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Abstract

Enstrophy, half the integral of the square of vorticity, plays a role in
2D turbulence theory analogous to that played by kinetic energy in the
Kolmogorov theory of 3D turbulence. It is therefore interesting to obtain
a description of the way enstrophy is dissipated at high Reynolds number.
In this article we explore the notions of viscous and transport enstrophy
defect, which model the spatial structure of the dissipation of enstrophy.
These notions were introduced by G. Eyink in an attempt to reconcile the
Kraichnan-Batchelor theory of 2D turbulence with current knowledge of the
properties of weak solutions of the equations of incompressible and ideal
fluid motion. Three natural questions arise from Eyink’s theory: (1) Exis-
tence of the enstrophy defects (2) Conditions for the equality of transport
and viscous enstrophy defects (3) Conditions for the vanishing of the en-
strophy defects. In [10], Eyink proved a number of results related to these
questions and formulated a conjecture on how to answer these problems in a
physically meaningful context. In the present article we improve and extend
some of Eyink’s results and present a counterexample to his conjecture.
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1. Introduction

This article is concerned with certain properties of weak solutions of
the incompressible Euler equations in two space dimensions and with the
corresponding vanishing viscosity limit in connection with the modeling of
two-dimensional turbulence. To put our discussion in context it is useful to
recall some of the basic features of the Kraichnan-Batchelor (KB) theory of
two-dimensional turbulence, introduced in [12,2]. This is a phenomenologi-
cal theory, modeled after Kolmogorov’s theory of 3D turbulence. The notion
of enstrophy cascade plays a central role in KB theory, similar to the role of
the energy cascade in Kolmogorov’s theory. Enstrophy is half the integral
of the square of vorticity, a conserved quantity for smooth ideal 2D flow,
which is dissipated in viscous flow. In the cascade picture, the nonlinearity
transports enstrophy from large to small scales, where it is dissipated by vis-
cosity. A key issue in the KB theory is that such a picture must be sustained
as viscosity vanishes, in a way that allows the rate at which enstrophy is
dissipated to remain bounded away from zero as viscosity disappears. For
details and the associated literature we refer the reader to [11], especially
Section 9.7, and references there contained.

Let us consider a family of viscous flows, which we assume to have uni-
formly bounded enstrophy as viscosity vanishes. This sequence is compatible
with the KB cascade if the enstrophy dissipation rate is bounded away from
zero. Taking subsequences as needed, such a family leads to a weak solution
of the 2D incompressible Euler equations, see [15], which must dissipate
enstrophy. The difficulty one faces is that weak solutions of the incompress-
ible 2D Euler equations with finite enstrophy conserve enstrophy exactly, a
known fact which we will examine in detail later. We note that this difficulty
does not occur in 3D, as energy dissipative solutions of the incompressible
3D Euler equations with finite initial energy have been shown to exist, see
[8,18].

Recently, G. Eyink proposed a way around the paradox outlined above,
see [10], by considering flows with unbounded local enstrophy. Eyink’s idea
raises the mathematical problem of assigning meaning to enstrophy dissipa-
tion for flows with infinite enstrophy. In [10], Eyink introduced two notions
of enstrophy defect in his attempt to describe the spatial structure of the en-
strophy dissipation. These enstrophy defects are limits of enstrophy source
terms in approximating enstrophy balance equations. When the relevant ap-
proximation is vanishing viscosity, this limit gives rise to a viscous enstrophy
defect. The other defect introduced by Eyink was a purely inviscid enstrophy
defect associated with mollifying a weak solution, which we call transport
enstrophy defect. Eyink formulated a conjecture stating that both enstro-
phy defects are well-defined, that they give rise to the same distribution in
the limit and that they do not always vanish. One of the main purposes of
the present work is to present a counterexample to Eyink’s conjecture.

Beyond the description of 2D turbulence, there are two other concerns
that motivate this paper. The first is the problem of uniqueness of weak
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solutions for incompressible 2D Euler, a long-standing open problem. Exis-
tence of weak solutions is known for compactly supported initial vorticities
in the space (BM, + L') N H;é, where BM  is the cone of nonnegative
bounded Radon measures, see [15, 17,23]. In contrast, uniqueness of weak so-
lutions is only known for vorticities which are bounded or nearly so, see [22,
24,25]. Tt is conceivable that the usual notion of weak solution is too weak to
guarantee uniqueness, and that a criterion is required to select the ‘correct’
weak solution. Properties that distinguish those weak solutions which are
inviscid limits are particularly interesting, and we will encounter some of
these properties in this paper.

The second concern is connected with the general issue of inviscid dis-
sipation. Transport by smooth volume-preserving flows merely rearranges
the transported quantity. This property is maintained even when the flow is
not smooth, as long as we restrict ourselves to renormalized solutions of the
transport equations, in the sense of DiPerna and Lions, see [6]. Weak solu-
tions (in the sense of distributions) of transport equations by divergence-free
vector fields are always renormalized solutions if the transported quantity
and the transporting velocity are sufficiently smooth. In the special case of
weak solutions of the 2D Euler equations vorticity is always a renormalized
solution of the vorticity equation, regarded as a linear transport equation,
as long as enstrophy is finite. Consequently, for finite enstrophy flows the
distribution function of vorticity is conserved in time. What happens with
the distribution function of vorticity under less regular flows is a very in-
teresting problem, closely related to the present work.

The remainder of this article is divided into six sections. In Section 2
we review the DiPerna-Lions transport theory and we apply it to ideal, in-
compressible, two-dimensional flow. In Section 3 we introduce the enstrophy
defects, we prove that the viscous enstrophy defect vanishes for flows with
finite enstrophy and we formulate a version of Eyink’s conjecture. In Sec-
tion 4 we prove that the enstrophy density associated to a viscosity solution
is a weak solution of a transport equation as long as vorticity lies in the
space L?%(log L)l/‘l7 an Orlicz space slightly smaller than L2. We also show
that the transport enstrophy defect exists as a distribution for vorticities in
L?(log L)'/* and vanishes if the weak solution in this space happens to be
an inviscid limit. In Section 5 we present examples showing that the results
obtained in the previous section are nearly sharp. In Section 6 we exhibit
a counterexample to Eyink’s conjecture. Finally, we draw some conclusions
and highlight open problems in Section 7.

Technically speaking, we make use of the framework usually found in
the study of nonlinear problems through weak convergence methods as well
as harmonic analysis and function space theory. One distinction between
our work and [10] is that we consider flows in the full plane with compactly
supported initial vorticity, whereas Eyink dealt with periodic flows. Working
in the plane is convenient because of the simpler expression for the Biot-
Savart law and because it is easier to find the function space results we
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require. The trade-off is the need to work around problems arising from
infinity, such as loss of tightness along vorticity sequences.

We conclude this introduction by fixing notation. We denote by B(z;r)
the disk centered at x with radius r in the plane. The characteristic function
of a set F is denoted by xg. If X is a function space then X. denotes the
subspace of functions in X with compact support and Xj,. denotes the
space of functions which are locally in X. We use alternatively C2° or D
to denote the space of smooth compactly-supported test functions. We use
WHkP and H® to denote the classical Sobolev spaces. We denote by LP-? the
Lorentz spaces and B, , the Besov spaces as defined respectively in [4] and

[3].

2. Weak solutions and renormalized solutions

The purpose of this section is to discuss the relation between weak so-
lutions of the incompressible 2D Euler equations and DiPerna-Lions renor-
malized solutions of linear transport equations.

We begin by recalling the vorticity formulation of the two dimensional
Euler equations:

Ow +u-Vw =0, (2.1a)
u=K*w, (2.1b)

with the Biot-Savart kernel K given by

K(z) = R

(1,72)F = (—22,71), and where the convolution in (2.1b) occurs only in
the spatial variable. Note that the specific form of the Biot-Savart kernel
implies that divu = 0.

Identity (2.1a) is a transport equation for the vorticity. Therefore, if u
is sufficiently smooth so that w is a classical solution, the vorticity itself
and any function of it are transported along the flow induced by w. In
particular, the enstrophy density function ¥(z,t) = |w(x,t)|?/2 is conserved
along particle trajectories, and, as the velocity u is divergence-free, the
enstrophy 2(t) = [¥(z,t) dx is a globally conserved quantity in time.

There is a well-developed theory of weak solutions for (2.1). Well-posedness
for weak solutions has been established for those initial vorticities which
are bounded or nearly so, see [24,25,21,22]. If vorticity belongs to L then,
by Calderon-Zygmund theory and the Hardy-Littlewood-Sobolev inequal-
ity, u € Wﬁ)’g so that, if p > 4/3 then u € L¥ with p' = p/(p—1). Hence the
relevant nonlinear term, u w, is locally integrable and the transport equation
(2.1a) lends itself to a standard weak formulation. To be precise we recall
the weak formulation of the initial-value problem for (2.1). Let wy € LP(R?),
p>4/3.
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Definition 1. Let w = w(x,t) € L>®([0,7T); LP(R?)) for some p > 4/3 and
let ©w = K *w. We say w is a weak solution of the initial-value problem for
(2.1) if, for any test function ¢ € C°([0,T) x R?), we have:

T
/ / pw + Vo - ww dedt + / o(x, 0)wo(x) dx = 0.
0 R2 R2

In addition, we require that the velocity field u € L°*°([0,7); L?(R?) +
L (R?)).

Existence of weak solutions has been established for initial vorticities
wo € (BM.++LY)n ngi, see [7,5,23,17]; however, these results require a
more elaborate weak formulation in order to accommodate the additional
irregularity in vorticity. If the vorticity is in LP for some p > 4/3 then
all weak formulations reduce to the one in Definition 1. In this paper we
are mostly concerned with flows whose vorticity is in L? or nearly so, and
for these flows, Definition 1 is adequate. There is one situation of present
interest for which Definition 1 cannot be used, namely, that of vorticities
in the Besov space B . In this case a weak velocity formulation, see [7],
should be used instead.

Given that, for vorticities in L?, the velocities are only Wﬁ)’g , it is natural
to consider weak solutions of (2.1) in the context of the theory of renormal-
ized solutions for linear transport equations, introduced by DiPerna and
Lions [6]. We recall below the definition of renormalized solution for linear
transport equations without lower-order term.

If E C R" then |E| denotes the Lebesgue measure of E. Let L° be the
set of all measurable functions f on R™ such that |{|f(z)| > a}| < oo, for
each a > 0. Let v € L'([0, T]; W,5!) such that

1+ |z))"tv e LY([0,T]; LY) + L*([0,T]; L™). (2.2)

Definition 2. A function w € L*>([0,T7]; L°) is called a renormalized solu-
tion to the linear transport equation

wit+v-Vwu=0
if, in the sense of distributions,
WBw)+v-Vi(w) =0, (2.3)
for all 3 € A= {3 € C', 3 bounded, vanishing near 0}.

The most important property of renormalized solutions is that, in gen-
eral, they are unique. The connection between weak solutions of the Euler
equations and renormalized solutions of the vorticity equation (2.1a), re-
garded as a linear transport equation with given velocity, is known. How-
ever, this relation has not been clearly stated in the literature. We address
this omission in the following result.
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Proposition 1. Let p > 2. If w = w(w,t) € L*([0,T); LP(R?)) is a weak
solution of the Fuler equations then w is a renormalized solution of trans-
port equation (2.1a) with velocity u = K xw. Let 1 < p < 2. If w is a weak
solution of the Euler equations obtained as a weak limit of a sequence of ex-
act smooth solutions (generated, for example, by mollifying initial data and
exactly solving the equations) then w is a renormalized solution of (2.1a).

Proof. If p > 2, then the velocity u belongs to L>°([0,T); Wllo’g) and hence

to L*°([0,T); Wllo’g/)7 as p > p'. The velocity u satisfies the mild growth
condition (2.2) because L% + L™ is contained in L' + L> and an L? + L
estimate on velocity was required in the definition of weak solution. Hence,
we are under the conditions of the consistency result, Theorem IL.3 in [6], so
we may conclude that w is a renormalized solution. The statement regarding
weak solutions that are limits of exact smooth solutions is a consequence of

the stability result contained in Theorem II.4 in [6].

It is an interesting question whether the vanishing viscosity limit gives
rise to a renormalized solution as well, if the initial vorticity is in LP, 1 <
p <2

Let w € L>([0,T); L?(R?)) be a weak solution of (2.1). By Proposition
1 w is also a renormalized solution. Since the velocity is divergence-free, we
may conclude, using the full strength of the DiPerna-Lions theory of renor-
malized solutions, that the distribution function of w is time-independent,
ie.

Aw(s,t) = {z € R? [|w(z,t)] > s}H = Au(8,0) = Ay, (), (2.4)

see the second Theorem III.2 of [6]. Therefore, all rearrangement-invariant
norms of vorticity are conserved in time. In particular, the enstrophy {2(t) is
preserved for any weak solution of the 2D Euler equations with finite initial
enstrophy.

3. Two notions of enstrophy defect and Eyink’s conjecture

In this section we will introduce two notions of enstrophy defect, one as-
sociated with enstrophy dissipation due to viscosity and another associated
with enstrophy disappearance due to irregular transport. We will also state
precisely a version of Eyink’s conjecture in the setting of full-plane flow.

Let w € L>®([0,T); L*?(R?)) be a weak solution of (2.1). Set jc(x) =

€ 2j(e~1z) to be a Friedrichs mollifier and write

We = Je * W,
Ue = Je * U,

(uw)e = je * (uw).

Then w, solves
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Orwe + div [uewe + ((uw)e — vew,)] =0,

3.1
we(0) = Je * wo. (3:1)

The associated enstrophy density 9. (z,t) = |w.(x,t)|?/2 satisfies
O0e + div [ue¥e + we (uw)e — uewe)] = —Ze(w), (3.2)

where

Ze(w) = —Vwe - ((uw)e — uewe) -

The behavior of Z, as ¢ — 0 is a description of the space-time distribution
of enstrophy dissipation of the weak solution w due to irregular transport.
We use this notion to define the enstrophy defect.

Definition 3. The transport enstrophy defect associated to w is:

ZT(w) = lim Ze(w),

whenever the limit exists in the sense of distributions. The weak solution w
is said to be dissipative if ZT(w) exists and Z7T (w) > 0.

Given that the transport enstrophy defect is intended to describe the
space-time structure of enstrophy dissipation and taking into account that
finite-enstrophy weak solutions conserve enstrophy, one would hope that
ZT(w) =0 if wy € L2(R?). Actually, this seems to be a difficult problem, to
which we will return later on in this work. Recall that, in the 3D case, it is
known that finite energy solutions may dissipate energy, see [8,18].

From a physical point of view it is natural to consider weak solutions
arising through the vanishing viscosity limit. We denote by w, the solution
to the two-dimensional Navier-Stokes equations in velocity-vorticity form:

Osw, + uy, - Vw, —vAw, =0, (3.3a)
uy, = K *w,y, (3.3b)

with initial data wy. Note that divu, = 0.

The Navier-Stokes evolution naturally dissipates enstrophy, though only
through diffusion. The viscous enstrophy density 1, satisfies the following
parabolic equation:

0y +uy, - VI, —vAY, = 7" (w,), (3.4)

where
Z¥(w,) = v|Vuw, |

Note that Z¥(w,) > 0 always. We use Z” to define a viscous enstrophy
defect. Let w = w(x,t) € L>([0,T); LP(R?)), p > 4/3, be a weak solution of
the 2D Euler equations which was obtained as a vanishing viscosity limit.
More precisely, we assume that w is a limit of a sequence of solutions to
the 2D Navier-Stokes equations (3.3) with fixed initial data wy and with
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viscosity vy — 0. In what follows we will refer to such a weak solution as a
viscosity solution. Let w,, be such an approximating sequence of solutions,
with w,, — w, weak-+ in L*°([0,7); LP(R?)). Henceforth we will abuse
terminology and identify the sequence {w,, } with its weak (inviscid) limit
w.

Definition 4. The viscous enstrophy defect associated to w is defined as:

ZV(w) = lim Z"*(w,,),

v —0

whenever the limit exists in the sense of distributions.

Before we formulate Eyink’s conjecture we show that, if the initial vor-
ticity has finite enstrophy, then the viscous enstrophy defect vanishes iden-
tically.

Proposition 2. Let wg € L2(R?). Let w € L>=([0,T); L?(R?)) be a viscosity
solution with initial vorticity wo. Then ZV(w) exists and it is identically
zero.

Proof. Suppose that the viscosity solution w = w(z,t) is the limit of the
approximating sequence w,, of solutions to the Navier-Stokes equations. We
may assume that w,, — w in C([0,T),w — L?), where w— L? is L? endowed
with the weak topology, see [13], Appendix C. Multiplying (3.3) by w,,,
integrating by parts, and using the divergence-free condition on wu,, , gives
for each fixed v, and t > 0

i/ wzn(t)dx—i—Ql/k/ |Vw,, [2(t) dz = 0.
dt R2 k R2

By integrating in time, we then obtain the same energy estimate as for the
heat equation, namely

t
oo (8)]122 — [lwolZe = 72”’“/0 /R Ve, Pdds, Y0<t<T. (3.5)

From Proposition 1 it follows that w is a renormalized solution to (2.1a)
and hence [[w(t)[|32 = |lwo||32. Therefore, if w,, (t) converges strongly in L?
to w(t), for each 0 < t < T, then we have that

Vi —0

t
lim// ve|Vw,, |? dzds = 0. (3.6)
0 JR2

This means in particular that lim,, ¢ Z"*(w,,) = Z"(w) = 0 in the sense
of distributions.

To establish strong convergence of the approximating sequence, we no-
tice that, from (3.5), |Jwy, (t)]lL2 < |lwol|r2 for each t > 0, so that

limsup [lwy, ()22 < flwollze = lw(®)llzz-

Vi —
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On the other hand, it follows from the weak lower semicontinuity of the
norm that

lim inf [lw,, (£)[| L2 = [|w(®)] L2,

v —0

as w,, — w in C([0,T);w — L?). Thus |lw,, (t)||zz — |lw(#)|/zz for each
0 <t < T, from which the desired strong convergence follows.

Remark 1. In the case of periodic flow it is possible to show that, if w is
a dissipative weak solution in L>°([0,T); L?), then the transport enstrophy
defect ZT (w) vanishes identically. The proof is an easy adaptation of what
was presented above. For the full plane, there are serious technical difficulties
with controlling the behavior of Z. near infinity, which are connected with
understanding the possibility of enstrophy leaving the compact parts of
the plane. The main concern of the present article is with local enstrophy
dissipation so we will avoid this issue of escape to infinity.

Turbulence theory requires flows that dissipate enstrophy at a rate which
does not vanish as viscosity goes to zero. A vanishing viscous enstrophy
defect excludes precisely such flows. From Proposition 2, we see that in
order to model two-dimensional turbulence, one should consider flows with
infinite enstrophy. Is it possible for flows with infinite enstrophy to dissipate
enstrophy in a meaningful way? This is the main point in Eyink’s work and
it is precisely what we wish to explore.

A natural choice of space which allows for infinite enstrophy is the L2-
based Besov space Bgm. The choice of the space BgOO is motivated by the
Kraichnan-Batchelor theory of two-dimensional turbulence, which predicts,
in the limit of vanishing viscosity, an energy spectrum of the form

E(k,t) ~n(t)¥3 k3. (3.7)

Above, n(t) is the average rate of enstrophy dissipation per unit volume,
and E(k,t) is the density of the measure p given by

M(A):/AE(n,t) dﬁ:/AxSl [u(k,t)|* dk,

with k = |k|, for any measurable subset A of the real line.

By Calderon-Zygmund, w € L?([0,T]; B3 ) implies that the velocity
u €
L2([0,T]; B ) locally, and [20]

lulZy =~ sup s2u(s)alZ, (338)
e 0<s<1
for ¢ a smooth cut-off function supported in the dyadic shell {k | 1/2 <

|k| < 2}. By rescaling (here s = k'), a finite By ., norm gives a decay rate
like (3.7) for the energy spectrum.
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In this situation, Eyink’s conjecture embodies the expectation that the
transport enstrophy defect accounts for the residual rate of viscous enstro-
phy dissipation in the limit of vanishing viscosity. One of the main results
in the present work is an example showing that this is not necessarily the
case.

Conjecture 1 (Eyink). Let w be a weak solution of the incompressible 2D
Euler equations, obtained by the vanishing viscosity method, such that
w e L*((0,T); BY .,(R?)). We assume that there exists w,,, solutions of
the incompressible Navier-Stokes equations (3.3), such that
Wy, — w in weak-* L*((0,7T); BSVOO(]RQ))

Then both limits, lim,_ o+ Z¥(w,) and lim,_,g+ Z.(w), exist and are equal,
so that we may write Z(w) = Z¥(w) = Z7(w) in this case. Furthermore, w
is a dissipative solution. Lastly, there exist one such w with Z(w) > 0.

The space Bg,oo has the disadvantage of not being rearrangement-invariant,
which means that it provides no natural estimate for vorticity. In addition,
BS)OO is not contained in L*/3, so that a weak solution in this Besov space
has to be defined in a different way than what we did in Definition 1, namely
using the weak velocity formulation as in [7].

From an analytical standpoint, it is natural to reformulate Eyink’s con-
jecture replacing BSVOO by a rearrangement invariant space containing L?. In
that case, the existence of a viscosity weak solution follows from appropriate
hypotheses on initial data, so that the statement of the conjecture would be-
come simpler. One straighforward choice is the Marcinkiewicz space L%,
which is rearrangement invariant. Additionally, vorticities in L?°° which are
supported in sets of finite measure also belong to L*/3, so that Definition
1 can be used. Although L** and Bg,oo are both endpoints of secondary
scales of spaces based on L?, the precise relation between them has not been
clearly stated in the literature.

The conjecture stated above differs from Eyink’s original formulation in
that it refers to full-plane instead of periodic flow, a distinction which is
more technical than substantive. One of the purposes of the present article
is to produce an example of a weak solution, under the constraints of the
conjecture, for which both Z7 and Z" exist, ZT = 0 but Z" does not
vanish. The example we will present belongs to L?> N Bg’oo. Before we
present the construction of this example, we will examine in more detail the
behavior of the enstrophy defects in the case of finite enstrophy. This is the
subject of the next two sections.

4. Transport enstrophy defect and local balance of enstrophy

We have established that, if the initial vorticity has finite enstrophy, then
the (renormalized) weak solution conserves enstrophy exactly (Proposition
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1 and subsequent observation) and that for viscosity solutions, the viscous
enstrophy defect Z" vanishes. This result implies that, for modeling 2D
turbulence, flows with bounded enstrophy are not useful, since they cannot
support a cascade. However, independently from its physical relevance, the
idea of transport enstrophy defect is very intriguing from the point of view
of nonlinear PDE. One of the most interesting problems is whether trans-
port enstrophy dissipation occurs at all, a nontrivial open question . In [10],
Eyink proved that if the vorticity is in LP, p > 2 then Z7 exists and van-
ishes identically. Our main purpose in this section is to examine transport
enstrophy dissipation in more detail, looking for criticality in spaces which
are logarithmic perturbations of L2.

We begin by considering local balance of enstrophy. One of the ways
in which this balance can be expressed is by showing that the enstrophy
density 1 satisfies the transport equation ; +u- Vi = 0. We first note that,
if the initial vorticity wy belongs to L? and if w is any weak solution with
initial vorticity wp, then the corresponding enstrophy density ¥ = |w|?/2
is a renormalized solution of the above transport equation. The proof of
this fact follows from the knowledge that w itself is a renormalized solution
(in this case) and that, if §(s) is an admissible renormalization, then so
is 3(s?). This observation is a Lagrangian perspective on local enstrophy
balance, but it cannot be immediately translated into Eulerian information.
We cannot prove that ¢ is a weak (distributional) solution of the same
transport equation because of the difficulty in making sense of the term
u® for arbitrary L? vorticity. This difficulty arises since, if the vorticity is
in L2, then the associated velocity is only Hllo c and hence not necessarily
bounded. We will explore this issue further in the following section through
examples. Our next result is an attempt to determine the critical space in
which viscosity solutions have enstrophy densities that solve the transport
equation in the sense of distributions. The key idea is to identify a critical
space where we can make sense of the nonlinear term wi. Let us begin by
recalling some basic facts regarding Orlicz and Lorentz spaces.

Let f € LL(R?) and denote by A = A¢(s) = [{z | | f(z)] > s}| its distri-
bution function. Let f* denote the standard nonincreasing rearrangement
of f, see [4] for details. We consider the Lorentz spaces L{é’cq)7 based on the

maximal function of f*, f**(s) = %fos fr(r)dr, 1 < g < oo

Ligd (%) = {f € LR | s f**()llaass) <00} (4.1)

There are two ways of defining Lorentz spaces, one based on f** and
the other based on f*. The two definitions are equivalent if p > 1, but they
lead to two slightly different spaces if p = 1, which are usually denoted
LY and L9, The spaces L{é’cq) play a distinguished role in the study of
incompressible 2D Euler: if 1 < ¢ < 2 they can be compactly imbedded
in H . If ¢ = 2 then the imbedding is merely continuous, see [14]. In

loc”
fact, it was observed by P.-L. Lions in [13] that Lféf)(RQ) is the largest
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rearrangement invariant Banach space that can be continuously imbedded
in H_'(R?).

Let 1 <p < oo and a € R. Define A, , = A, 4(s) = [slog®(2 + s)]?, for
s > 0. Then this is a A-regular N-function (see [1] for the basic definitions).
In particular A, , is nondecreasing and convex. The associated Orlicz space

is the Zygmund space LP(log L)* defined by:

LP(log L)*(R?) = { feLi.

L Aetif@hds <o} a2

The Orlicz spaces are Banach spaces when equipped with the Luxemburg

T et (>0 ‘/ o (V) arsnfe

If f does not vanish identically then the infimum is attained.

If p = 1, these spaces are well-known logarithmic refinements of L' com-
monly denoted by L(log L)?; for arbitrary p they are logarithmic refinements
of LP. Tt was observed in [14] that L(log L)*/? ¢ L(*9) C L(log L)® for any
a < 1/q < 1. The relevant case at present is ¢ = 2.

We begin with a technical lemma.

Lemma 1. Let o and 3 be functions in L*(log L)'/*(R?). Then the product
af3 belongs to L(log L)Y/? and

2
laBlli,1/2 <4 (max{|\a||271/4; H5||2,1/4}) .

Proof. We may assume without loss of generality that neither a nor 3
vanish identically, otherwise the result is immediate. Thus the infimum in
the Luxemburg norm (4.3) is attained for both « and g, i.e.,

lov(z)] ) _ ( 1B(z)] ) _
A —— | dx = d A ——— ) dx =1.
/ 2:1/4 <a||2,1/4 v=1lan / 2174 18l2,1/4 v=1

It is an easy exercise to show that Ajq,4(25) > 445 /4(s), for any s > 0.
Thus it follows that

la(z)] > 1 / ( 1B(z)] > 1
A S STEEErTE— da: < — and A TR rra— dm < —.
/ 2’1/4(2a||2,1/4 ~4 2V 20Bllanya) T 4

Let k = max{||a||2,1/4; |8]l2,1/4}. Then:
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< [ por” (2 ) @ [ o or (2 o)
<\f/A21/4 dx+f/A21/4< )dx

<V2(1/4+1/4) <1,

where the last estimate holds in view of the fact that A, ;4 is nondecreasing.
It follows that

laBll1,1/2 < 4k?,

as we wished.

We are now ready to prove that the enstrophy density is a weak solution
of the appropriate transport equation, if the vorticity is an inviscid limit
and belongs to L2(log L)'/*.

Theorem 1. Let wy € (L*(log L)Y/*).(R?). Consider a wiscosity solution
w € L>=([0,T); L?>(log L)Y/*(R?)) with initial data wo. Then the following
equation holds in the sense of distributions:

Oy (Jwl?) + div(u|w|?) = 0, (4.4)
where u = K * w.

Proof. Let w,,, v — 0, be a sequence of solutions of the 2D Navier-Stokes
equations (3.3), with initial vorticity wg, such that w,, — w weak-x in
L°°([0,T); L?(R?)). The existence of such a sequence is guaranteed by the
fact that w is a viscosity solution with initial vorticity wy € L?(log L)'/* C
L2,

We will begin by showing an a priori bound, uniform in viscosity, in the
space L>([0,T); L?(log L)*/*4(R?)) for w,,. To this end we multiply (3.3a)

by
LY (ww)
m 2,1/4 m /)’

for arbitrary m > 0. Here, A), /4 is the derivative of Aj /4 with respect to

its argument. Then 2 —wy, satisfies the following equation:

O (A2 1/4 (w )) +uy, - VA 14 (wyk) =

veA sy () = Zoag () (Vw2

m2

(4.5)

We integrate (4.5) in all of R?, use the divergence-free condition on velocity
and the convexity of Ay /4 to conclude that, for any m > 0,

d wy, (z,1)
_ A VRN < 0.
dt /R? 2,1/4 ( m ) dx - 0
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Thus, since the norm in L?(log L)'/* is the Luxemburg norm (4.3), it follows
that

lww, 5 )ll2,17a < llwoll2,1 /4 (4.6)

forany 0 <t < T.

We have obtained that w,, is bounded in L>([0,T); L?(log L)'/*(R?))
and, as this is a Banach space, we may assume, passing to a subsequence if
necessary, that w,, — w weak-* in this space as v, — 0.

Next recall that 9, = |w,, |?/2 satisfies the viscous enstrophy balance
equation (3.4). Therefore, for any test function ¢ € D((0,7T) x R?) we have:

T T
/ / w18y, dedt + / Vo - u,, 9, dedt =
0o JRr2 o Jr2

T T
_ / / oA O, dadt — / / 02 (w,,) dadt.
0 R2 0 R2

We need to pass to the limit v — 0 in each of the terms above. First
recall, from the proof of Proposition 2, that ¥,,(-,t) — 9(-,¢) strongly
in LY(R?) for each 0 < t < T. Indeed, we used this fact to show that
Z" (wy, ) — 0in L'([0,T) x R?), see (3.6). Furthermore, as [ 3, (-,t) dz <
[ Yo dz it follows, by the Dominated Convergence Theorem, that ,, — ¥
strongly in L'([0,7) x R?). Therefore, the first term in (4.7) converges to

T
/ / 9 dxdt,
0 JR?

and the third term converges to zero due to the vanishing factor v;. The
fourth term in (4.7) converges to zero, as was shown in (3.6) in the proof of
Proposition 2. It remains to determine the limit behavior of the nonlinear
term.

We start with the observation that wg € (L?(log L)'/*). C L.. Using the
maximum principle it is easy to show that the L'-norm of the solution w,,
decreases in time:

(4.7)

llws,, (5 )l @2y < llwollzr re)- (4.8)

Thus, as the Biot-Savart kernel K is locally integrable and bounded near
infinity, the convolution K *w,, is well-defined. We may therefore use the
Biot-Savart law u,, = K * w,, to find:

T
/ / V- u, 0, dedt = (4.9)
o Jre

T
/ / Vol t) - K (& — y)wnn (4, )00 (z, t) dydadt
0 R2 JR2

T
= 7/ / wy,, (Y, t)/ K(y —z) - Vo(z,t)0,, (x,t) de dydt,
0o Jre R2
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as K is antisymmetric. Thus we may write

T
(4.9) = 7/0 /R wu, (4, 1) Tie(y, t) dydt,

with
Iy = K(y—z)-Vo(z,t)d,,(x,t) dz.
R2
Let ¥ = |w|?/2. Denote by Z the function

7= K(y —x) - Vo(z, t)d(x, t) dz,
R2

which is well defined, as we will see later.

We deduce, from the a priori estimate (4.6) in L?(log L)/*, from Lemma
1, and from the fact that each component of Vi is a smooth test function,
that {V¢d,, } is bounded in L>((0,T); L(log L)'/?(R?)) and, therefore, in
Lw((O,T);L{(l)’CQ) (R?)) (see [14]). As already observed above, L{é’j) can be
continuously imbedded in ngé, so that

{Zi} is bounded in L>((0,T); L{,.(R?)). (4.10)

Thus it follows that, passing to a subsequence if necessary, Z; converges

weak-* in L>°((0,T); L120c (R?)) to a weak limit. We will show that this weak

limit is Z. We know that Vo, — Vo strongly in L((0,T) x R?), because
Wy, — w strongly in L2((0,T) x R?). Let n € D((0,T) x R?). Then we may
write:

<Ik:777> = _<vw1911k7K*77>7

using the antisymmetry of K. Since K *n € L*((0,T) x R?) we therefore
obtain that
(T, m) — —(Vpd, K xm) = (T,m).

We have shown that 7, — 7 in the sense of distributions, so that, by
uniqueness of limits, the weak limit of Z; is necessarily equal to Z. Hence,
the whole sequence Z;, converges weakly to Z, without the need to pass to
a subsequence. In particular, we have established that the integral in the
definition of Z is well defined.

The next step is to deal with the behavior of Z; at infinity. Note that
each component of V1, is compactly supported, uniformly in ¢ and vy,
in a ball, say, B(0; R). As the viscous enstrophy decreases in time, we find
that

IVedu Lo (0,101 r2)) < C(0) Vodz = C(p) $2.
R
From this observation and the explicit expression for the kernel K, a direct
estimate yields that N
C(p) 12
[l

|Z(y, t)] <



16 MILTON LOPES et al.

for |y| > 2R. Hence
{Zx} is bounded in L>((0,T) x (R?\ B(0;2R))). (4.11)

Using the same argument as was used above to establish that Z, — 7
wealk-+ L>°((0,T); L, .(R?)), we may conclude, from estimate (4.11), that
Ty — T weak- in L>((0,7) x (R?\ B(0;2R))) as well, without the need to
pass to a subsequence.

We claim that w,, — w strongly in L((0,T) x R?), as v, — 0, as well
as in L2((0,7T) x R?). Assuming the claim, we can pass to the limit in the
nonlinear term. Indeed, we write

T
(4.9):—( / / wu, (Y, ) Zi(y, t) dydt+
0 JB(0;2R)

T
+ / / wuk(y,t)Ik(y,t)dydt>,
0 JR2\B(0;2R)

which converges to

T T
- / / w(y, 1) Ty, 1) dydt — / / w(y,t) T(y.t) dydr,
o JB(0:2R) o JR2\B(0;2R)

as each integral forms a “weak-strong pair”, by virtue of the convergence
T — T established above, and noting that L>((0,T); L120c) C L2((0,7); L120c)'

All that remains is to prove the claim. We begin by noting that the strong
convergence in L2((0,T) x R?) was observed in the proof of Proposition 2: it
follows from the convergence of the norms together with weak convergence.
To address strong convergence in L' we make use of the following fact (for
p = 1), due to H. Brézis and E. Lieb, (see Theorem 8 of [9] for a proof):
a sequence that converges weakly and almost everywhere and such that
the LP-norms also converge will converge strongly in L?. We obtain weak
convergence in L ((0,T) xR?), passing to a subsequence if necessary, directly
from the a priori estimate (4.8) on the L'-norm of w,, together with strong
convergence in L2. We also have almost everywhere convergence passing to a
further subsequence if needed. Finally, we can establish strong convergence
of the L'-norm by repeating the argument used in the proof of Proposition
2 to show that the L?-norms converge. Consequently, strong convergence in
L' holds for this particular subsequence. However, since we have identified
the limit, we find that the whole sequence w,, converges to w strongly in
LY((0,T) x R?) as v, — 0, as we wished.

Remark 2. The natural condition under which the argument above re-
mains valid is |wg|? € L™1?). We chose to present the result under the
slightly stronger assumption wy € L?(log L)l/ 4 because it does not seem
immediate to provide an a priori estimate on the square of w in L(:2) that
is uniform in viscosity.
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Remark 3. If we do not assume that the weak solution is a viscosity solu-
tion then the best result available on enstrophy density satisfying the trans-
port equation (4.4) in the sense of distributions requires wy € LB, p > 2, see
[10].

One is naturally led to ask what knowledge has been gained with The-
orem 1. Where we previously knew that the enstrophy density satisfied
the transport equation in the renormalized sense, we now know that the
equation is satisfied in the sense of distributions. We apply this additional
information in the proof of our next result.

In the remainder of this section, we are concerned with the conditions
under which Z7 exists and vanishes for finite enstrophy flows. The key point
in the proof of Theorem 1 is that we provided meaning to the term ud for
w € L?*(log L)'/*, through the computation of (4.9). Assigning meaning to
the nonlinearity uv will also play a central role in the proof of the next
result. We formalize the meaning we wish to adopt in a definition.

Definition 5. Let w € L?(log L)'/4(R?) N L'(R?). Let u = K *w. Then we
define ud € D'(R?) by:

(ud, ®) = — /]R2 w(y) . K(y—z) - &(z)¥ ) dx dy

= | el <@0)w) dy
for any test vector field @ € D(R?).

The integral above is well-defined as @9 is a compactly supported function
in L(log L)llég — L{éf) and w € L? N L', see the proof of Theorem 1.
Moreover, it is easy to establish that & — (u,®) is a continuous linear
functional over D.

We are now ready to state and prove our final result in this section.

Theorem 2. Let w € L°([0,T); L?(log L)"/*(R?) N L*(R?)) be a weak solu-
tion of the incompressible 2D Euler equations. Then the transport enstrophy
defect ZT (w) exists (as a distribution). If w is a viscosity solution with initial
vorticity wo € (L?(log L)Y/*).(R?) then ZT(w) = 0.

Proof. Let j. be aradially symmetric, compactly supported Friedrichs mol-
lifier. Recall the notation we, u. and (uw). introduced in the beginning of
Section 3.

Let » € D((0,T) x R?). We multiply the equation (3.2) for ¥, = |w|?/2
by ¢ and integrate over (0,7 x R? to find:

T T
/ / o dxdt + / V- uede dedt+
0o Jr2 0o Jr2

Y T S Y L (TR P
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We wish to pass to the limit € — 0. Let us begin by examining the first two
terms above.

The integrand in the first term is ¢4 |w,|?/2, which converges to o¢|w|?/2,
as € — 0, strongly in L'((0,7) x R?). Indeed, by standard properties of
mollifiers, w,(-,t) — w(-,t) strongly in L?(R?) for each 0 < ¢t < T, and also

lwe(-, DLz < w8l = llwollz2-

Hence we may obtain the desired conclusion using the Dominated Conver-
gence Theorem.

Next we consider the second term. We note that mollification is con-
tinuous in A-regular Orlicz spaces (see Theorem 8.20 in [1]) so that w, €
L>®([0,T); L*(log L)*/*(R?) N L'(R?)). As convolutions are associative, we
have that u. = K * w.. We are thus in position to write the second term in
(4.12) using Definition 5:

T T
/ V- udedxdt = —/ / we(y, O)[K - (Vi) (y, t) dydt. (4.13)
0 R2 0 R2

It follows from Lemma 1 that the family Vo, is uniformly bounded in
L>=((0,T); L(log L)*/?(R?)). Hence we find, as in (4.10), that

{K - «(VgV.)} is bounded in L>((0,7); L{ .(R?)).

Furthermore, ||[Vpd (-, t)||pr < ||Vpdo|lrr and Vi, has compact support
uniformly in t and €, so that, as in (4.11),

{K -%(Vd.)} is bounded in L>°((0,T) x (R*\ B(0;2R))),

for R sufficiently large. Standard properties of mollifiers yield that w, — w
strongly in both L?((0,T') x R?) and L' ((0,T') x R?). Thus we may conclude,
as in the proof of Theorem 1, that the left hand side of (4.13) converges to

T
_/0 /Rz w(y, t)[K - +(Vd)](y, 1) dydt,

when € — 0.

Finally, let us examine the third term. The key point in this proof is to
show that it vanishes as € — 0. We use the radial symmetry of the mollifier
Je to obtain:

T
/ / Vowe -« ((uw)e — uewe) dedt =
0o Jr2

T T
/ / [(Vpwe) * j] ~uwdmdt7/ / V- uclw?® dedt =TI, — J..
o Jre 0o Jr2
We have already analyzed T, in (4.13). We know that

T
oz [ ] wn K (Tl ).t) duc
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T
= [ et (Tl du,
0 R2

as € — 0. We will now analyze Z.. We start by observing that, using the
antisymmetry of K, we can write:

T
L:,/O /sz(y,t)m.*<w<<wwe>m))](y,t)dydt-

Next we note that, by standard properties of mollification, (Vo w,) * jo —
Veow strongly in L2((0,7) x R?) as € — 0. In addition, (Vow,) * j. is
compactly supported, uniformly in ¢ and €, and it is uniformly bounded in
L>®((0,T); L*(log L)*/*(R?)). Using Lemma 1 we deduce that

{w((Vpwe) * je )} is bounded in L>((0,T); L(log L)'/?(R?)).

Therefore {K - *(w( (Vo we) *Je ) )} is bounded in L>((0,T); leoc(Rz)) and
in L°°((0,T) x (R?\ B(0;2R))), for R sufficiently large. From this observation
we may conclude, as we have before, that

T
7 - / / Wy DK - #(Vilol?))(y, ) dydt,

as € — 0. Therefore the third term vanishes in the limit € — 0. The proof
that the transport enstrophy defect exists as a distribution is complete. In
fact, we have established that

T T
Tw = t X — w\y, -k N
@ @e) = [ [ edndt— [ ]l (o).t dy

= <197 @t> + <u?9’ VQO> = _<7~9t + le(uﬂ)v <P>,
(4.14)
where the former identity follows from Definition 5.

Finally, in view of Theorem 1 we have that, if w is a viscosity solution
with initial vorticity wy € (L?(log L)'/*).(R?), then the enstrophy density
balance equation holds in the sense of distributions, so (4.14) above implies
ZT(w) = 0 in this case.

Remark 4. This result raises a few interesting questions. First, if one could
find an example of a weak solution with initial vorticity in L?(log L)'/* and
such that Z7 does not vanish, one would have established nonuniqueness of
weak solutions. In fact, any example where Z7 exists and does not vanish
would be quite interesting. Second, one naturally wonders how sharp is the
regularity condition L?(log L)'/* on vorticity. This is the subject of the next
section.
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5. The Biot-Savart law in L2-based Zygmund spaces

The purpose of this section is to illustrate the behavior of the term wu|w|?
through examples. We will be considering pairs (u, w) related by the Biot-
Savart law, but not necessarily solutions of the 2D Euler equations. We
will not establish that the condition w € L?(log L)*/* (or |w|? € L) is
necessary for making sense of u|w|?, but we will exhibit an example showing
that it is not possible to define u|w|?> as a distribution for an arbitrary
vorticity in L?. Furthermore, the family of examples we will present also
proves that the velocities associated to vorticities in L?(log L)'/* are not
necessarily bounded, something which would trivialize the proofs in the
previous section.

It would be natural to look for such examples in the class of radially
symmetric vorticities, but we will see in our first Lemma that this approach
is not useful.

Lemma 2. Let w € L2(R?), such that w(z) = ¢(|x]). Let u = K * w. Then
u is bounded and ||u||p=~ < Cllw]|z.

Proof. The reader may easily check that if the vorticity is radially sym-
metric, then the Biot-Savart law becomes:

el
u(x) = e/ sé(s)ds.

As w € L2, it follows that ¢ € L?(sds). We use the Cauchy-Schwarz in-
equality with respect to sds to obtain:

ja ol \? /el 1z
/0 sp(s)ds| < (/0 sds) (/0 s¢2(s)ds> < COwl| 2|zl

This concludes the proof.

Recall that the velocity associated to an LP vorticity is bounded if p > 2,
but logarithmic singularities may occur when p = 2. The symmetry in a ra-
dial vorticity configuration implies a certain cancellation in the Biot-Savart
law, and it is this cancellation which is responsible for the additional regu-
larity observed in the lemma above. We will consider a family of examples
given by breaking the symmetry in the simplest way possible.

Let 1/2 < a < 1. We will denote by w¢ the function

1

= TellTog ol X701/ (%)

W ()

where B*(0;1/3) = B(0;1/3) N {z2 > 0}.
Note first that w$ € L2. Indeed,

1/3 ds 7
a2 1—2a
w =T = log 3
|| +Hl,2 /0 S|1 S‘Qa 2 1(Og ) )
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as long as @ > 1/2. We can make a more precise characterization of the
regularity of w? using the Zygmund class hierarchy.
We denote the radially symmetric extension of w¢ as

w(@) = (|2|llog |2[1*) " XB0:1/3)- (5.1)
Lemma 3. If1/2 < a < 1 then w§ € L*(log L), for all 0 < k < a — 1/2.

Proof. We observe that (|z||log|z||*)~! is a decreasing function of |z| if
|z| < e~®. In particular, as o < 1, it is decreasing in the ball B(0;1/3).
Hence w® has a positive lower bound, say c. Next, using the notation from
Section 4, we estimate f Ag (W) dx. Since A, is nondecreasing we have

/ Ag () da < / WO 2 log2 (w® + 2) dar

1 1
<Ot [ o g™ o o
B(0:1/3) |7|*|log || [> ||| log |||~
using the fact that |w®| > ¢ > 0 on B(0;1/3),
1 , 1/3
<C 7|log|x|\“dm:0/ ————dr < oo,
B(0;1/3) |z[?|log |z[|>* o r|logr[2a—2s

as long as 2a — 2k > 1, i.e., kK < @ — 1/2. The last inequality is due to the
fact that the double logarithm grows slower than the single logarithm.

The condition that « > 0 arises from the definition of the Zygmund
spaces.

Theorem 3. If a < 1 then u§ = K * w$ is unbounded. If 1/2 < o < 2/3
then u$|wS|? is not locally integrable.

Proof. We will show that the first component of v§, which we denote by
uy, is greater than or equal to Clog |x||'~ in a suitably small neighborhood
of the origin. It is easy to see that this result proves both assertions in the
statement of the theorem.

First we compute u; on the horizontal axis. Note that w¢ is even with
respect to 1 = 0. Then w; has the same symmetry, due to the specific
form of the Biot-Savart kernel, and in particular u(z1,0) = wui(—z1,0).
Therefore, it is enough to compute ui(z1,0) for 1 > 0. We have

Y2 1
u1(x1,0 :/ dy
L0 = [ e Tz — P TyllTog o]

1 [V3 o ing 1
_ 1 / / 7 SIn . do dr,
27 Jo o (z1 —7rcos)2+ (rsinf)?  |logr|®
after changing to polar coordinates. Explicitly evaluating the integral in 6
and subsequently implementing the change of variables s = r/x; we find

1/3 1 1
2muy (21, 0) :/ Tog ™ 71 log
o |logr|* a

r+x
r—2x1

dr
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V@=) g s+1
= log ds
0 |log sxq| s—1
2 1/(3z1)
1 1 1 1
:/ log st ds+/ og s ds
o |logsxy|® s—1 9 | log saq|® s—1

=71+ J.

We assume 0 < 21 < 1/6 and we estimate Z:

1 2
0<T< —/ log
(log3)~ Jo

Next we estimate J from below. We begin with two observations. For
2 < s < 1/(3x1) we have:

s+ 1
s—1

’dSEC<OO.

1 1
|log sz1|® ~ |log2z|®’
and
s+1 1
log -.
s—1" s
Therefore,
| log 61| 1 1—
> —=—— > _|] @
Iz |log 2x1]|> — 2‘ ogan]

where the last inequality was derived assuming further that z; < 1/36.
In summary, we have shown that

1
ui(z1,0) > C|log |z1|[* ™ if |2q] < 36 (5.2)
for some C' > 0. In addition, it follows from the specific form of the Biot-
Savart law that ui(z1,0) > 0 for all ;.
Recall the radially symmetric function w®, introduced in (5.1). Consider
the vorticity w® — w¢, supported in the lower half-plane. Let

—x
vy = v1(T1,22) = / 273:'2&67_;‘2@04 —w$)(y) dy,
be the first component of the associated velocity. Then v; is a harmonic
function in the upper half-plane, whose boundary value, by symmetry, is
equal to —uq(z1,0), since the horizontal velocity associated to w® vanishes
on the horizontal axis. We may thus write, using the Poisson kernel for the
upper half-plane,

vi(z1,22) = —— ds, if x5 > 0. (5.3)

7)o @i —s)? 423

1 /‘X’ x2u1(s,0)
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Note that u® = vy + uy is the velocity associated to w®. In view of
Lemma 2 we have that u® is bounded and there exists C > 0 such that:

[u[lzee < Cllw]| 2.

In what follows we will show that v; < —C|log|z||'™® for sufficiently
small |z|, with x5 > 0. By virtue of the previous observation this is enough
to conclude the proof.

Let 0 < § < 1/36. Using (5.2) and the fact that u; is nonnegative on
r9 = 0, we find for x5 > 0,

1 6
Ul(mhxz)g_f/ st
-4

™ )

< —C|log | {arctan (xl + 5) — arctan <$1 — 6> } )
T2 X9

by explicitly integrating the Poisson kernel in the interval (=4, §).
Next, let = (6/2)(cos8,sinf) with 0 < 0 < 7. Then

2 -2
vy (z) < —C|log 2|z|[* = [arctan (COSH—F> — arctan (cos@)]

sin 0 sin 6

= —C|log2|z||*"“g(0).

It is easy to compute the minimum of ¢(#), thereby verifying that g(6) >
2arctan2 > 0 for all § € [0,7]. We have therefore shown that, for any
x = (z1,22) with 23 > 0 and |z| < 1/72, vi(z1,22) < —C|log2|x||'~*. The
conclusion follows as |log 2|x|| > (1/2)|log |z|| for any |z| < 1/4.

Remark 5. We emphasize that we have proved above that there exist con-
stants C' > 0, 0 < ro < 1/72 such that

uy () > C|log|z||*~*, for 2 € B*(0;r). (5.4)

We wish to use Lemma 3 and Theorem 3 to draw two separate conclu-
sions. The first is that L?(log L)*/* contains vorticities whose associated ve-
locities are unbounded. Indeed, it is enough to consider w?, for 3/4 < o < 1.
The second conclusion is that there are difficulties in making sense, as a dis-
tribution, of u|w|? for an arbitrary vorticity in L2. In fact, we have already
shown that u$ |w$|? is not locally integrable if 1/2 < o < 2/3. From Lemma
3 it follows that w} € L?(log L)*, for some 0 < k < 1/6 if 1/2 < a < 2/3.
Although suggestive, the non-integrability of u$ |w$|? does not exclude the
possibility that uS [w$|* gives rise to a well-defined distribution. One may
recall the way in which the non-integrable functions 1/s and 1/s? can be
identified with the distributions pv-1/s and pf-1/s2.

We must address more closely the problem of identifying u|w|? with a
distribution. In view of Definition 5 one might suspect that by re-arranging
the Biot-Savart law in a clever way and using the antisymmetry of the kernel,
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it would be possible to give meaning to u|w|? in a consistent manner, even if
w is only in L2. The antisymmetry of the Biot-Savart kernel has been used
on more than one occasion to prove results of this nature; for instance it
was used to define the nonlinear term w - Vw, when w € BM ;N ngi, by S.
Schochet in [17]. We will see that this strategy would not be successful in
this case.

Ultimately, our purpose here is to examine the sharpness of the condition
w € L*(log L)*/*, which we showed to be sufficient to define the term u|w|?.
This condition was used in Theorem 1 and Definition 5. We would like
to argue through a counterexample that it is not possible to make sense of
ulwl|? for arbitrary w € L?(log L)*, with 0 < k < 1/6. If we wish to attribute
meaning to u|w|? (as a distribution) for any w € X C L2, then the key issue
is the nature of the nonlinear map 7' : w + u|w|?, from X to D’. First, note
that 7" is well-defined for X = L?, p > 2, since then u = K * w is bounded.
Next, note that Definition 5 actually consists of the continuous extension
of T to X = (L*(logL)'/*).. We will show through the counterexample
we present that there is no continuous extension of 1" from L2, p > 2 to
X = (L*(log L)*)., 0 < k < 1/6, and hence, to X = L2. In fact we will
prove that our example w$, with 1/2 < o < 2/3, can be approximated
in (L*(log L)")c, 0 < k < o — 1/2, by a sequence w? € L for which
f ui|w_’f_|2 — 00 as n — oo, thereby reaching the desired conclusion.

Theorem 4. Let x = (x1,x2) with xo > 0. Fiz 1/2 < a < 2/3. For each
n € N we define the approximate vorticity by:

w(x) if |x| > 1/n,
W Zf |l'| S 1/7’),
Then w' — w®, as n — oo, strongly in L*(log L)* for all0 < k < a —1/2.
Denote u? the first component of K x w'. Then it also holds that

nEIfoo ullw?|? dz = +o0. (5.6)
Proof. Our first step is to show that u} is nonnegative in B*(0;ro), if n
is large enough, where r¢ is such that (5.4) holds. We require two different
arguments, one for |z| < 2/n and another for 2/n < |z| < ro. We will begin
with the latter.

Let W, = w$ —w’ > 0, which is a function with support in B¥(0;1/n).
Let e, be the first component of K x W, i.e., the error in the velocity
induced by the truncation. Therefore, uf = u; — e,. It follows from (5.4)
that

uft(z) > C|log|z||*~* — en(z), for x € BT (0;7¢). (5.7)

We will prove that

len ()| < C/(logn)*, for |x| > 2/n. (5.8)
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For x € BT (0;79), |z| > 2/n we estimate:

1
@l [ wascen [ W, 69)
B+(0;1/n) lz -yl B+(0;1/n)

as |z —y| > 1/n,

1/7L 1
= Cn/ ( S ) dr, (5.10)
0 |logr|*  (logn)~

after changing to polar coordinates, yielding (5.8).

As |log|z||*=* is decreasing with respect to |z|, it follows from (5.7)
and (5.8) that one can choose ng sufficiently large so that if n > ng and
|z| > 2/n, with & € B*(0;70), then uf(z) > 0.

Now we address the case |z| < 2/n. We will show that

uf(z) > C(logn)' = (5.11)

for z in this region. The proof closely parallels the proof of Theorem 3. We
begin by estimating u}(z1,0) if |z1] < 2/n. We have:

A | r (r/|z1]) + 1
muy(r1,0 :/ ——  —log ’dr
Mo 0= | Tiogr far] 8| (/) — 1

1/n
+7n / ! log (T/|x1)+1‘ dr
(logn)> Jo  |a1] (r/]@1]) =1

1/3 1
> / L /|ea]) dr,

2/n T|logr|®

where g(s) = slog|(s +1)/(s — 1)|. It can be easily verified that g(s) > 1 if
s > 1. Therefore, as r/|z1| > 1 for r > 2/n and |x1] < 2/n, we obtain

1/3 1
1(21,0) > ————dr > C|logn|'™® 5.12
U (:1:17 ) = L/n ’I“|10g’f’|a T = | OgTL| ) ( )

for n sufficiently large. We also know that u}(z1,0) > 0 for all z;.
Let w™ be the radially symmetric extension of w} and set v{ to be the
first component of K * (w™ — w’). As in the proof of Theorem 3, we find

that N
oo n 0
W?(ffl»xz):—/ %d&"
oo T1—8)%+ a3

§/2/n 220i(50) g,

_o/n T1 — 8)% + 3
< —C(log Tl)lfo‘ {arctan (:m—l—(?/n)) — arctan (551_(2/71)” ’
To Zo

by (5.12). It is easy to see that, if |x1| < 2/n and 0 < 22 < 2/n, then
the difference of arctangents above is bounded from below by arctanl =
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/4. Therefore we deduce that, if n is sufficiently large, then v} (z) <
—C(logn)t=* for x € BT(0;2/n). Then, as in the proof of Theorem 3,
we obtain (5.11) as long as n is large enough. This completes the proof that
ul is nonnegative in B1(0;79) for n large enough.

Let U, = BT (0;79) \ B*(0;1/¢/n). Recall that e, is the error in the first
component of velocity, due to truncation. We will show that there exists
C > 0, such that for n sufficiently large we have

C
‘/ en|wh|? dz
[22%

S -
In fact, we observe first that for x € U,, we have

(5.13)

(log )"

len ()] < C/n W (y) dy,
B+(0;1/n)

as |z —y| > 1/(2n) for n sufficiently large and |y| < 1/n, so that
C
< -
|6n(‘r)| — n2/3(logn)a7
as in the proof of (5.8), see (5.9), (5.10). Additionally, for z € U,,

1
n 2 _ <C 2/3.
O = pTiogpayes = €00

Estimate (5.13) follows immediately from these two observations.
We now complete the proof of (5.6). We note that

/ ul|wt|? do > / ullw?|? dr,
B+ (0570) u

n

as ul > 0in BT (0;79),

= / ur|w |? da — / en|wt|? dz =T, + &,
where we have used that w} = w¢ in U, and uy = u; — e,.
By (5.13) we obtain that &, — 0 as n — co. Moreover, we have estab-
lished in Theorem 3 that

/ uy (z)|w$ (z)|? do = oo. (5.14)
B+ (05m0)

Therefore, using the Monotone Convergence Theorem, we find that Z,, — oo
as n — 0o. We conclude that

lim ullw?|? dz = oco.
00 B+ (05r0)

To finish the proof of (5.6) we observe that arguments similar to those used
above imply that u? is bounded in B*(0;1/3) \ BT (0;7¢); the same is true
of w? by construction. This completes the proof of (5.6).
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Finally, we turn to the convergence of w? to w¢. Let 0 < k < o — 1/2.
We estimate the difference in the Zygmund space L?(log L)*. We have that:

W,
A (”) do =1, 5.15
/ o lon (5:15)

since W, does not vanish identically. We observe that 0 < W,, < w$xp+(0;1/n)-
By Lemma 3, w$ € L*(log L)*. Therefore, since As , is nondecreasing, it
follows that

/A2,m(Wn)dx < / Az (W) dz — 0, (5.16)
B+(0;1/n)
as n — oo by continuity of integrals. Now, recall that A, , is convex. There-

fore,
W, 1
Az i ( n ) < As (W,). (5.17)
[Wall2,x [Wall2,x

By virtue of (5.15) and (5.17) we find

Wall2,x < /AQ,K(Wn) dz.

Using (5.16) then implies that |[|IW,]|2,x — 0 as we wished.

We emphasize at this point that this section was concerned with the
cubic nonlinearity u|w|? without reference to dynamics. Something strange
might occur with enstrophy dissipation and with the transport enstrophy
defect at the initial time for a weak solution of incompressible 2D Euler
obtained with w¢ as initial data. We do not offer any prognosis, as the
answer depends on how the initial snarl in the term u|w|? would resolve itself
for positive time. It would be very interesting to determine what happens,
but this problem does not seem tractable.

6. Counterexample for Eyink’s conjecture

In this section we will present a counterexample to Eyink’s conjecture,
as formulated in Section 3. We will exhibit a family of solutions to the 2D
Navier-Stokes equations, which converge, as viscosity vanishes, to a station-
ary solution of 2D Euler. This stationary solution is such that both Z7 and
ZV exist and ZT vanishes identically while Z" does not.

We consider wq of the form:

wo(z) = B(r) . ¢ € CF(R?), (6.1)

x|’

with ¢ radially symmetric, Supp ¢ C B(0;1), ¢ =1 on B(0;1/2). Note that
such wy belongs to L2 NLP, 1 <p < 2.
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It is well known that any radially symmetric vorticity configuration w =
w(x) = p(|z|) gives rise to an exact steady solution u of the incompressible
Euler equations, see [16]. As in Lemma 2, the 2D Biot-Savart law becomes:

zL sl
u(z) = —2/ sp(s) ds. (6.2)
|z Jo
Such steady solutions are called Rankine vortices.

Remark 6. If ¢ is chosen instead so that [wg(x)dx = 0, then u defined
in (6.2) is compactly supported, vanishing outside Supp ¢ (see [7]). This
observation would allow us to adapt the present example to the periodic
case.

Similarly, if w,, is the solution of the heat equation
Ow, = vAw,, (6.3)

with radially symmetric initial data wg, then u, = K * w, is a solution of
the 2D Navier-Stokes equations with initial vorticity wy and viscosity v.

We will show that wo belongs to B and that the sequence w,, satisfies
the hypothesis of the Eyink’s Conjecture, however we postpone the proof of
this fact to the end of this section,

see Proposition 4.

In what follows, we recall the notation used in Section 3. If j. is a
(radially symmetric) Friedrichs mollifier, then we denote j. *wg with w.. We
introduce the approximate transport defect Z.(wp) and the approximate
viscous defect Z¥(w,) as defined in Section 3.

We state below the main result of this section.

Theorem 5. The enstrophy defects Z7 (wo) and ZY (wq) both exist. More-
over,

T ; v 4’
7" (wo) =0 while Z" (wp) = 7(50,
where &g is the Dirac measure supported at the origin.

Proof. To prove that ZT (wp) exists and vanishes identically we observe
that w. remains radially symmetric by construction and the flow lines of
ue = je * K % wq are concentric circles centered at the origin. Therefore we
find

Ze(wp) = =Vwe - ((uwe)e — uewe) = 0,
so that Z7 (wg) = 0.
In the rest of the proof, we will discuss the viscous enstrophy defect. We
begin by deriving sharp asymptotic estimates for v||Vw, |3, = || Z" (w,)| 1.
This is accomplished in the following proposition.
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Proposition 3. For each t > 0, the approzimate viscous enstrophy defect
satisfies:

» 473
12l = 2 4 o), (6.4)
as v — 0.

Proof (Proof of Proposition.). By Plancherel’s Theorem we have

2 o~
127l = [ I e ol de. (65
We begin by estimating the Fourier transform of wg. Set

e = e(£) = [¢]|wo(§)] — 27

We will show that e is a bounded function which vanishes along rays near
00, i.e., for each £ # 0 fixed, |e(s§)| — 0 as s — oco. To this end, fix £ # 0
and write £ = ro, with |o| =1 and r = |¢]. We recall that

(;')@ -

(see Lemma 1 of Chapter V of [19] for details) and hence

au(©) = (3 46)) -9) (6.6)

by the usual properties of the Fourier transform. As ¢ € Cg° it follows that

$ € S, the Schwartz space of rapidly decaying smooth functions.
Using (6.6) now gives:

e(s) = [sl|¢l|@o(sE)| — 2m = [s7

(75 +6) (-s6)| 20

= |sr|

27
/ (st ~1) dy‘ —2n

= |s’]"| — 271—7

2
/sr||z O(—|sr|o — |sr|2) |sr|>dz

after making the change of variables y = |sr|z,

= ‘/|2: |sr|2q3(|sr\(—a —z))dz| — 27

‘/%@sﬂ —2)dz| —2m = ‘<| |*¢\sr|( )) (—0)

where ¢ (-) = M2¢(M-).
It is easy to see that |e(s§)| is uniformly bounded in both s and ¢, since
C/|z| is a locally integrable function, bounded near infinity, and ¢, is

— 2m,
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small near infinity and integrable with constant integral with respect to sr.
We simply estimate the convolution above by distinguishing points z near
o and points z far from o. Then we use the fact that |o| = 1.

Note that QVS‘ST‘ — 0p in D’ as s — oo so that the convolution above
should, in principle, converge to 27/| — o| = 2w. The difficulty in making
this argument precise is that neither 27 /|z| nor ¢ are compactly supported.

Let 0 < B < 1/4. Set ng = n(§) a radially symmetric smooth cut-off
function of the ball of radius 3, so that 73 is identically 1 in B(0;3) and
vanishes in R? \ B(0;243). We use 15 to write:

(2; * QBST(Z)> (—0)=

/ () (2) dz + / g (L () () d

=T+ J.

Note that, for each fixed o, with |o| = 1, the function 27ng(2)/| —0 — 2
is smooth and compactly supported, which implies that [J; — 27 as s — oo.
We show that J5 — 0:

2 ~
‘/—O:]T—Z|(1_77B(Z))¢sr|(z)dz <
2n 2T .
" 1 _ ~ _ | 7lsT d
< /ﬁ<| \<2|—0—Z|¢\ ((2) dz |z|>2|—0'—z|¢| () dz

< Bjari oo (11215289 +2m

2T
/ g
2<|z|<28 | —o— 2|

Clearly each term above vanishes as s — 0.
Finally, we may now write:

€120 (&)[* = 4n® + 4me(€) + le(€)I?, (6.7)

so that, from (6.5), we find

|z|>2

1Z" (W)l =v (/R2 Ar? e~ IEP dé + /R? (4me(€) + le(6)]?) e trIE”? d{)

2
1 2 1 z z 2
== 4r2e 2" dz + 7/ 4e () + ‘e <>’ e 1*" dz.
t /RQ t Jr2 Viv Viv

Since we have already shown that e = e(z) is a bounded function and
that lim,_o+ e(z/v/tv) = 0, we deduce using the Dominated Convergence

Theorem that 5
4
li zZv v = 3
i 12 @)l =

as we wished.
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In view of the proposition above we find that, for each fixed ¢ > 0, the set
{Z"(wy), v > 0} is uniformly bounded in L'. Therefore, using the Banach-
Alaoglu Theorem, for each ¢ > 0 there is a sequence converging weakly to a
Radon measure. Each of these measures is, in fact, a multiple of the Dirac
measure, C(t) dg, by virtue of the following claim, which we will prove later.

Claim. Any converging sequence of {Z”(w,), v > 0} converges to a distri-
bution supported at the origin.

Given the Claim we may conclude that Z”(w, ) is itself convergent (to
a positive measure). To establish this result, it is enough to show that C(t)
is independent of the particular sequence Z%(w,,). To this end, we fix
a converging subsequence Z'*(w,,). We begin by observing that Z"(w,)
is a tight family of functions in L' with respect to the parameter v. In-
deed, Z¥(w,) = v|Vw,|? and w, is the convolution of a compactly sup-
ported function with the heat kernel, so it is immediate to verify that
ZY(wy)dz — 0 as M — oo, uniformly in v. Fix now € > 0 and
choose M so large that 0 < f|z|>M Z¥(wy) dz < e. Then, if ¢ is a smooth
cut-off of the ball of radius M + 1, we have

f\z\>M

/Z”’“(wuk)dm—/ ZV (wy,,) Yar dx
R? R?

< €,

/ ZY% (wy, ) (1 =) dx
RQ

By Proposition 3 and the Claim the left-hand side converges to 472/t —C|(t)
as k — oo. As ¢ is arbitrary it follows that C(t) = 473/t, independent of
the sequence vy, as desired.
In summary, we have deduced that
4 3
lim Z"(w,) = %507 in D', (6.8)

v—0t

It remains to establish the Claim.

Proof (Proof of Claim). We prove that, for any n > 0 and any f € C°
with Supp f C R?\ B(0;7), we have

lim Z"(wy) fdx=0. (6.9)
v—0t Jp2
The proof involves a simple estimate on w,. Let H, = H,(x,t) =

(47vt)=1e=121*/(40) denote the heat kernel in R2. Recall that w,, satisfies
(6.3) so that we may write w, = H, *wp. Fix n > 0 and let ¢ € C° be a
cut-off of the ball of radius 7/2 around the origin. We write

wo =wop+wo(l—¢)=wf +w.
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We begin by observing that w¥ is a smooth function with compact support
and hence
Vw, =VH, *wngH,, *Vwév.

Clearly H, * Vwd' is a bounded function, uniformly in v. Next we estimate
VH, *wt far from the origin. Let = be such that |x| > . Then:

| < #
8m(v2t2)

Cl / _C I 2 1
<G e~ Cale—u?/et) L g
V3312 f)y o Iyl

where we have used the fact that there exist constants C;, Cs > 0 such that
|ze#* < Cre=Call,

|VH, * wg(x)

/l| P |z — yle~ o=/ WD, () dy
y|I<n

271—01 —C! vt /2 —r/(vt
< gt 2n/( )/O e gr < O,
for some 0 < C' < oo, C independent of v. In summary we have shown that
Vw, is bounded in the complement of B(0;7n) uniformly in v. In view of
this fact, since Z"(w,) = v|Vw,|?, (6.9) follows. This concludes the proof
of the Claim.

The proof of Theorem 5 is complete.

We close by verifying that the sequence w, satisfies the hypothesis of
Eyink’s conjecture.

Proposition 4. We have that wy € B%OO s a viscosity solution of the 2D
Euler equations and
w, — wo weak-x in L=((0,T); BY ), as v — 0%,

Proof. We begin by recalling the definition of the norm in BY  ( see e.g.
[20], page 17):
Ifllsg . = suplle; * fllz2,
' Jj=0

where 1); are functions forming a Littlewood-Paley partion of unity. In par-
ticular, the Fourier transform of vy, % , is smooth, compactly supported in
the disk B(0;1), 1o = 1 on B(0;2/3), while for j > 0, ;(z) = 227¢)(27z),
for a function ¢ such that its Fourier transform 12 is smooth, compactly
supported in the shell {1/2 < [£] <2}, ¥ =1 on {2/3 < [¢] < 4/3}.

We will estimate the low and high-frequency contribution to the BY -
norm of w, = H,, *xwy separately. Here again, H, is the heat kernel and the
convolution is only in the space variable.

For the low-frequency part, we observe that wg € L1(R?), the L'-norm
of H, as a function of z is uniformly bounded in ¢ and v, and that g is
smooth, rapidly decreasing. Consequently, by Young’s inequality

[0 % wy (D)l L2 < [[Yoll L [lws (8)]] 2

(6.10)
< [[%ollz2 | Hy ()] 22 [lwollr < C,
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C independent of v and t.

To bound the high-frequency part we will employ the Fourier transform
and knowledge of the behavior of Wy gained in Proposition 6.4. In view of
(6.7), we can write

Iy 2w, Ol = [ QP @R = [ 5o e ™ P @e? e
SAJMT%Wmam%m
= [P g am + dree) + |e(€) ) de
. §

We now change variables from & to £’ = 273¢, and use the support properties
of v to obtain

[ rwla < [ EP o lan® + Ame(ZE) +e@E)P) ' < C.
1/2<|€|<2 |€ |

(6.11)
with C' again independent of v and ¢, since the function e(27¢) is bounded
uniformly in j and £&. We remark that this also shows that wg € Bg’oo.

Combining (6.10) and (6.11) finally gives

sup [lwy || Lo ((0,);89 _) < C' < 0.
v>0 ’

Therefore, there exists a subsequence w,, , which converges weak-* in

*((0,T); BY ), to a weak-« limit. But, since H, — dy in &’ as v — 0%,
we conclude that the whole family w,, converges weak-* in L>°((0,T); BY )
and the weak-x limit is wy.

What we have actually accomplished with Theorem 5 and Proposition 4
is to give a counterexample to the part of Eyink’s conjecture identifying vis-
cous and transport enstrophy defects. We have answered in the affirmative
the part of the conjecture regarding the existence of a nontrivial enstrophy
defect. Although we found such an example only for the viscous enstrophy
defect, this is the physically meaningful one. Clearly, from the point of view
of turbulence theory, one should attempt to understand better the viscous
enstrophy defect. Informally, viscous dissipation of a quantity is enhanced
the more complicated the spatial distribution of that quantity. Our radially
symmetric, monotonic example is as simple a configuration as possible, and,
as such, should have the least dissipation. We imagine that, in some sense,
the viscous enstrophy defect should be greater for a generic configuration,
and existence of the viscous enstrophy defect would be the more problematic
issue.
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7. Conclusions

We would like to add a few general remarks regarding the work presented
here. First, the theory of viscous and transport enstrophy defects can be
formulated in the more general setting of weak and renormalized solutions of
linear transport equations and vanishing viscosity limits. The only instance
where the specific form of the incompressible fluid flow equations was used
is when we attributed meaning to the expression u|w|? for w € L?(log L)'/%.
In particular, the counterexample presented in Section 6 is really a solution
of the heat equation, of some interest even without mentioning the fluid
dynamical context.

Our counterexample to Eyink’s Conjecture is circularly symmetric, and
as such, it corresponds to solutions of the Navier-Stokes equations for which
the nonlinear term P(u-Vu) vanishes identically (P is the Leray projector).
Since turbulence is regarded as coming from the interaction of nonlinearity
and small viscosity, it is fair to ask what possible relevance would such an
example have for the understanding of turbulence. If one looks at the cascade
ansatz, the basic idea is that the nonlinearity produces a flow of enstrophy,
from large to small scales across the inertial range, to be dissipated by
viscosity. For flows with finite enstrophy, the nonlinearity must play a crucial
role in sustaining the cascade because without the nonlinearity the viscosity
would instantly make small scale enstrophy disappear. Now, for flows with
infinite enstrophy, the nonlinearity is not needed for a sustained cascade
because there already is an infinite supply of enstrophy at small scales. At
this level, it is possible for the flow of enstrophy to small scales due to the
nonlinearity to be small, or irrelevant. This would be a plausible explanation
for why the viscous and transport enstrophy defects are not the same. It
would be interesting to take a new look at the Kraichnan-Batchelor theory
in light of this possibility.

It is not clear whether the notions of enstrophy defect will become use-
ful in general issues of interest in PDE, but this is certainly possible and
further research along this line is amply warranted. Due to the unexplored
nature of this subject, it is easy to formulate a long list of open problems.
We will single out a few that appear either particularly accessible or inter-
esting. The main open problem is to prove that viscous enstrophy defects
are well defined for some class of flows with infinite (local) enstrophy. An-
other important problem is to find an example of a solution to an inviscid
transport equation, preferably given by a solution of the Euler equations,
for which the transport enstrophy defect is nonzero. We have seen that the
transport enstrophy density is a weak solution of the appropriate transport
equation for initial vorticities in L?(log L)'/* if the weak solution comes
from vanishing viscosity. It would be very interesting to find other prop-
erties of viscosity solutions that are not shared by general weak solutions.
Although enstrophy plays a distinguished role among integrals of convex
functions of vorticity due to its relevance to turbulence modeling, it is rea-
sonable to ask to which extent similar defects might be usefully associated
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to other such first integrals. There is a certain arbitrariness in the definition
of transport enstrophy defect that might be explored, as one could define
another inviscid enstrophy defect by mollifying the initial data, for example.
Finally, we state again a problem suggested in Section 2: determine whether
viscosity solutions are renormalized solutions of the transport equations if
initial vorticity is in LP, p < 2. Note that nonuniqueness of weak solutions
follows immediately if this is not the case.
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