € R.
We wish to estimate the error in prescribing the energy estimate. The main point is
that, if we expand V = > ; Vi into individual waves, the main interactions come
from conjugate waves I, I

/|V|2<r,x>1/f(x>dx = Z/ Vi -V (x)dx =: Ei + E» + Es, (155)
1,J

Ey=) / o] (1, )P (¥)dx (156)
1

Ey = Z/ (v{(s_v’, +8vl! +5v{5_ul,) i (x)dx  (157)
1

E; = Z/e”<51+51)5, Dy (x)dx. (158)
J#T
Taking the trace of (86), we see that the main term (156) is equal to

E, :/é(l,x)t/f(x)dx. (159)

The term E gives rise to the main term in (25), with an error bounded by

’/ e(t, x)y¥(x)dx —/é(t,x)lﬂ(x)dx

< / 122, x) — 821, x)1e V21, )|y () ldx
12 172

+ / 2t x) — 8V2(t, x)[8V2(t, x) [ (x)|dx < CE 15 Il (160)
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from (117). The term E> is bounded by
€R
Ex(t)| £ C——
|E2(D)] < BAN”w”L'
from Proposition 8.4, and finally E3 is estimated by integration by parts

aa(SI +§]) ir(E ++E )~
Esy= 2 dyeiHErHEs d 161
’ /|V<sz+sf)|2 ¢ b B odx (aen

_ / (61 +&1) -
- irreng [ 0°E1 80
i Z/e |:|V(§I+$])|2 vy JI/’(X)] dx (162)

JAI

1
|E3| £ C——— (Berl¥ L +erlV¥IL) . (163)
B)LNI:J

Here we use Proposition 6.2 to bound the number of interacting waves, and also
take advantage of the uniform bounds on || |V (&7 + & NI lco for nonconjugate
interacting waves I, J in Proposition 7.1. Estimate (163) concludes the proof of
(29).

9. Estimates for the New Stress

To complete the proof of the Main Lemma (Lemma 3.1), we must calculate the
new stress R and establish the following estimates

IVER1[lco < (BKef, k=0,...,L (164)

VK@, 4+ v1 - V)R llco < (EN(E (€))/?)eh, k=0,...,L—1. (165)
o174 34

(8, ¢, el) = (CONE,eR, ”NT’;) (166)

Recall from Section 5 that the new stress is composed of several terms
1 1 jl i1 jl il
R{' = 0y + 05 + 01 + Oy + Oy (167)

For the terms Qs and Qg, we can appeal to [23, Section 25], where the estimates
(164)—(166) are verified for essentially identical terms. The only difference in our
case is the presence of sharper cutoffs v and a regularized energy increment &'/2
which do not affect the estimates. We are therefore left with the terms Q7, Oy and
Q y calculated in (54), (60), (61).

As outlined in Section 6.1, these terms are calculated by solving the symmetric
divergence equation with high frequency data

jl
305, =1U; (168)
Up=Ur,+ D Uy, (169)
JiJ£D
Ul =avi+0; (1] + viol) (170)

1 i i .
U;-I,Ij = Zaj (Vlj V} + VJJ VII -2V - VJ(3][) . (171)



On Nonperiodic Euler Flows with Holder Regularity 767

The terms U IT U }_I ;; consist of the individual terms in the summations (54),
(60)—(61).

A key point in solving the Equation (168) is that we expect to gain a factor A~!
in the estimate | Qo 1l co < Aoy lco up to lower order terms, because the data
on the right hand side has high frequency A. For example, the transport term (170)
has the form

Uy = el (172)
= (o +vlo;) o + 500l (173)

Furthermore, we desire a solution Q¢ 7 to (168) which also has compact support
around the support of U;. Concerning the support of the waves, note that the terms
in (169) have the common feature that they are supported in the cylinder

A 2
supp Ur,; Usupp Uy, 1y S supp V; € Cy, (gfy Ap; f(l),x(l))

with A = e3IV¥eloT a5 discussed in Section 7.5. Our solution Q0. will have
support in the same cylinder, from which (100) follows.

Before we can find a compactly supported solution Q¢ ; to (168), it is nec-
essary to check that the terms U; satisfy the orthogonality conditions necessary
to solve (168). For the terms qu’” and the term 3;(v{ V} + V/vl) in UZT’I, the
orthogonality conditions are obvious as both terms have already been represented
as the divergence of a symmetric tensor with compact support. For the term 9, V,l,
the orthogonality conditions follow from our technique of taking V; of double curl
form. Namely, if K/ is any solution to the equation d i Ki+0,K; =00onR", then K !
is a linear combination of translational and rotational vector fields, and in particular
its second derivative V2K vanishes. It follows that

d
/BZVI-de=a/VXVXY1-de 174)
d
=5 Y- VxVxKdx =0. (175)

Thus, there is no immediate obstruction to obtaining a compactly supported solution

Q0.1 to (168).

It now remains to construct a solution to Equation (168) and to establish the
oscillatory estimate || Qo rllco < Ao co up to lower order terms. These tasks
are taken up in Sections 9.1 and 10 below.

9.1. Applying the Parametrix

Here we consider the general problem of finding compactly supported solutions
to the symmetric divergence equation

3,01 = eyl (176)
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where the right hand side is supported on a cylinder CA‘Ug (%r, Ap;t(l),x(I)) and

satisfies the necessary orthogonality conditions for a solution to exist. In our appli-

cations, the phase function £ is either one of the phase functions &; or the sum &; +&

of two interacting, nonconjugate phase functions. In every case, the amplitude !

turns out to satisfy the estimates

vl <c B '
8t

VAUl || co + T ANV2E)kel,, k20 (177)

1/4 3/4
ehe

Nl /2
amplitudes ' are also supported in a cylinder

where ¢}, = is the target size of the new stress Ry expressed in (166). The

; o~ 21
supp u gcvg ?7Ap’t(1)9x(1)

of size p ~ ¢, E~!, where ¢, is the constant chosen in Section 7.5. See Section 26
of [23] for details, particularly Section 26.2. Here the factors of N'/2 come from
the factors of N''/? in the estimates of Section 8.

In solving the first order, elliptic equation (176), we expect the solution Q to
gain a factor A ™! in the estimate || Q|| co = Al co modulo lower order terms. In
[12,14], De Lellis and Székelyhidi gave an approach to obtaining this cancellation
based on the method of nonstationary phase. The approach we take here follows the
approach in [23], which is a slight adaptation of the method in [12, 14] generalized
to nonlinear phase functions. The main distinction is that the approach we take
does not involve proving that the operators R//[U] we construct for solving the
equation (176) exhibit cancellation when the input U has the form U’ = e/*¢u!.
Instead, we obtain the necessary cancellation through a parametrix expansion of
the solution. We also avoid the use of Schauder estimates, which would impose
a super-exponential growth of frequencies in the iteration by requiring C* rather
than C? control of the data.

To begin, we write down a first order approximate solution to (176) of the form

1 e i
oly, = e “ql)) (178)
where the amplitude q(jll) is a symmetric tensor solving the underdetermined linear
equation
. il
i0;&q])) = u! (179)

pointwise. Following [23], we begin constructing a solution to (179) by first de-

composing u! into

(u-VE)
R T

I I l
sothatu | € (V&)L and u) € (V&) pointwise. We then define

alhy = =i (af +4') =’ VOO (180)
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where the tensors

; \Y%
@, +0'gu)), qﬁl = (Tvgé)aﬂ

jl
= |vs 2
solve Blijil = ulJ_ and Zﬁéqﬁl = ul” pointwise.

The important properties of the map defined in (180) are that qj ! (VE&)[u]islinear
in u, homogeneous of degree —1 in V&, and smooth outside of V& = 0.° Thus, the
main term Q o) in (178) obeys the desired estimate || Q1) [|co < CA|ul| 0, using
the uniform bounds on || |[V&|~! | co which are satisfied by all the phase functions
involved in the construction We can then construct an exact solution to (176) of the
form Q/! = Om+ Q(l) by letting Q(l) solve the equation 9 é{f) = —l ir§ BJ q(l),
noting that the right hand side now has a smaller amplitude than before thanks to
the factor of 1/A.

To improve on the first order expansion (178), we build the solution to (176) as
an approximate solution plus an error

o/ Q(D) ol (181)

i 1
Q) = Z —*qly). (182)

The amplitude q(JZ) of the k’th term is obtained by solving the linear equation

. Jl I l l l -l
10j8qpy =gy, uay =, Uggn = 50idg, (183)

using the function q(JZ) = q-/ ! (V&) [u )] defined in (180). For Q-/ ! to be a solution
of (176), the remainder term in (181) must be chosen to solve the equation

I
Q(D) =e™ulp,). (184)

Thanks to the estimate (177), the bounds on the amplitude u ) become smaller
with each iteration of the parametrix by a factor of

N'/2g
A~ 4 NE

< CB'NT2 (185)

After taking D terms in the expansion, the bounds for ul( p) have the form

D D —12 -
||Vku(D)||Co+‘r||VkEul(D)||co < B PNTP2B PN PE) e, (186)

6 Another example of a satisfactory map qj ! can be read off from the symbol of the
operator in Definition 4.2 of [14]. Our construction of (180) can likewise be regarded as
giving the symbol of an order —1 operator which solves the symmetric divergence equation.
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In particular, since A = B, N E, for D = 2 we have

D
Zup| £ CeB'NTPA g, (187)

u +7
I (D)“CO 9t

Our goal is to make sure the solution Q (p) t0 (184) has C” norm bounded by a

multiple of e’. In previous constructions of Holder continuous solutions on the
torus, it has been necessary to assume a super-exponential growth of frequencies
(that is N = E" for some n > 0), so that the estimate (187) gains a power of
N=DP2+1 < N=1g=1 ~ 171 once D is chosen sufficiently large. In our case,
however, we will gain a smallness factor of p ~ E~! from our new method of
solving Equation (184), thus eliminating the apparent need for super-exponential
growth of frequencies.

We take D = 3, which leaves us with the following estimate for the amplitude
in (184)

! D < CB['E¢ 188
l(psnylico + 7 || -+ | = CB; Be. (188)
This choice of D leads also to the estimates
k.l kD l < -1 1/2\km o/ 1
IViupipllco + 7|V EM(D_H) S CiB, (N/“E) Eep. (189)

The data U(D+1) =e )“Eul(DH) on the right hand side of (184) now obeys the
estimates
< C¢B; (B, NE) ek (190)

kyrl
v U(D.H)“CU +T 8 U(D+l)

According to Theorem 10.1, there is a solution Q{IIJ) to the equation (184) with
support in the same Eulerian cylinder

~jl A 2T
supp Q(D) cC |+

3 A,O;t(I),X(I))

such that Q D) obeys the estimates

< CyB; (BN E)\ek. (191)

kA
v Q(D)||C0+T V _Q(D)

‘We emphasize in particular that the estimate for the solution of Theorem 10.1 gains a
factor of Ap ~ 27!, which is consistent with dimensional analysis of the equation.

If By is sufﬁc1ently large, then we can guarantee that each term Q (D) has size
bounded by || Q( D) I Co. = Ee R whe.:re B can be any large constant. In particular, by
Proposition 6.2 on limited interactions, we can guarantee that the sum of all stress
terms Qﬁ,) obta%ned by tbis procedure is bounded uniformly by ﬁe’R, and that
the bound (191) is also satisfied for the sum of these terms.
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On the other hand, the parametrix term (182) also satisfies the same estimate
(191), with the main term contribution coming from the first term Q{ll), and the
number of such Qj ID which are nonzero at any given point is likewise bounded.
Choosing B,\ sufﬁ01ently large, we can therefore guarantee that the entire contri-
bution Q4! = > Qj 0. to the stress Ry obeys the estimates

1

Finally, we choose B; so that the bound (192) is satisfied, which implies the desired
bound for

(192)

IR llco = 1Qmllco + 1Qsllco +11Qollco = ek (193)

With the construction fully determined, it now remains to check that the spatial
and advective derivatives of R obey the bounds demanded by the Main Lemma
(Lemma 3.1).

With the above choice of B, , we obtain

vk ol ||co+r||vk Q Mo € CLINE) ey (194)

The bound (194) is clearly enough to conclude that the new frequency-energy levels
are satisfied for the spatial derivatives of Q o, as the cost of a spatial derivative is at
most |[V| £ CoN E. Also, the cost of taking an advective derivative is bounded by

D
<= Eel/? (195)
97 1/2N

which is no larger than the required estimate

D
5‘ QE(e)/? = CoNEe)* (196)

12
thanks to the condition N = (
e

) From (196), it is straightforward to conclude
R

the necessary bounds on

D
(8t+vl'V)Q0=EQO"‘(U_US)‘VQO"'V‘VQO

using the spatial derivative bounds (194). Namely, the derivative (9; 4 vy - V) costs
at most

D
|(8t+v1-V)|§‘—‘+|(v—vg)-V|+|V-V| 197)

E) + Cel/*(NE) (198)

‘ ‘ 1/2

< CN.:eR/ (199)
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as desired. One can then take spatial derivatives up to order L — 1 for each term
at a cost of at most |V| < CoN E per derivative as desired, which is carried out in
detail in Sections 24-26 of [23]. Combining the above estimates with the bounds
for the terms Qs and Qy already estimated in [23], we conclude our proof of the
Main Lemma (Lemma 3.1). O

10. Solving the Symmetric Divergence Equation

We now present our method of solving the underdetermined elliptic equation
from which we recover the new stress in the construction. The analysis in this
Section is independent of the earlier part of this paper, and in particular holds on
R x R? for any d > 2.

For a symmetric tensor R’/ = R and vector field U’ on R?, consider the
divergence equation

3R =U". (200)

In what follows, (200) will be referred to as the symmetric divergence equation.

10.1. Main Result for the Symmetric Divergence Equation

The following is our main result regarding compactly supported solutions to
the symmetric divergence equation (200).

Theorem 10.1. (Compactly supported solutions to the symmetric divergence equa-
tion) Let A, N, E, e, be positive numbers, L = 1 be a positive integer and
Ve = (vg, o, vf) be a vector field on R x RY such that

IVPvellco, < ABPley/2, 1<1p] < L. (201)

Furthermore, let U! be a vector field with zero linear and angular momenta,
that is,

/Ul(t, x)dx =0, /(fo’ — XU, x)dx =0 (202)
for all t, and such that
suppU € Cy, (T, p; t(I), x(I)), (203)
for some (t(I),x(I)) € R x RYand 0 < t < E_lev_l/z. Assume also that for
A >0, 0<f§8_lev_l/2,
the vector field U obeys the estimates
IVPUllco SAAPL 11 =0, L,

R (204)
VP (0, + v - V)Ullco, <At~ 'APL g =o0,...,L—1.

Then there exists a solution R/'[U] to the symmetric divergence equation (200),
depending linearly on U', with the following properties:
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1. The support of RI'[U] stays in the cylinder (A?US (T, p; t(1), x(1)), that is,
supp RI[U1 € Gy, (7. p: 1(1), x(I)). (205)
2. There exists C > 0 such that for || =0, ..., L,

|B]
IVERIUNI o, < CAp D o~ FITm A (206)

m=0

3. There exists C > 0 such that for |B| =0,...,L —1,

IVP@+ve- VIR WUlgo S CAT'5 D E™TMA™ (207)
" mo-+mi+m=|B|

where the sum is over all triplets of non-negative integers (mg, my, mp) such
that mo + m1 + mo = |B].

Remark. This theorem should be compared with Theorem 27.1 in [23], which was
proved by solving a transport equation using a Helmholtz-type solution operator.”
The key difference is, of course, that the present theorem preserves the support
property (203) whereas Theorem 27.1 in [23] does not. Furthermore, note that
Theorem 27.1 in [23] gives estimates in LY with I < p < oo (more specifically,
p = 4), whereas the present theorem operates directly in Cg - In'accordance with
scaling, the CR . estimate gain a factor of p (that is, the spatial scale of U 1y, which
is crucial for removing the super-exponential growth assumption N > &" in the
Main Lemma.

Finally, we remark that by computing the kernel of the integral operator more
carefully, it can be shown that R/'[U] is a classical pseudodifferential operator of
order —1. In particular, by Calderén—Zygmund theory R//[U] gains one derivative
inL? for 1 < p < 00, as in Theorem 27.1 in [23]. We have elected not to give a
detailed proof, as this statement is not used in the present paper. See [28] for the
analysis of the case of the divergence equation & R' = U.

10.2. Derivation of the Solution Operator

The purpose of this subsection is to give a derivation of the solution operator
RJ'[U] for (200) in Theorem 10.1.

For the moment, we shall omit the time variable and work entirely on R¥. Let
vl =U! (x) be a vector field supported on some ball B(p; xg). For simplicity, we
will furthermore assume that U is smooth and x¢o = 0.

7 We remark that the method used in [23] seems to be very special to the torus. A key
ingredient in this approach is that the transport by a divergence free vector field preserves
the integral zero property, which is the only necessary condition to solve the symmetric
divergence equation on T3. On the other hand, the orthogonality conditions from angular
momentum conservation seem to prevent such an approach from applying to the whole space.
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Our first idea is to use the Fourier transform and Taylor expand U! (&) about
the frequency origin § = 0 in the Fourier space. We will then try to write the terms
of the Taylor expansion as the divergence of a symmetric tensor, up to some terms
evaluated at £ = 0. Translating the resulting formula to the physical space, we
shall obtain a solution operator which possess the desired (physical space) support
property, albeit with a mild singularity at 0.

Indeed, we first compute

1
') = 00) + ( / akﬁl(oé)do) &
0
1

=0 0) + % (/ @KU +3'U% (08) do) Ex

0

WAL _
+3 ( / @ 0! — alU")(GE)do) &
0
1
= UY0) + %(a"ﬁ’ —3'U" )& + % (/ O*U" + alﬁk)(og)da) &
0

1
+ % (/ (1—0)(7 0" 0 — 3jal‘7k)("5)da) stk
0

Note that the third term on the right-hand side is (formally) the Fourier transform
of a divergence of a symmetric tensor. The last term may also be written as a sum
of two terms of such type by the following calculation:

1
% (/ (1 —0)(@13*T" — 378 T%)(08) do) £Ei&
0
1
- % (/ (1 — 0)& (37 9*T" + alakﬁf')(as)da) £
0

1
- (/ (1- o)sk<a’aft7’<><os>do) £
0

Therefore, assuming

ﬁl(O)Z/Ul(x)dx:O, (lakﬁl_lalﬁk) )
l 1
= /(xlUk —UuhHx)ydx =0, (208)

which is equivalent to the assumption (202) on U, the following formula for U! &)
holds:
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77l 1 ! 77l I77J
U(S)ZE @'U " +9'U’)(0&)do ) &
0
l ! _ Jakyyl lak77j .
+2 (1 —0)§(070°U" +0°0"U’)(0&)do ) §;
0

1
-~ (/ (1 —a)sk(a’afﬁ"xas)do) £.
0

Let us define r/!'[U] := r({l[U] + r'lﬂ[U] + r{l[U], where

r 1
oy = 77! %(/0 (%a«/ﬁhrllfalﬁf) (oé)do)} (209)

. r 1 . Py o~
o= 7! %(/ (1—a)(iék)(—afakUl—BlakU])(aé)dU):|, (210)
L 0

. r 1 N
Pl =7 —(/ (1—J)(iék)(—afalUk)(oé)do):|. (211)
L 0
Computing the inverse Fourier transform, we arrive at the formal formulae
; 1 /1
') = 2/( U+ i s ) % @12)
Ik
,1 X o XX
1= k/( ( ) Cen
RUl= o / (1- (—U"( )) 214)

Thus, for a = 0, 1, 2, the values of ra [U Jatapointx € R3 are given formally as
weighted integrals of U and VU along the ray emanating from x away from the
origin.

In fact, when interpreted correctly, these expressions already give us a distrib-
utional solution to (200) with the desired support property

suppr/! € B(p; 0), (215)

but with a singularity at x = 0. Indeed, given a test function ¢ € CZ°, we will
define

J d
wd'Ul, ¢) : UL“BLE//(X Ul + Uf(g))wx)dxo—‘;,

(216)
Xlxk - /X
') @) = —= hm/(l—o)/( —i—?UJ(;))
I (x) dx (217)

xx/ do
( [U] Q) = hrn / (1—0)/( )8k<p(x)dx— (218)
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These are well-defined (tempered) distributions on R4, Indeed, by a simple
change of variables, we see that

' TU. @)1 < Cuslielico.  17'TUY. @)1 + 1 UL 9] € Cu sl Vellco-

The support property (215) and smoothness outside {x = 0} follow immediately
from the definition. Moreover, a straightforward computation with distributions
shows that

3;r'u1=U" - (/ U’(x)dx) 80 — % (/(xlUj - xf'Ul)(x)dx) 9,80

(219)

Thus, under the assumption (208), we see that r/'[U1is a distributional solution
to (200).

Unfortunately, r//[U] as defined above apparently has a singularity at x = 0.
We will overcome this difficulty by exploiting translation invariance of (200); more
precisely, we will conjugate r//[U] by translations and take a smooth average of
the resulting formulae, ultimately ‘smearing out’ the smgulanty

Given y € R9, let us conjugate the operators rél, ri{ and r by translation by
y. Then we are led to the conjugated operator M r// = <y)r(§l + O O
which is formally defined by

. 1 M (x=vy) —
(y)rél[U] _ _5/ (x =y Ul (x y + y)
0 (e o

l
— ) — d
Gt (220)
o (o2 (o2
; 1 0 ! (x — y) (x — )k xX—y do
O] = 39, (1—o0) — Ul( - +y)0—d (221)
19 [! x—ax =k (x—y do
_ 1-— U/ g
+28 k ( ) o2 ( o +y) od

‘ N PR _
(y)rél[U]:_W/o (1_0)(16 y)a(zx y) Uk (xUY_i_y) i_z, (222)

These are to be interpreted as in (216)—(218) as distributions. Note that as long
as y € B(p;0), the distribution @) r//[U] satisfies the desired support property
(215). Motivated by this consideration, let us take a smooth function ¢ (y) which is
supported in B(p; 0) and satisfies

/ ¢(ydy =1 (223)

We now define the solution operator ¢ )RINU] by averaging @) r/![U] against ¢,
that is,

© Rl (x) = / O ()¢ (y) dy. (224)
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We will finally obtain the solution operator R//[U] of Theorem 10.1 by making an
appropriate choice of ¢ depending on time.

From the discussion above, we see that @Rl [U] inherits the desirable prop-
erties of 7//[U]. Indeed, assuming (208), ¢ RI[U]is a (distributional) solution to
(200) satisfying the support property

supp @' RI'[U] C B(; 0). (225)

As we shall see below, thanks to averaging with respect to ¢, ¢ ) RIU] will more-
over turn out to be smooth in the spatial variables provided U is smooth as well
(see in particular the calculations (240) and (241) below).

10.3. Formula for RV'[U] and Basic Properties

Let U' be a vector field satisfying the hypotheses (202) and (203) of Theorem
10.1. Denote by v, (¢) the value of the coarse scale velocity v, at ®;_; () (t (1), x(I)).
Fort € [t(I) — 7,t(I) + T], this point is exactly the center of the cross-section
Co. (F, p: t(1), x(I)) N {1} x R4,

Recall from the previous subsection that we need to choose a (spatially) smooth
function ¢ with integral 1 in order to determine our solution operator for (200). We
shall define a function { = ¢ (¢, x) adapted to évs (7, p; t(1), x(I)) according to the
following procedure: given a smooth function E = E(x) with suppz C B(p; x(1))
and [ Z(x)dx = 1, let ¢ be the solution to the transport equation

(8,+i£(t)8j1§(t,x) =0 fortelt(])—7,t(I)+ 7], (226)
g, x) = ¢(x).
Note that ¢ satisfies the support property
supp¢ € Cy, (7, p: 1), x (1)), (227)

and also satisfies fRd ¢(t, y)dy = 1 at all times ¢.
Moreover, choosing ¢ to be a bump function adapted to B(p; x(1)), the follow-
ing estimates hold for ¢:

IVPelico, < oo™ forall |g] 2 0. (228)

' We are now ready_to define the solution operator R-ﬂ[U ]. Let R-/l[U ] =
RJ' U1+ R{'[U1+ R} (U], where

. d r! — ) — d
Rél[U1=—5/O /w,y)(x Uy) U’(r,xay +) U—f,da

1 — v _
- 9/ /{(t,y) O i, 22 4y Do, (229)
2 Jo o o o
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) 1 W (xr — vk _
R{’[U]=1/ /(ako(r,y)(x Wm0 i 22y Dge
2 Jo o o o
1 _ 1 _ k . _
+1/ /(akc)u,y)(x WO i 22 Ly D 230)
o2 ol od

— W x =) — d
Ri'U1= //(am(t »e y)aix Y UH—=+) Zdo. (231)

~The following Proposition summarizes the basic properties of the operator
RI'NUT:
Proposition 10.1. Let U' be a vector field on R x RY satlsfymg the hypotheses
(202) and (203) of Theorem 10.1. Define RI'[U] := Rf U]+ Rf U]+ R”[U]
by (229), (230) and (231). Then R'[U] possesses the followmg properties:

1. RJ:Z[U] is symmetric in j,l and depends linearly on U.
2. R/ l[U ] solves the symmetric divergence equation, that is,

3 RI'UI=U'
3. RIU] has the support property
supp R/ (U1 € C,, (%, p; 1 (1), x(I)). (232)

4. The following differentiation formulae hold for le[U] (a=0,1,2):

veRl U] = -2 5 X / /Wﬁ‘c)(z N ) vPuh

ﬂ1+ﬁ2

X(,,x—uy) Vi3 > //(vﬁlo(r )

o G
ﬁ+ﬂ2

_ , _

LG (vﬁZU,)(Lx y +y) d_ﬁdg, (233)
o o o

. k
VARI'U) = Z //(vﬂlak;)(, y)w(vﬂmz)
ﬁ1+ﬁ2

( )—da+— D //(vﬂlak;)a ¥
Bit+pa=

_ AN 4 . —
x W(Vﬂz U’y (u + y) d—zdo, (234)
o o o

. i Y
VﬁRél[U] Z / /(vﬂlako(t y)(y);#(vﬂzl]k)
Bi+pa=

xX—y dy
X ( + y) —dda. (235)
o o

where the summations are over all pairs of multi-indices (B1, B2) such that

B+ B =B
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5. Define the approximate advective derivative g to be g =9 +v.(t)-V. Then

RI! commutes with %, that is,

D i ji, D
ERQ [U] =R, [EU] a=0,1,2. (236)

Proof. Symmetry in j, [, linear dependence on U and the support property (232)
may be easily read off from the definition (229)—(231). Next, we prove the differ-
entiation formulae (233)—(235) and (236).

To justify the various calculations to follow (such as differentiating under the in-
tegral sign), the following lemma, whose proof will be given in the next subsection,
will be useful:

Lemma 10.1. Let E be a non-negative smooth function with suppz € B(p; x0)
such that

IZllco < CpAp™ (237)

for some A > 0. Then for any k 2 0 and f € L{° supported in B(p; xo), we have

N AN
swp | [T ( f
xeR4 5€[0,1] o
In order to establish (233), it suffices to prove the case |§| = 1, that is,

0w RY LUt x) = ——/ /(8mr;><t y>( Y’ U’( %ﬂ) i—yda

——/ /;(r (amU)( ) Yo
o

+ (Symmetric terms in j, [). (239)

dy _
y) g = CrAR | fll Lo
(238)

The case of |8] > 1 will follow from an induction argument, using similar
ideas. To prove (239), we first proceed as follows:

%RJI[U]( X) = 88 Rél[U](t,x+Z)‘
__d9 NERR Sl )i
297 l= 0/ /é(r o
Xt+z—y dy
( ) —ddcr (240)
d d (x+z—y)l
- 5 M lz= 0/ /é-(t
X+z—y dy
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Let us concentrate on the first term on the right-hand side; the other term is
symmetric to the first one in j, /. Making a change of variable y = y — z, we get

d 9 1 — y)/ - d
//;(r,y)(x+Z Dyt EEEY 4y D
o o

x —y)/ xX—=y d
/ /:(t 540 22 54 Do
z=0 (o2 o o

2 Bz
Now differentiating under the integral sign, which is justified by (227), (228),
Lemma 10.1 and the smoothness of U, we get the desired formula (239).
The proofs of (234) and (235) are similar and thus omitted. The formula (236)
is also proved in a similar manner, starting from

5 jl o d Jjl S— / /
— R, [Ult,x) = —R, U]t +s,x+ Ve (s) ds
ot ds +

§=

fora = 0, 1, 2. We also use the fact that % VA = Oforany || = 0by construction.
We omit the details.

Now, it only remains to prove that R/ [U1 is a (distributional) solution to (200)
under the assumption (202). For this purpose, it suffices to show that

RINUI(, x) = CCDRINU (2, 1),

where € RII[U(z, -)] has been defined in the previous subsection.

To arrive at the formulae (229)—(231), we need to integrate by parts the derivative
dx on the outside of (221) and (222) after averaging against ¢ (y). More precisely,
consider the expression

Ry WU x) == / £t O] U@ )]) dy.

Using (227), (228), Lemma 10.1 and the differentiation formulae that we es-
tablished, it is not difficult to justify the following chain of identities:

RNl x) = - / /(1—a>;(t p oY=y (x_y)ju

x (r, —? +y) Do = —/ /(1 — )@t )
o o 0
—Wi(x — v)/ _
W =) y)]U"(t,—x y+y) D45
o2 o od

/ /(1 — o), y)wj&(akv")

- dy
x (:, Ty +y) = do. (241)
o o

Note that

_ 9 —
O U (t, A ) -7 2 [U"(t, Ty —l—y)}
log 1 —ody log
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which may be integrated by parts in y. As a result, we arrive at the formula

R0 0 =~ / /(ako(r e 2y (t,u+y) Oy
o o
_ v\ _
/ /C(t y) (t,x y+y) d—zdo
o o
//s“(t _y)j (r,x_y+y) d—fldo.
o o

Similarly, we compute

RI'UIG, x) = / c(t, WO U@, 1) dy

—Wi(x — vk _
=//<akc><r,y)—(x P E=Y) Ul(r,x ! y) Do
o o o
dy
d

_l’_
—_ ) _
d+1//§([ y) ([x y+y)d
o o

+ (Symmetric terms in j, / ),

do

and

RN x) = / £t U, () dy
_ v\ _
=——/ /;( y) (t,x y+y) o
o o
__/ /é'(l‘ _y)] (t’x—)’_i_y) d_ﬁdo—
o o

It therefore follows that

+RIUN x) = RIUTG, x).

as desired. O

10.4. Estimates for the Solution Operator and Proof of Theorem 10.1

In this subsection, we begin by deriving a key technical lemma (Lemma 10.2)
which allows us to derive L? estimates for the operator R/ I[U ] (Lemma 10.3).
Next, we use Proposition 10.1 and Lemma 10.2 to establish various commutator
estimates. Using the results developed so far, a proof of Theorem 10.1 is given at
the end.

Lemma 10.2. Given 5 > 0, let { be a non-negative smooth function with supp ¢
B(p; xo) such that B
IZllco < Ap~7 (242)

for some A > 0. Then the following statements hold:
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1. Foranyk 2 0and f € LY supported in B(p; xo), we have
= x=y\'  (x—y dy
46)) f +y) =

o o o

2. Moreover forany k 2 0 and f € L{° supported in B(p; xo), we have
— 9 dy
/g()( Gy)f( —l—y)—da

Proof. First, observe that (244) immediately follows from (243). Furthermore, we
claim that it suffices to prove the latter inequality in the case k = 0. Indeed, by the
triangle inequality, we have

< CeAR | fllLge-
(243)

sup
xeR4,0€[0,1]

< AN fll e
L

(244)

Ix —yl <=
(e

+y—XOI+|y—XO|

Note that, within the integral, the first alld second terms on the right-hand side
are < p by the support properties of f and ¢, respectively. This implies

k
(—'x _y') < 2%,
o

which implies that the k¥ > 0 case of (243) follows from the k = O case.
Therefore, it only remains to prove (243) in the case k = 0. We start with the

bound
< Co el fllLe = CAT™ | flle.

dy
/ Lo f (— + )
(245)

This estimate degenerates as ¢ — 0. On the other hand, making the change of
variables

sup

+y (246)

/C(l GX—TZ)f() v

SCU =) 5 lLeell fllLee
=CA(l =) | fllLee.

we have

~ — d
[Eos (Uw) DN
(o2 o

sup

sup
X

(247)
Combining (245) and (247), we obtain (243). O

As aconsequence of the previous lemma and the differentiation formulae (233)—
(235) and (236), we obtain the following C 2 . estimates for R/ I"and the commutator
between VA and R/’
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Lemma 10.3. (Bounds for R/!) Let U! be a smooth vector field on R x R? satisfying
the hypotheses (202) and (203) of Theorem 10.1. Define R/'[U] = Rél[U] +
R{I[U] + Rél[U] by (229), (230) and (231). Then we have

IR WTlco < CAIU o - (248)

Lemma 10.4. (Commutator between V# and R/!) Let U' and R/'[U] be as in the
hypotheses of Lemma 10.3. Then for every multi-index 8, we have

VP RN, < Cpp - D @ TPNIVEUN . (249
Bi+p2=p:p27#P

These lemmas follow immediately by applying Lemma 10.2 to the differentiation
formulae (233)—(235) on each time slice, keeping in mind the properties (227) and
(228) of ¢. We omit the details.

In preparation for estimating the advective derivative of R//[U], we prove the
following general commutator estimate:

Lemma 10.5. (Commuting with vector fields) Let RI'[U] be as in Lemma 10.3,
and let Z and U" be smooth vector fields on R?. Then

o~ d_d _ ~
IZ- V. R[Tlco € €577 (5N Zleo + IVZIc) 1T llo- (250)

Proof. We claim that, for Rél and RZ,J, a = 1, 2, the following pointwise estimates
hold

il ! Ix — yl
(Z -V, Ry IUIx)| = CllZll¢o VeI (=

'ﬁ(x_ —l—y)'—da—i—CHVZHCo
Y\ |~ [x — d
S Lo ()5 ) S
o o o
x =y’
+ ClIIVZ]co [VE)I
0 o

i (ﬂ —i—y)' d—zda (251)
o o
jlyr 7 < ! ) |x — ¥l :
I[Z-V,R;IUIX)| = CllZ] co A Ve ()l —

_(x—y dy !
(== +v)| =340 +CIVZjco
o 0

(<Yl (52 )

X

X
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I N
+cuvznco/ /IV(Z)I(y)I (u)
0 o

i (x Y y)' d—fido. (252)
o

(e

From these claims, the desired estimate (250) follows by Lemma 10.2. We
remark that the variable ¢ plays no role in the proof.

The estimates (251) and (252) are all proved similarly; we give a detailed proof
of (251), and omit the details for the latter. We begin by applying the differentiation
formula (233) to compute

L 1 Y _
(Z-V. R0 = —9/ /Z"(x)akC(y)(x Y’ i (x . +y) D 4o
2 Jo o o o

(253)
1 — W . _
—51/ /Zk(x)akC(Y)(x 207 (x > +y) O 4o (254)
o o o
- / / () S 2k - ZE o (uw) Do (255)
o o
- —/ /c( YOI k) — 2y (Qﬂ) d—Zda. (256)
o o

Here we write z = )% + y for the argument of U.

The terms (253), (254) are immediately seen to verify (251), so it only remains
to estimate the latter terms. We will focus on the term (255) since the last term is
treated identically.

Starting with the identity

o a x—=y
wv'=av (2 0) =Tk [0 ()]

we integrate by parts in y to obtain

1 —v)J k _ 7k - _
(255)=—§/ /akg(y)(x W o(Z:(x) -7 (Z))Ul (x y . )dyd
2 Jo o o

(I-0)
(257)

d ! (ZF(x) = ZF@2) ~, (x — d
— —/ /c(y)ai( (?1)—0) @) g (xa > +y) —do (@258)

——/ /C() BZ"()U’( - +y)d—da (259)

The estimates (251) now follow from the identity {== = *=* and the pointwise

bound
k _ 7k _
(IZ (x)—2 (Z)I) < ||VZ||C0(|Z XI). 0
(I-o0) (I-o0)
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The key tool in estimating the advective derivative pf RJI[U] will be the follow-
ing estimate for the commutator [(v, — ;) - V, R/ 11, which we derive from the
commutator estimates of Lemmas 10.4 and 10.5.

Lemma 10.6. (Commutator between (v, — ;) - V and R/!) Ler U' and RI'[U] be
as in the hypotheses of Lemma 10.3. Then for every multi-index B with || < L —1,
we have

IVP[ws=0:)-V, RNV o S CpBey/?5 D (B PEMIV U
Jo+J1+12=|B] '
(260)

The summation is over all triplets of non-negative integers (Jo, J1, J2) such that
Jo+J1+ o =Bl

Proof. In V# [(ve —Ve) -V, Rﬂ][U], we will find that the worst case occurs when
all derivatives fall on U, or when all the derivatives fall on the vector field Y :=
(ve — Ve). R
Observe that, for (¢, x) € Cy (7, p; t(I), x(I)) we have the estimates
IV'Yllco € CEVle)> 1<yl SL (261)
Y (1. x)| < CpBey/”. (262)

Let us now decompose VA[(vs —7,) - V, RI[U] = VA[Y - V, RI][U] as

vAlY - v, RIU] = VP (YkakR-/l[U]) — VAR Y*B,U] (263)
=vh (YkakRﬂ [U]) — RIVA (YR o, U] (264)
— [V, RIq[Y*8,U. (265)

The term (265) can be estimated using Lemma 10.4 by

1265)lco, SCo > DTPUVEY ol VA WUl . (266)
Bi+pPa+P3=p
B1#0

We separate out the cases B = 0and 1 < |82 £ L — 1 according to estimates
(261)—(262). In every case, we obtain

1265) o, < CpBe,* >0 (B PENIV U, (267)
: Jo+J1+=p .
We estimate the term (264) by first expanding into terms of the form

Q64 = > VirkgvRRINUL - RI'VPY VU]
Bi+p2=p

= > Epp (268)
Bi+p=p
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Each term on the right hand side of (268) can be expanded as follows

Eg 5, = [VP1Y -V, RIN[VAU) (269)
+ VPrYRa v, RIN[UT. (270)

We now express (270) as a sum of commutators
(270) = VA YK[9, VP2, RIN[UT — VA YR8, RIVP2UN. (271)
Each term of the form (270) can now be bounded using Lemma 10.4 by

127000, =C5 - > @RIV IVP U

Jo+J1+2=|B8]+1
Ji+h#Bl+1

The bound (260) for this term now follows from (261)—(262). o
The remaining terms from (269) all have a commutator form [Z - V, R/ Hron
where Z = VP1Y and U = VA2U. Applying Lemma 10.5, we have

1Q70)co, €5 >, (D IVY o + VDY o) [V Ul
’ h+D2=IB) ’
(272)

Note that at most || + 1 < L derivatives fall on Y. Recalling once more the
estimates (261)—(262), we obtain Lemma 10.6. O

We are now ready to give a proof of Theorem 10.1.

Proof of Theorem 10.1. In view of Proposition 10.1 and Lemmas 10.3 and 10.4,
we are only left to establish the estimate (207). The idea is to write the advective
derivative as

D — \k
3;+U5'V=5+(U5—U5) Ok -

Then using the fact that [g, RI!'] = 0, for any multi-index g with 0 < |8] <
L — 1, we have

VA& +ve - VIRI'UT = VPRI, + ve - VIUD + VP[(ve — T)k 8k, RV

Applying Lemmas 10.3-10.6 and using (204), the desired estimate (207) fol-
lows. O
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11. Perturbations of Smooth Euler Flows

In this section, we illustrate how the Main Lemma (Lemma 3.1) can be used
to establish Theorem 1.1 on the perturbation of smooth Euler flows. The basic
strategy is the same as in Section 11 of [23] and the construction in [12]; namely,
we iterate the Main Lemma to produce a sequence of solutions (vx), p), R)) to
the Euler—Reynolds equations, which converges to a solution (v, p) to the Euler
equations as k — oo with the desired properties. However, there are a few notable
differences compared to [23].

First, as discussed in Section 3, the condition N = E" in the Main Lemma
of [23], which forced the frequency E) to grow double-exponentially in k, is
absent from our Main Lemma. We are therefore able to choose frequencies which
grow only exponentially in k; see (289). Having this property makes our solutions
closer to the physical picture of turbulence, as discussed in §1.1.4. We also remark
that the exponential growth of frequency makes our proof of Theorem 1.1 simpler
compared to that in [23], as the evolution laws for the parameters (289), (290) and
(291) are more straightforward.

Second, in the present case we need to construct an appropriate energy density
function e (¢, x) at each step in order to apply the Main Lemma. In contrast, in
[23] only an energy function e (¢), which is the integral in x of the energy density)
had to be constructed. In order to achieve the required point-wise bound (18) for
e (t, x), we employ the machinery of mollification along the flow of v(). Note,
however, that the only a priori information on vy we have is that V"v) € C ? .
form = 1,..., L (from its frequency and energy levels), which is far weaker
than those on v, in the previous applications of mollification along the flow. This
information turns out to be just sufficient for our construction; see Sections 11.1
and 11.3.

In Section 11.1, we discuss the procedure of mollification along the flow of a
vector field with limited regularity, which is used to construct the energy density
function e(lk/f .In Section 11.2, we reduce the proof of Theorem 1.1 to constructing a
sequence (V(k), P(k), Rk)) of solutions to the Euler-Reynolds system that satisfies
certain claims, that is, Claims 1-5. In Section 11.3, we present the construction of
the sequence (v(), p(k), Rk)), and in Section 11.4, we verify the claims made in
Section 11.2 with such sequence, thereby concluding the proof of Theorem 1.1.

11.1. Mollification Along the Flow of a Vector Field with Limited Regularity

LetL > 1,andv = (vl, v2, v3) be a vector field on R x R? whose frequency
and energy levels are below (E, ¢,) to order L in CY (L = 1), in the sense that the
following estimate holds.

V™ vlleo < gkel/? m=1,...,L. (273)

Recall that the flow of v is the map @ ®,(, x) = (t + s, <v><1>; (t, x)), where
)@ is the unique solution to the ODE

W1, x) = v(t +5, VOL(t,x)), VY1, x) = x. (274)
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As Vv is uniformly bounded on R x R? by (273), ® @/ (¢, x) extends indef-
initely in s. By continuous dependence on parameters for ODEs, it follows that
W@l (¢, x), W @ (¢, x) are continuous in (¢, x,s) € R x R* x R. Moreover,
by differentiating the ODE (274) in x, we have that V’"((”)Cb;) is continuous in
(t,x,s) form = 1, ... L. In fact, the following Lemma can be read off from [23,
Proof of Proposition 18.1].

Lemma 11.1. Let v be a vector field on R x R3 whose frequency and energy levels
are below (2, ey) to order L in C° (L 2 1), in the sense that (273) holds. Then for
every 1 £ m < L, there exist constants Cq 1, Cq.2 > 0 such that V™ ((U)QD;) obeys
the estimate
m (V) &/ C ’:‘el/zs m—1
[V* (V@0 (, X)| = Cpppemm2=v T8 (275)

It is also true that 3, (" ®.) is continuous. However, this property does not
follow directly by differentiating (274), as we have not assumed anything about
d:v. Rather, it is a consequence of the following Lemma.

Lemma 11.2. Let v be a vector field on R x R3 whose frequency and energy levels
are below (E, ey) to order L in C° (L > 1), in the sense that (273) holds. Then
forevery (t,x,s) € R x R3 x Rand o € R, we have

D (Mo, (1, x) = VDot x). (276)
Moreover, 3; (") D (1, x)) is continuous in (t,x, s) € R x R? x R, and
& +v(t,x) - VPP (1, x) = 3,V DL(1, x) = v(r, VDL (2, x)). (277)

Proof. Equation (276) can be proved by differentiating both sides by s, and ob-
serving that both sides solve the same ODE with the same data at s = 0. Then the
continuity of 8,((”) /) and (277) follow by differentiating at o = 0 and using the
ODE (274). O

Given a smooth function F" on R x R? with compact support, we define its
mollification ™ F; 5 in space and along the flow of v by the formula

O F (1, x) = / / FV0,(t,x) + (0. ) np(ne(s) dhds,  (278)

where T, p are mollification parameters, nz (s) = %7]0 (s/T)andns(h) = ,5_13 ni(h/p).

Here, 10, 171 are smooth, compactly supported functions on R and R3, respectively,
such that [ nodsr = [psnidx = 1, supp no € {r : [z| < 1} and supp n; < {x :
x| = 1}

The main result of this subsection is Proposition 11.1 below regarding the
regularity of ) F; 5 when v merely satisfies V""v € C?, form = 1,... L. In this
Proposition, we consider not only smooth functions F, but also locally integrable
functions, as our construction involves applying formula (278) to a function which
belongs to Lg%, (the characteristic function of a measurable subset of R x RY).
Within the proof of Proposition 11.1 below, we show that the formula (278) gives a
well defined, continuous function of (¢, x) whenever F is locally integrable, and we
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establish bounds on the regularity of ) ff, 5 under the assumption that F belongs
to L7 In particular, the value of (278) is well-defined at every point (7, x) and is
independent of the almost-everywhere equivalence class of F.

Proposition 11.1. Let v be a vector field on R x R* whose frequency and energy
levels are below (2, ey) to order L in C° (L = 1), in the sense that (273) holds.
Then for every locally integrable F on R x R3, the following statements hold.

1. ForO0<k<1,0Sm+k=< L, V’”atk((”)l?f,/;) is continuous in (t,x) €
R x R3.
2. Suppose furthermore that F € L®(R x R3). Then there exist constants

Ci1,Cy > 0, which depends only on L, such that for every 1 < m < L,
the following quantitative estimates hold.

~ o 2= 0 -
V"V Fz p)llco, SCre@=T[(5) " + EMTIIF Iy,
(279)

~ =, 1/2=
V"1 @ + v V) Fep)ll o, SCre@ET

x [0 + 8D F Pl
(280)

Proof of Proposition 11.1. For convenience, we shall omit (v) in ) &,. We omit
the proof of Statement 1, which is very similar to the standard convolution case.
Hence it only remains to establish Statement 2. We note that this statement does
not follow from those established in [23], since F is only assumed to be in L?fjc.
Let f be a multi-index with |8| = m. Then differentiating under the integral
sign (which is justified for F smooth) and applying the chain rule, we see that

VAW F; 51, x) = / VE(np * F)(Ds(t, x))Inz(s) ds

is a linear combination of terms of the form

K
/[3,,'1 < (5 % F)N(Ds (1, X)) HVﬁ" Y (t, x) nz(s)ds (281)

i=1
where 0 £ K < mand By, ..., Bx are multi-indices such that 81 + - - - + B¢ = B.
Using Lemma 11.1, the standard convolution estimate

3jy -+ djg (np x F) £ C(P) XIF L.,

and the fact that f Inzlds < C (independent of T), we see that the C° norm of

(281) is bounded from above by

R Slfil- 2?7 g | (5
S Ce“E TR TH Pl [ BT S ceCF @ + () TIF g,

i=1
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where the last inequality follows from Young’s inequality, using the fact that 0 <
K < mand |Bi]| + --- + |Bx| = m. This estimate proves (279). To prove (280),
note that

_ d
(B +v(t,x) - VIV F; 5(t,x) = —//F(Cbs(t,x) + (0, h))n/;(h)ar/f(s)dhds.
(282)
Indeed, for every o € R, we have

W Fz 5(®p (1, x)) = / / F(®yt0 (t, x) + (0, )1 (h)nz(s) dhds,

by (276). Making a change of variable s’ = s + o and differentiating at 0 = 0, we
obtain (282). Then (280) can be proved in a similar manner as before, using the fact
that f |%T}f| ds < C(%)~L. The estimates of Proposition 11.1 for F € L* now
follow by from the case where F is smooth by a straightforward approximation
argument, as in the proof of continuity of ) ﬁf’ 5. O

Proposition 11.1 will be used later to obtain the desired upper bounds for the
energy density. In order to obtain the desired lower bound, we need to know about
the locality of the mollification ") I::f, 5- This property can be described succinctly
by using Eulerian cylinders adapted to v (Definition 3.2), as the following lemma
shows:

Lemma 11.3. (Locality of the mollification) Let v be a vector field on R x R?
whose frequency and energy levels are below (E, e,) to order L in CO(L=1),in
the sense that (273) holds. Also, let F be a locally integrable function on R x R3
and T,p > 0. Then for every (t,x) € R x R3, the mollification (U)Ff’ﬁ(l,x)
depends only on the values o~f vand F on C o(T, p; t, x). Furthermore, the advective
derivative (0; + v - V)[(U)Ff,ﬁ](t, x) also depends only on the values of v and F
on C‘U(f, p;t,x) as well.

Proof. This follows from the definition (278), the identity (282) and our choice of
Nz, Np. O

11.2. Reduction of Theorem 1.1

We are now ready to begin the proof of Theorem 1.1. In this Section, we reduce
the proof of Theorem 1.1 to constructing a sequence (v(x), Pk). R)) of solutions
to the Euler—Reynolds system that satisfies certain claims (Claims 1-5).

From the hypotheses of Theorem 1.1, recall that we are given positive numbers
g,8 > 0, a smooth solution (v(g), p(o)) to the incompressible Euler equations on
R x R? and pre-compact open sets 0y, U such that Q) # ¥ and

Qo) S U. (283)

From these inputs, we shall produce in the following sections (Sections 11.3
and 11.4) a sequence (v(x), pk)» Rk)) of solutions to the Euler-Reynolds system
which satisfies the following Claims:
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Claim 1. (Vanishing of the Euler—Reynolds stress) The Euler—Reynolds stress R )
converges uniformly to zero, that is, || R llco — 0 as k — oo.

Claim 2. (Compact support in space-time) There exists a pre-compact set Qo) <
R x R3 such that Q(o0) € U and for every k 2 0,

supp (Vky — v0), Pk) — P©0) € L(o0)-

Claim 3. (Holder regularity of the solution) Fora = 1 —e, the sequence (v, pxy)

is Cauchy in C*, x C** as k — oo. Moreover; for every k = 0, we have

. (284)

| o

lva = vollce, + 1P@) — Po)llcze =
We state Claims 4-5 using the notation

I[Qul:={teR : Qg N{t} x R3 % ¢}
S,[Q0] = {x e R : (1,x) € Q).

Claim 4. (Increase of local energy) For every t, € 1[Q20)] and smooth, compactly
supported function { such that =1 on S;, [U], we have

2 2
/w(x)wdx >/W(X)de (285)

foreveryk = 0.

Claim 5. (Irregularity of the solution) Foranyt, € I[Qo]and B(p«; x+) S S, [2(0)],

let ¥ = Y (x) be a smooth function on R3 such that supp ¥ € B(px; x.), ¥ = 0
and fW(x) dx = 1. Then for every u € le/s’l(B(,o*; Xy)) U C;/S(B(p*; Xy)),

there exists k. = ki(px, tu, X, V(0), ¥, U) 2> 0 such that

_ 2 _ 2
/Wx)l(v(kﬂ) u) (fx, x)| dx>/w(x)|(v(k) u)(ty, x)| de  (286)

2 2
holds for all k = k.

Assuming these Claims, Theorem 1.1 follows rather immediately.

Proof of Theorem 1.1 assuming Claims 1-5. By Claims 1 and 3, it follows that
(v, p) :=limg 00 (Vk), P(k)) Xists in C,l’ff_s cfﬁ}”‘”, and is a solution to the

incompressible Euler equations. Moreover, by (2845, it follows that

8
— _ <2
v =voylgis-e + 1P = POl 2050 = 5 <9

which proves Statement 2. Statements 1 and 4 of Theorem 1.1 then follow from
Claims 2 and 4, respectively. Finally, for every t, € I[20], B(px; x) € S, [2(0)]



792 PHILIP ISETT & SUNG-JIN OH

1/5,1 1/5

and u € W '7 7 (B(ps; Xx)) U Cy' " (B(ps; Xx)), Claim 5 shows that there exists a
non-negative function v supported in B(p,; x,) and k, = 0 such that the quantity

/ 5 |(Vget1) —Zu)(r,,xn2 q

is strictly increasing for k = k,. Since this integral is non-negative for every k, it

follows that
te, )|
/w( y v T e DT ”)( O 4x = 0.

Thus, v # u on B(,o*;x*). Since u# can be an arbitrary function in
1/5 1

1/51

(B(p4; X4)) Or 1n C (B(p*;x*)), it follows that v belongs to neither
(B(x; X4)) nor C (B(,O*; X)) Asty € I[Q)] and B(pox; x4) S St [Q2(0)]
can be arbitrary, Statement 3 follows. O

The following subsections will be devoted to the construction of a sequence
(Vs Pk)» Ry) which satisfies the above claims. More precisely, the construction
process itself will be described in Section 11.3, and the Claims 1-5 will be verified
for the constructed sequence (v(x), k), Rk)) in Section 11.4.

11.3. Construction of (vky, Pk)» Rik))

In this subsection, we describe the construction of the sequence (v), p«), Rk)),
which will be shown to satisfy Claims 1-5 in Section 11.4. The basic scheme
is as follows: Given (v, p), Rx)) with frequency and energy levels below
(Ek)» v, (k)» R, (k)), along with sets Q ), fl(k) such that

supp (V) — vy, Py — P©0)s Ry) S Ly, (287)

év(o) (Se(k), SOOOu(k), Q(k)) - Q(k) - Q(k) cu (288)
(where Oy = E&ie;é,{)z) we use the Main Lemma to produce (V(k+1), P(k+1)
R(k+1)) with frequency and energy levels below (E 1), €v,k+1), €R,(k+1)) satis-
fying the ansatz

Egtn = CoZ* By (289)

€y, (k+1) = €R, (k) (290)
€R,(k

CR,(k+1) = Z( ), (291)

where Cy is the constant in the Main Lemma and Z is a parameter to be specified.
Note that E) grows exponentially, and e, (x) and eg ) decay exponentially. We
also construct Q41y, k+1) satisfying (287), (288) and furthermore

Quet1y € Q- (292)
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11.3.1. The Base Case Here, we choose the parameters Eq), €y, (0), €r.(0)- We
will also choose £2(g) so that (288) holds. These choices will serve as the base step
for the construction sketched above.

Remark. In general, one can construct solutions by taking the initial frequency and
energy levels (o) and e, () to be any values for which the bounds (11)—(12) hold
for the initial velocity and pressure (v(o), p(0)). With such a choice of parameters, it
is natural to regard the pair (E(_O; ,e 11)/ (20)) as a characteristic length scale and velocity
for the solutions constructed by our procedure. In our proof below, we will take a

more specific choice of (E(g), ey, (0)) that is convenient for proving Claims 1-5.
Choice of ey () and e (o). We choose
ey, (0) = 1, eR,(0) = z-! (293)

where Z > 1 is a large parameter to be chosen later; in fact, it will be finally fixed
in the Proof of Claim 4 in Section 11.4. We take E () > 1 sufficiently large so that

1
(v0), P©), R(0)) has frequency and energy levels below (E(g), 1, 5). (294)

This choice of E gy can be made independently of the choice of Z, since R =
0.

Choice Of Q(o) and E(o). We choose
Q) = Cug (59(0), 50002 !: 9(0)) , (295)

which makes the first inclusion in (288) hold automatically. Since €2(q) is pre-
compact, we may ensure that the last inclusion in (288) holds as well by choosing
E(o) > 1 larger if necessary. We remark that (287) also holds, since the left-hand
side is empty for k = 0.

11.3.2. Choosing the Parameters for k > 1 Here, we describe the choice of
parameters needed to apply the Main Lemma in order to construct (V(x+1), Pk+1)s
R(k+1)), except for the choice of the energy density e (¢, x).

From (21) of the Main Lemma, the Ansatz (291) and base case (293), we are
led to the choices

€v, (k)

12
=7, Ny =2 (e”—(k)) = 75" (296)
eR.(k)

€R, (k)
for k = 0. Note that Z > 1 is enough to ensure (19). Accordingly, we choose
E(k+1) to be

Ew+1) = CoNy By = CoZ>* By,

where Cp > 1 is the constant given by the Main Lemma, which depends only on
M > 0. The latter constant will be chosen to be M = Ce2, where Cy, C, are
constants in Proposition 11.1; see (300).
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Remark. The size of the constant Cg in the Main Lemma determines whether the
constructed solution (v, p) belongs to C, tlyés X C,z’ fcs or not. In our proof of the Main
Lemma, recall that Cyp was chosen to be sufficiently large in order to absorb many
implicit constants that arose in the proof. In particular, Co > 1, and as we shall
see below, this inequality forces the constructed solution (v, p) to fail to belong

to C;, 1/ 5 % Cy 2/ > locally, as stated in Theorem 1.1 (see also Claim 5). On the other
hand 1f we had Co < 1, then it would follow that (v, p) belongs to Cl/5 X C%CS,

by a slight variant of our proof of Claim 3 below.

At this point, we take Z > 1 to be sufficiently large to make sure that the space-
and time-scales E(_k; O decrease sufficiently fast to be used in the construction
of e(x) (¢, x) below. In particular, our Z will satisfy the hypothesis of the following
lemma.

Lemma 11.4. Let E 1), ey, k), €r,k)> Nk and Oy be chosen inductively according
to (289), (290), (291) and (296) from the case k = 0 given above. Then there exists
Zo > 0 such that if Z 2 Z, then we have

1
—=—1 ——1
e (2N)) < %D(k)’ 9(k+]) = 5009(/6) (297)

Proof. The firstinequality follows from (289), by taking Co Zg/ 2 = 5000. To prove
the second inequality, note that

—_— 71/2 251 71/2 —15-2
Otk+1) = E +1) €y (kt1) _CO VA Enent = =Cy Z 0. (298)

Thus, taking Cy Z(z) 2> 500, the second inequality follows. O

11.3.3. Choosing the Energy Density We now describe how to choose the energy
density e (¢, x), which satisfies the hypotheses (17) and (18) of the Main Lemma.
This choice allows us to invoke the Main Lemma to produce (V(k+1y, Pk+1), Rk+1))
with frequency and energy levels below (E (x+1), v, k+1)» €r, (k+1)) satisfying (290)
and (291).

Recall that we are given ), ?z(k) satisfying (287), (288). Let x ) be the char-
acteristic function of C v (20, 2 E(_k; Q). Note that xx) is alocally integrable

function. Define e%z to be (Ke R,(k))l/ 2 times the mollification of X(k) in space

and along the flow of v(), with parameters 7 = 1009(10 and p = 100 E ). More
precisely,

eli(t.x) = (Keg g/ ((U(k))[X(k)] . )(r X). (299)

0006 100 B¢

8 Strictly speaking, one must check at this point that the set év(k)(ZQ(k), 23(_15; Q1)
and the function x() are measurable. This point can be proven by noting that
év(k) 29k, 235{;; (k) is a countable union of compact subsets of R x R3. of (t, x).
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The desired upper bound (18) follows from

1/2 ~ 12\" 12
HVm(a, +vgy - V)'e = Mu(k) (a(k)ev’(k)) €R.(k)

0§r§1,0§m+r§L (300)

which in turn is an immediate consequence of Proposition 11.1 (with M = C 1e62).
Next, we verify that the desired lower bound holds, that is,

ew(t,x) = Keg gy for (1,%) € Gy, (e(k), o Q(k)). (301)

By (39) in Lemma 4.3, we see that
A 1 | 1 A 1
Cv(k) (me(k) ’ m ‘:‘(k)a Cv(k) (e(k) k] ‘:‘(k)a Q(k))) g Cv(k) (29(1() ’ 2‘:‘(]()7 Q(k)) .

Thus, for every (¢, x) € év(k) Ow)» E(_A, Q)), we have ) = 1 on C‘U(k) Ow)»

E(jci, t, x). Using Lemma 11.3 (Locality of the mollification) to replace x ) by 1,
and noting that the mollification of the latter is trivially = 1, we conclude that (301)
holds, in fact, with equality.

11.3.4. Controlling the Enlargement of Support To continue the construction,
we need to choose Q(x41) and Q41 so that (287), (288), (292) hold. We define
Q+1)> Q1) to be appropriate v(g)-adapted cylindrical neighborhoods of €2x),
that is,

Q(k+1) = (49(k), 2000u(k), Q(k))
Q) = é%) (56w, 50002,); sz(k)) (302)

We first establish (287) for k + 1. By construction, note that

A 1 | 1
supp ex) € Fv(k) (mé’(k), ma(k); Cv(k) (29(k)7 2‘:‘(k); Q(k))) .

By (41), (39) of Lemma 4.3 and Lemma 4.2 (Equivalence of Eulerian and
Lagrangian Cylinders), we have

Cv(k) (Q(k), u(k), supp e(k)) U(k) (49(k)7 ZOOOH(k), Q(k))

Since supp (V) — v(©0)) € L), Lemma 4.6 applies and it follows that

fuy (4000 200025): Qa0 ) = P, (460, 200085): Q00 ) = Rt

As (Vi Poy> Roey) = (Warrn) — Vi) P(k+1) — P> Ry) produced by the
Main Lemma is supported in Cv(k) Oy, & (k)’ supp e)), we see that (287) holds
for k + 1.

Next, by (288) for k, we see that (292) holds, thatis, Q1) C Q). In particular,
note that the last inclusion in (288) holds for Ez(kH).
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Finally, we need to verify that the first inclusion in (288) holds for £ 4+ 1. By
(297), it suffices to show that

év(o) (Ow), Bk Qutn) C 5~2(k+1)~ (303)

Note that we use v(g) instead of v() on the left-hand side. Applying (40) in

Lemma 4.3, (288) for k, and using the fact that e3%1V?0llco < eT05 < 2 by (297),
the desired inclusion (303) follows.

11.4. Verification of Claims 1-5

Here, we complete the proof of Theorem 1.1 by establishing the Claims 1-5,
which were made in Section 11.2.

Proof of Claim 1: Vanishing of the Euler—Reynolds stress. This claim is obvi-
ous from construction, since

IR llco < e,y — 0 ask — oo. O

Proof of Claim 2: Compact support in space-time. Let Qo) := U2 Q). By
construction, for every k = 0 we have

supp (v(k) — V), Pk) — P(O)) C Quy S Qo0)-
Note furthermore that Qo) < EZ(O) C U, from which the claim follows. O

Proof of Claim 3: Holder regularity of the solution. Note that vx)y = v +
k=1 Vi and py = poy + Xy P, where

IValleo S Cepl gy = CZ*+D2, (304)
1Pwllco < Ce gy = CZ~EHD, (305)
1Vix Vi lco £ CCoNy By gy = CCEH 3002 Z=04D2 - 306)
Ve x Piyllco < CCoNuy Eqyer, iy = CCaT1 z3kF /2 7= (A1) (307)

by the Main Lemma and the base case eg ) = Z ~1_ The estimates (306), (307)
for the time derivative 9; follow by writing

0 =0 +vy- V) —vpy- V=0 +vp)- V) — (k) —v©)) - V=10 -V

and noting that the advective derivative obeys an even more favorable estimate
than needed, while the terms (v) — v(0)) and v(oy are bounded uniformly on ),
independent of k. The uniform boundedness of (vk) — v()) = Z’,i,_: 10 Vi follows
by summing (304) in k’. Also, the C° norm of v(g) over Q) is also bounded
uniformly in k, as v(g) is smooth and the sets €2 are contained in a fixed compact

set 52(0) by Claim 2. Therefore the constants in (306)—(307) are independent of k.
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By interpolation of (304)—(307), we obtain the following upper bounds on the
Cf, norm of Vix) and P,).

Sa—1
Vi llce, SCCg@HVZz™ T *HD, (308)
I Pyl 2 <ccpr D zGam kD), (309)

Therefore, for « = 1/5 — ¢, choosing Z > 1 sufficiently large so that
cz7% <1, (310)

we see that the bounds (308)—(309) for V() and P can be summed in a geometric
series, and therefore (v(k), p()) is Cauchy in C7*, x C7" 22 Moreover, taking Z even
larger, we can ensure that the sum

> Wawlicg, + 1Pl
k=0

is arbitrarily small, which proves (284). O

Proof of Claim 4: Increase of local energy. The proof below closely follows the
argument of [23, §11.2.7]. We begin by reducing our consideration to a specific
Y for each 1, € I[Q2(p)]. Indeed, by Claim 2 which has been already verified, the
following statement holds: If 1, v are two smooth, compactly supported, smooth
function on R3 such that ¥ = v’ on S, [I], then for every k > 1 we have

2 2
Jo—nw e [y - pwtella,

Therefore, it suffices to verify (285) for a specific Y, for each t, € I[2)].
By the pre-compactness of gy and U/, there exists a smooth, compactly supported
Y1, = Yy, (x) for each t, € I[2g)] so that ¥;,, = 1 on S, [U/] and

sp (Illoy + IV¥li) £ C <00 311)
t€l[20)] .

for some C = C((), U).

We are now ready to prove (285). Here we will often omit the x variable for
functions f (%, x) = f(#) depending on x. Recalling that viy1) = vy + Vi,
we compute

/llf |U(k+1)(t*)| /1/f |U(k)(f*)|

Vi (1)
:/¢t*€(k)(t*) dx +/¢u (# - e(k)(f*)> dx

+/ Y, V) - Ve (1) dx. (312)
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Given t, € I[Q(0)], let x, be a point in R3 such that (z,, x,) € (o). From the
construction, note that e() (¢, x) = Keg, ) on Cu 0y, E(O;; €2(0)). In particular,
we have

e (te,x) =2 Keg )y onB (E(_Oi; x*) , (313)

for k = 0. Next, again by construction in Section 11.3, note that C ) 00y, E(O;;
Q) S Q) € Q) for every k = 1; therefore, (313) holds for k = 1 as well.
Thus, we conclude that for every k = 0, we have

/ Ve (t) dx 2 ceg i) (314)

for some constant ¢ > 0 which depends on E(_O; and K, but does not depend on k,
Z ort,.
On the other hand, by the Main Lemma, we have the bound

12 12
Vi (1) v, ()R, (k —
[ v (PO = e ) de| £ 02 ERD (g + 2501V
2 N x (k) x

< CZ7%eR (1), (315)

where we used (311) and the fact that E(_k; < 1 on the last line. Next, we have

‘/ Yr, V) - Vi (1) dx

= '/ Yr, V) - V X Wiy () dx

< '/ Vi, V X vy - Wi (1) dx

+ ‘/(Vlﬁu X vky) - W () dx

. (316)

In this case, Vi, = 0onsupp W, () by hypothesis, and therefore the second
term on the last line vanishes. Therefore, by (311), we have

12 12

€y, ()R, (k _
‘ / Vi, v Vo (b dx| € C2O LBy ) <02 %ep ). (B17)

In conclusion, we have

|Uk 1 (t*)|2 |U k (t*)lz —
/ Yo o dr = [ g, O dx Z cer o + CZ Per - (B18)
Taking Z sufficiently large, we obtain the desired claim. O

Proof of Claim 5: Irregularity of the solution. The idea of the proof below is
similar to that of Claim 4. An important difference, however, is that not only do we
take Z = Z, for some large Z, > 1 (as in Claim 4), but we also take k = k, for a
sufficiently large k, = 0. In this proof, we shall say that a constant is universal if it
is independent of the given p,, t,, X., vy, ¥ and u in the hypotheses of Claim 5.
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A constant C > 0 that occurs below is always universal, unless otherwise stated.
It is important to note that Z, is also universal, whereas k, is not.

Let t., x4, px, ¥ and u be given as in the hypotheses of Claim 5. Let us assume
that u € WXI/S’1 (B(p«; x4)) since the proof in the case where u € Ci/S(B(p*; Xy))
is identical. Below, we shall use the shorthand B := B(px; Xx).

As in the proof of Claim 4, we begin by computing

/1//|(U(k+1) —u)(t)]? dx _/wl(v(lo —u)(t)? d

2 2
Vio (8 |
=/¢€(k>(t*) dx +/¢ (% - e(k)(f*)) dx
+/ V(v —u) - Vi (1) dx. (319)

Since supp ¥ € B C 5, [Q0)] € S, [Q2)], we have by (301)
/we(k) (te) dx z KeR,(k). (320)

12 12
€0, ()6 R, (k)

For the second term on the right-hand side of (319), we have
Wl + B IVY Ly
N(k) ( L)r (k) L)r
< CZ%ery + CIVY L Z B er -

Vi (t0)2
’/W (% _e(k)(t*)) dx
(321)

To estimate the third term on the right-hand side of (319), we first write

<c

/ V(v —u)-Vigy (1) dx = / V(v —tte)- Vi (1) dx-l-/ V(e —u)- Vi (1) dx,

(322)
where u, = f u(x —y)n:(y) dy is a mollification of u, n:(y) = ¢ >n(y/e) and n is
a smooth compactly supported function such that f n = 1. Here we have assumed
that the e-neighborhood of the support of i is contained in B, which will be true for
sufficiently small ¢ chosen in the proof below. For the last term on the right-hand
side of (322), we estimate

—1/2
‘/ Ve —u) - Vi (1) dx | = CEI/SeR,(Q)IIWllcvgllullml/S.l €R,(k)»

where we have used the elementary convolution estimate |u, — ul| Ll <
Ce'Plullysa.



800 PHILIP ISETT & SUNG-JIN OH

Finally, we estimate the first term on the right-hand side of (322). Integrating
by parts and using the triangle inequality, we may write

< /WV X vy - Wy (8| dx

/Vf (Wky — ue) - Vi (1) dx
+/ ¥V X ug - W ()| dx
+/ (VY X viy) - Wiy (1) dx

+/ (VY X ue) - W ()] dx

=L+bLh+1L+1. (323)
For I, we estimate
o2 12
R, (k _
L = C%”WH < CZ%er - (324)
We estimate I, by
/2
€R,(k - 11 —1/2
I S Cl|Vuell oy I¥lley < CeTING E e, Gl ol s er .o,
(325)

where we have used the convolution estimate ||V, ||le < Ce B u| Wit
2 X
To estimate I3, we begin by noting that

1/2 1/2 —1
lvay — voyllcoepy = ZeR </) = -b.

Note also that v(g) is bounded on B, as it is smooth and B is compact. Therefore,
we have

Q12
k
I < CIVY Iy (lvw = vorlco + b0 o) —z(vzk)
< 12 1
S CIIVY L ((Z -+ IIU(O)IICO(B)) Ok+1)€R. (k) - (326)
Finally, for 14, we have
o1/
R.(k
L = ClIVYlicollueliy = R = ClIVY licollull L1 Ow+ner,w- (327)
Ew) Ny ’

Putting everything together, we arrive at
(319) > Keg. ) — CZ; er.x)
12, - e
= C (el + e NG B R er ) W cplluly s er e

- C, (E(_k) + 9(k+1)) €R, (k)
=: Keg k) — E1 — E» — E3,
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where C > 0 is a universal constant and C, > 0 can depend on p,, Z,, E(),
v llcocsy> IV lz1, IV llco and [lull1. Taking Z, = 2(C/K)'/?, we have

1
—E 2 —-K .
1= 4 €R, (k)
Next, choosing & = N, (;)1 E_k; and recalling the evolution laws for parameters
(289)—(291) and (296), we see that

—k/5~—1/5
—E2 2 =CCy PEG P I lcolul 51,0
At this point, observe that Co_k/5 — Oask — oo(since Cy > 1), and also that E(_ki

O+1y — 0. Therefore, choosing k = k, sufficiently large (but non-universal), we
have

1
—E, —E3 > _ZKeR’U{).

This bound concludes the proof. O

Acknowledgments The authors are grateful to Peter Constantin for conversations related to
Theorem 1.1.

A. h-Principle for Incompressible Euler on Euclidean Space

In this Appendix, we observe that our construction leads to a result of “A-principle”
type given in Theorem A.1 below. To motivate this theorem, recall that every finite
energy weak solution to Euler with appropriate integrability conserves linear and
angular momentum. Furthermore, note that if v, is a sequence of finite energy
solutions to Euler with appropriate uniform integrability (say, the family {(1 +
|x)vy (¢)}n.r 1s uniformly integrable in x), then the weak limit v, — v, provided
that it exists, also conserves linear and angular momentum. Theorem A.1 essentially
says that there are no other conservation laws closed under taking weak limits.
More precisely, this theorem shows that every smooth, divergence free vector field
on R x R? which conserves both linear and angular momentum can be realized as a
weak limit of a sequence of Ctlf_e Euler flows in the LS, weak-* topology. We note
that the space L, cannot be improved for this type of result in terms of regularity,
and the result below implies weak convergence in L? spaces for 1 < p < oo as
well.

Theorem A.1. Let ¢ > 0 and let U be a bounded, convex, open subset of R x R3.
Letv! € CP (R x R3) be a smooth vector field with compact support in U such that
forallt € R we have

avi(t,x)=0 VxeR?

d

— [ Y, x)dx=0 VI=1,2,3

dt Jps3
d
—/ kol x) — Xk x)de =0 V1I<k<IZ3.
dt JRrs3
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There then exists a sequence of solutions to incompressible Euler in the class

1/5— 2(1/5—
V@), Pky) € Ct’i £ x C,’;/ S)(R X R3) such that supp vy U supp px)y <

U forall k € N and vy — v in LTS, weak-*.

Theorem A.1 contributes to the growing literature on h-principle type results in
fluid equations, for which we refer the reader to [8, 10, 13,25] for further discussion.
The result helps to express the point that the only results that appear to be closed
under weak limits for low regularity solutions to these equations can be viewed as
conservation laws or as time regularity statements. Here we will outline the main
ideas of the proof of Theorem A.1, and we will refer the reader to [25] for a detailed
proof of an analogous result for active scalar equations.

A.1 Sketch of Proof of Theorem A.1

Let ¢ > 0 and let U be a bounded, convex, open subset of R x R3. Let v/ €
C2° (U) be an incompressible velocity field which conserves both linear and angular
momentum, as in the statement of Theorem A.1. Consider the vector field U' =
9,0 +9 i (v/v'). Onecan interpret U I(z, x) as the force per unit volume (or unit mass)
acting on a particle at the point (¢, x), since U = 8,v'+v/9 i v! by incompressibility.
Choose a smooth, symmetric tensor field R/ € C PR x IR?) with compact support
in U such that

3R =U". (328)

As we have seen, it is necessary for U’ (t, -) to be L>-orthogonal to both translation
and rotation vector fields at all times ¢ € R in order for such a tensor field to exist.
For the vector field U! above, the orthogonality conditions are equivalent to the
conservation laws assumed in Theorem A.1, since the term 9; (v/v') is already the
divergence of a symmetric tensor. With these conditions satisfied, we can construct
the desired R/! using the operators constructed in Proposition 10.1 (where we take
the ambient velocity field to be O so that the operator is time-independent).

With this choice of R//, we may view v as part of a smooth solution (v(0), p(0), R(0))
to the Euler—Reynolds equations with velocity field véo) = v!, pressure p©) = 0and

stress tensor R(Jé) = RJ! as chosen above. The proof of Theorem A.1 now proceeds
along the same lines as the proof of Theorem 1.1 given in Section 11. Namely,
beginning with (v(0), p(0). R(0)), one generates a sequence of Euler Reynolds flows
(Vky, Pky» Rky) by repeated application of Lemma 3.1 such that the sequence
(v, Pky) converges in C,l’fcs_s X cﬁﬁcl/s‘g’ to a solution (0, p) of incompressible
Euler. This sequence of Euler Reynolds flows (v), p«), Rk)) is dictated by the
choice of the sequence of frequency energy levels (E), ey, (k)er, )), which obey
the iteration rules (289)—(291). The solution (v, p) is thus determined completely
by the choice of initial frequency energy levels (E(q), €y,(0), €r,0)) and the choice
of the frequency Z(1) applied in the first stage of the iteration.

The key point in achieving solutions 0 which are close to the given v = v(g) in
L¢3, weak-* is that the initial frequency E(j) (and all subsequent frequencies) may
be chosen arbitrarily large in the first stage of the iteration while maintaining a
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uniform bound on || — v|| Lo that is independent of the choice of E(j). In fact,
one can arrange that 9 — v = V x W where [W| o £ E(_lie;e/%o) can be made

arbitrarily small, while maintaining a bound of the form [|0 — v||co < C e% %0)
and uniform control over the support of ¥ — v. To arrange that the support of
the iteration remains inside a precompact subset of €2, one may choose a larger
frequency level E(q) if necessary, since the choice of a sufficiently large frequency
level at the beginning of the iteration will cause the time and spatial scales of the
entire iteration to become arbitrarily small. Choosing a sequence of E(j) tending
to 0o, one obtains the desired sequence of solutions 9.9 We refer to [25, Proof of
Theorem 9.1] for a detailed implementation of this technique.
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