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SHARP CONDITIONS FOR ENERGY BALANCE IN
TWO-DIMENSIONAL INCOMPRESSIBLE IDEAL
FLOW WITH EXTERNAL FORCE
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ABSTRACT. Smooth solutions of the forced incompressible Euler
equations satisfy an energy balance, where the rate-of-change in
time of the kinetic energy equals the work done by the force per
unit time. Interesting phenomena such as turbulence are closely
linked with rough solutions which may exhibit inviscid dissipation,
or, in other words, for which energy balance does not hold. This
article provides a characterization of energy balance for physically
realizable weak solutions of the forced incompressible Euler equa-
tions, i.e. solutions which are obtained in the limit of vanishing
viscosity. More precisely, we show that, in the two-dimensional pe-
riodic setting, strong convergence of the zero-viscosity limit is both
necessary and sufficient for energy balance of the limiting solution,
under suitable conditions on the external force. As a consequence,
we prove energy balance for a general class of solutions with initial
vorticity belonging to rearrangement-invariant spaces, and going
beyond Onsager’s critical regularity.

1. INTRODUCTION

The present work concerns weak solutions of the forced incompress-
ible Euler equations on a two-dimensional periodic domain, focusing on
solutions that arise as vanishing viscosity limits. The Euler equations
describe the motion of an idealized fluid in the absence of friction and
other diffusive effects, and formally satisfy the principle of conservation
of energy [22]. Without an external force, conservation of energy is the
conservation in time of the square of the L?-norm of the fluid velocity.
When allowing for an external force in the equations of motion, the
conservation of energy instead takes the form of an identity in which
the rate-of-change of the kinetic energy equals the work of the external
force per unit time [20].

While smooth solutions conserve energy, this may not be the case for

weak solutions. In fact, weak solutions which dissipate energy are an
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essential part of Kolmogorov’s K41 theory of homogeneous 3D turbu-
lence. In 1949, L. Onsager argued that only ideal flows with a third of
a derivative or less may exhibit inviscid dissipation, a statement later
referred to as the Onsager Conjecture, see [12,13,16,17]. There is sub-
stantial recent work connected with this issue. Inviscid dissipation is
indeed ruled out for weak solutions at higher than 1/3 regularity, see
[5,9]. Starting with the pioneering work of DeLellis and Székelyhidi
[11], convex integration techniques have been employed to rigorously
prove that dissipative Holder continuous solutions exist in three spa-
tial dimensions [4, 10,14}, up to the Onsager-critical regularity. Despite
this extensive body of work, it is unclear whether such weak solutions
can be obtained in the zero-viscosity limit, and hence their physical
significance remains unclear.

For solutions obtained in the zero-viscosity limit in two dimensions,
Cheskidov, Nussenzveig Lopes, Lopes Filho and Shvydkoy [6] prove
energy conservation under the assumption that the initial vorticity is
p-th power integrable, for p > 1, and in the absence of forcing. This is
surprising in view of the fact that for p < 3/2, such solutions go beyond
Onsager-criticality (see [24] for a discussion of Onsager-criticality), and
their result hints at non-trivial dynamic constraints for solutions ob-
tained in the zero-viscosity limit. Following [6], solutions obtained in
the zero-viscosity limit will be hereafter referred to as “physically real-
izable”.

Still in the absence of forcing, the results of [6] have subsequently
been extended to provide a complete characterization of physically re-
alizable energy-conservative solutions in [18], where it is shown that
energy conservation of such solutions is equivalent to the strong con-
vergence of the zero-viscosity limit. In a different direction, Ciampa
8] derives sufficient conditions for energy conservation when the fluid
domain is the full plane. The forced periodic case has been consid-
ered in [20], where sufficient conditions for energy balance of physically
realizable solutions were derived based on suitable LP-integrability as-
sumptions on the vorticity and the curl of the external force.

External forcing is a natural mechanism for the generation of small
scales in incompressible flow, and small-scale motion is an inherent
feature of turbulence. Hence, finding precise conditions which rule out
inviscid dissipation in the presence of an external force is particularly
pertinent. In view of the characterization of physically realizable energy
conservative solutions in the unforced case [18], one might hope that
a similar characterization could also be obtained for energy balanced
solutions when considering external forcing. This is the motivation for
the present work.
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We derive necessary and sufficient conditions for energy balance in
the zero-viscosity limit for solutions of the two-dimensional Euler equa-
tions with external force. Under suitable assumptions on the force, we
show that energy balance in the limit is equivalent to the strong conver-
gence in the zero-viscosity limit. We then discuss how the results ob-
tained here sharpen those of the previous work [20], and allow for an ex-
tension of those results to vorticity in general rearrangement-invariant
spaces with compact embedding in H~'. To prove such an extension,
we derive novel a priori bounds for the rearrangement-invariant maxi-
mal vorticity function for solutions of the Navier-Stokes equations. To
the best of our knowledge such a result is not contained in the literature
on the two-dimensional Navier-Stokes equations. Our work also fills a
gap in [18, Corollary 2.13], where these bounds were asserted without
proof.

We briefly discuss two results related to our work. First, in [3], E.
Brue and C. De Lellis construct a sequence of viscous approximations,
converging weakly to a solution of the incompressible Euler equations
on the three-dimensional torus T2, exhibiting both anomalous dissipa-
tion along the sequence, see Definition 2.6, and inviscid dissipation.
This is an illustration of the sharpness of our result, in particular since
the implication “energy balance = strong convergence” holds in any
spatial dimension, see Remark 3.9. Second, in [7], A. Cheskidov, carries
out an extensive discussion of the vanishing viscosity limit in the three-
dimensional torus, constructing a vanishing viscosity sequence which
exhibits both anomalous and inviscid dissipation, and, surprisingly, an
example of inviscid dissipation without anomalous dissipation along the
viscous approximation. All examples mentioned above require forcing.
For details, and additional related work, see [3,7] and references therein.

Overview: In Section 2, we recall several definitions before stating
our main result, Theorem 2.8, that strong convergence in the zero-
viscosity limit is both necessary and sufficient for energy conservation
of physically realizable solutions. The proof of this theorem is detailed
in Section 3; necessity is shown in subsection 3.2, sufficiency in subsec-
tion 3.3. Applications of our main result to rearrangement-invariant
spaces can be found in Section 4; we refer to subsection 4.1 for a dis-
cussion of LP-bounded vorticity, subsection 4.2 for a priori estimates
in more general rearrangement-invariant spaces, and subsection 4.3 for
sufficient conditions for energy balance of solutions with vorticity in
the Lorentz space L(1?) | the largest rearrangement-invariant space with
continuous embedding in H~' (cf. Theorem 4.18). The derivation of
our a priori estimates in rearrangement-invariant spaces is based on
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operator splitting. We include in Appendix A the required results on
convergence of these particular operator splitting approximations.

2. PROBLEM SETTING

We study the incompressible Euler equations with initial data wuq,
external forcing f and subject to periodic boundary conditions, given
by

Ou+u-Vu+Vp=f,  inT?x(0,7),
divu = 0, in T2 x [0, 7], (2.1)
u = u, at T? x {0}.

Above T? denotes the two-dimensional flat torus. Throughout this
work, we fix a time-horizon T" > 0. We also assume, without loss
of generality, that the forcing f is divergence-free as, otherwise, the
gradient part can be absorbed in the pressure term. In the following,
we are interested in the evolution of the kinetic energy %Hu(t)“%i of

weak solutions of the system (2.1).

Definition 2.1.Fix T > 0, let ug € L*(T?) be a divergence-free
vector field. Assume f € LY(0,T;L3*(T?)), div f = 0. A vector field
u € L>(0,T; L*(T?)) is a weak solution of (2.1), if
(1) for all divergence-free test vector fields ¢ € C>°(T? x [0,T')), we
have

T
/ {u-0p+u®@u:Vo} dxdt—i—/ up(z) - ¢(x,0) da
0 T2 T2

T
:/ foodedt, (2.2)
0 T2

(2) for almost every ¢ € [0,7], divu(-,t) = 0 holds in the sense of
distributions.

Existence of weak solutions in the sense of Definition 2.1 can be
established under additional assumptions, such as LP-bounds, p > 1,
on the initial vorticity wy = curl(ug) and on the curl of the forcing [20].

Before moving forward let us comment on notation. We will use the
subscript ‘¢’ in a function space to denote elements of the space whose
support is compact; we use, whenever convenient, subscripts ‘t’ and ‘x’
to denote time and spatial dependence respectively, so that LZH! is
shorthand for L2((0,7); H'(T?)).

Given that the Euler equations describe the motion of an ideal fluid,
i.e. one for which friction and other dissipative effects are neglected,
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it is reasonable to expect that a change in kinetic energy can only be
caused by the action of the external forcing f. Following [20], we recall
the following definition.

Definition 2.2. We say u € L>=((0,7T); L*(T?)) is an energy bal-
anced weak solution if u is a weak solution of the incompressible
Euler equations with forcing f € L'((0,T); L*(T?)), div f = 0, such
that

1 1 ¢
1Ol = 3lwl: + [ (.0 o (2.3

for almost every ¢t € [0,7]. Here, (f,u)12(t) == [ f(x,t) - u(z,t)dz
denotes the L2-inner product.

Remark 2.3. Note that the right-hand-side of (2.3) is continuous with
respect to t. Therefore, redefining u on a set of measure zero in [0, 77,
we will assume hereafter that an energy balanced weak solution u sat-
isfies (2.3) for all t € [0, 7] and, hence, t — ||u(t)||z2 is continuous.

In the absence of additional constraints, weak solutions with initial
data uy € L? are not unique and may not satisfy energy balance (or
even energy conservation, without external forcing), see [25] for an ex-
ample with vortex sheet data. It is thus natural to impose additional
constraints. Such constraints arise, for example, when considering the
Euler equations (2.1) as the zero-viscosity limit of the physically rele-
vant Navier-Stokes equations:

o +u” - Vu’ + Vp” =vAu” + f¥, inT? x (0,7),
div(u”) = 0, nT>x[0,7)  (2.4)
u’ = up, at T? x {0}.

In contrast to the incompressible Euler equations, it is well-known
that the initial value problem (2.4) is well-posed for u§ € L*(T?), f” €
LY((0,T); L*(T?)), and the solution u” belongs to L>((0,T); L*(T?)) N
L*((0,T); H'(T?)), e.g. [19] and references therein. Furthermore, since
we consider only two dimensional flows, solutions of (2.4) satisfy the
following energy identity for all ¢ € [0, 77,

1 v 1 v ! v ! v v

Sl @ = Sl — v [ IO dr+ [ dr @)
0 0

¥ = curl(u”) denotes the vorticity of the flow w”. Formally,

Above, w
the energy dissipation term I/f(f |w”(7)||2, dT vanishes when v = 0,

corresponding to the energy balance relation (2.3).
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Remark 2.4. Observe that, since u” € L*((0,T'); L*(T?))NL?((0,T); H'(T?))
it follows immediately from (2.5) that ¢ ~— [[u”(t)|[.2 is continuous on
0, 7.

Let us recall the definition of physically realizable solutions of (2.1):

Definition 2.5. A weak solution u € L>((0,T); L*(T?)) of the incom-
pressible Euler equations with (divergence-free) forcing f € L'((0,T); L*(T?))
is physically realizable, if there exists a sequence v — 0, initial data
uf € L*(T?) and forces f* € L'((0,T); L*(T?)), div f* = 0, such that

e ul — ug strongly in L*(T?),

o f'—f weakly in L'((0,T); L2(T?)),
and the corresponding solutions u” of the Navier-Stokes equations (2.4)

o u’—u weakly-+ in L>=((0,T); L*(T?)).

In this case, the sequence u”, v — 0, is referred to as a physical
realization of u.

The class of physically realizable solutions was originally introduced
in [6] in the absence of forcing, and extended to the forced case in [20].
In both of these papers sufficient conditions for physically realizable
solutions to be energy conservative, or energy balanced, were obtained
in terms of LP-control of the vorticity. For the unforced case, a sharp
characterization of energy conservation for physically realizable solu-
tions was achieved in [18]. The goal of the present work is to carry out
a programme similar to [18] in the forced case.

Definition 2.6. Let u be a physically realizable weak solution and
consider u” — wu a physical realization. Let w” = curl(u”). We say the
family {u”}, exhibits anomalous dissipation if

t
liminfu/ ||w”(7‘)||%§ dr > 0.
0

v—0+

Remark 2.7. Note that our definition of anomalous dissipation cor-
responds to what was defined as “dissipation anomaly” in [7]. Further-
more, what was defined as “anomalous dissipation” in [7] is what we
refer to as inviscid dissipation.

We are now ready to state our main result.
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Theorem 2.8. Let u be a physically realizable solution of the in-
compressible Euler equations (2.1) with divergence-free forcing f €
L*((0,T); L*(T?)) and initial data uy € L*(T?). Let v, v — 0,
be a physical realization of u with forcing f* € L?((0,T); L*(T?)),
div f¥ = 0, and initial data u§ € L*(T?). Assume that the convergence
fv — fis strong in L*((0,T); L*(T?)). Then the following assertions
are equivalent:

(1) w is energy balanced,
(2) the convergence u” — w is strong in L?((0,T); L*(T?)),
(3) the convergence u” — u is strong in C([0, T]; L*(T?)).

Before delving into the proof of Theorem 2.8 we make a few remarks
on the assumptions.

Remark 2.9. Observe that, from the hypotheses of Theorem 2.8, we
assume implicitly that the sequence of external forcings f* is uniformly
bounded in L?L% as v — 0. This assumption is related to vorticity
estimates. Indeed, recall the vorticity formulation of the the Navier-
Stokes equations (2.4):

Ow” +u” - Vw” = vAw” + ¢~ (2.6)

with ¢ = curl(f¥). Multiplying (2.6) by w”, and integrating the forcing
term by parts gives
d1

Gl = AVl + [ oo

- |V —/ Ve da.

We estimate the last term from above by sv||Vw||2, + (2v) 7| f7||3.,
thus obtaining the differential inequality

d v v 1 v
Tl lze < —vIVerlis + SIS (2.7)

Neglecting the non-positive term and upon integration in time, we find
2 2 e 2
[w” (D22 < llw”(T)llz2 + ;/ 1172 ds, (2.8)

for 7 € (0,¢]. We will see that, in order to obtain a bound on [|w" (¢)]|2.,
we require f¥ € L?L2; see Lemma 3.7.
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Remark 2.10. In Theorem 2.8 it is furthermore assumed that f” con-
verges strongly to f in L?L? as v — 0. This assumption ensures that

T T
/ (Y Y o db / (o) gz dt, (2.9)
0 0

thus ruling out the failure of energy balance arising from the forcing
term. If the convergence u” — w is strong, then (2.9) holds even under
the relaxed condition that f“— f only weakly in L?L2. In fact we will
see in Proposition 3.12, that, assuming strong convergence of u” to wu,
energy balance of the limit u follows under this weaker condition on

I T

In Example 2.11 below we will show that the hypothesis of strong
convergence of f” to f is actually required for Theorem 2.8. More
precisely we exhibit a physically realizable solution v which is energy
balanced, for which the forcings f* of the physical realization converge
weakly in L2 L2 to the forcing f of the limit u, yet u” does not converge
strongly to u. Therefore the direction “energy balance = strong con-
vergence” does not hold under the assumption that f“ converges only
weakly to f.

Example 2.11. We claim that u = 0 is a physically realizable solution,
for which there exists a physical realization u”—u with forcing f”—0
in L?L2, but such that v” does not converge strongly to u in LZL2.

To this end, fix two non-zero functions v,¢ € C((0,+00)) sup-
ported on [1/2,1]. Let u = f = 0, and consider

) T
wa,t)i= Losin (—/) o(la)(0) (2.10)
f7 = 0ow” — vAu”. (2.11)

Of course, u is an energy balanced solution of the incompressible Euler
equations, with forcing f (both vanishing identically). We next verify
that u” is a physical realization of u: It is straightforward to show
that v¥ = u = 0 in L°L2. Furthermore, we have u”(-,0) = 0, since
7(0) = 0 by assumption. In particular, this implies that uf — g in
L2. Next, by construction of f* = du” — vAu", one readily verifies
that

1
= psin (5 ) 6D 0 + 00,

where the O(v*/3)-term is with respect to L° L. Thus, f¥—0 in L2L?
as ¥ — 0 by the oscillatory nature of the sine-factor. Finally, we point



ENERGY BALANCE 9

out that u” is a solution of the Navier-Stokes equations (2.4) with forc-
ing f”: Indeed, any velocity field of the form U(x) = % sin (%) o(|x|)
is a stationary solution of the Euler equations (see e.g. [22, Chap-
ter 2.2.1, Example 2.1]), i.e. there exists a pressure P such that
U-VU+VP =0. Thus, u”(z,t) = U(x)y(t) solves the Navier—Stokes
equations
o’ +u” - Vu” + Vp” = vAu” + f*,

where p” = P(z)y(t)?, and f¥ = O’ — vAu”. Lastly, we remark
that, even though u’—u = 0, it is readily verified from (2.10), that
||u”||%% 4 0 as v — 0, and hence u” does not converge strongly to
0 =w in L?L2. This establishes the claim.

3. PROOF OF THEOREM 2.8

In the present section, we will provide a detailed proof of Theorem
2.8. After recalling several useful a priori estimates on the Navier-
Stokes equations (2.4) in Section 3.1, a proof of the direction “energy
balance = strong convergence u” — u” will be given in Proposition
3.8 in Section 3.2. A proof of the converse is given in Section 3.3, see
Proposition 3.12. Finally, in Section 3.4, Proposition 3.15, we show
that, under the assumptions of Theorem 2.8, the convergence u” — u

in L?L? can be improved to uniform-in-time convergence, i.e. u” — u
- 72
in O((0.,T7: L2).

3.1. A priori estimates. We collect several useful a prior: estimates
for solutions of the Navier-Stokes equations. Although these estimates
are well-known, we include precise statements and proofs for complete-
ness.

Lemma 3.1. Let ©¥ — wu be a physically realizable solution of the
forced Euler equations with initial data uf§ — uo in L?. Assume that
Sup,, ||fy||L§Lg < M. Then

lu®)liz2 < (luolly + VEM) ™, vt e [0,T].
Proof. For v > 0, we have
t t
IOl = gl — 20 [ 1oz dr +2 [ (7% ayar
0 0

t
< lluglzz +2/ 177 () ez [ (7) || 2 d7
0
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We estimate the forcing term as follows,

t t t
2AWWMMM%MQMSAWWMMM+AWMM@M%N%%
to obtain

t t
MW&M;SW%MyﬁAHﬁﬁW@dT+A|U%ﬂhﬂMﬁW%dr

The integral form of Gronwall’s inequality then implies that

t
14 v v 't v dr
()2, < (nuon%g«+u/“nf'<f>nL;df) RIFlzar (3
0

This provides a quantitative upper bound on ||u”(t)|/z2, provided that
f* € L{L?. The additional assumption sup,, || f*|| 2,2 < M implies an
estimate which is uniform in v:

w012 < (glZs + VI g ) o1 o252
< (Ilugliz; + VEar) ¥,

Since u” — w weakly-* in L°L2 and uf — g converges strongly in
L?, the above estimate implies that

(@)l < (lluolif; + V) e/,

(3.2)

O

Remark 3.2.1f f* — f strongly in L; L2, and if the convergence
uf — ug is strong in L2, then, using weak lower-semicontinuity of the
L?-norm on the estimate (3.1) derived in the proof of Lemma 3.1, we
obtain

t t
I < (Il + [ 15z Oz
0

We next show that, under the L2L2-bound on the forcing, physically
realizable solutions belong to C([0, T']; w-L*(T?)).

Lemma 3.3. Let u € L{°L? be a physically realizable weak solution
of the incompressible Euler equations. Consider a physical realization
u’—u with external forcing f“—f, such that sup, HfVHLng < 0o. Let
(-,-)12 denote the L*inner product. Then, up to redefinition on a set of
times of Lebesgue measure zero, it follows that, for every ¢ € L?(T?),
the function ¢ — (u(t), ¢) 2 is continuous, i.e. u € C ([0, T]; w-L*(T?)).
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Remark 3.4. Given the result of Lemma 3.3, we will assume that any
physically realizable solution u”—u with sup, || f”[|12.2 < oo belongs
to u € C([0, T); w-L*(T?)) without further comment.

Proof of Lemma 5.5. Let M := sup, |[f"[[12z2. It follows from the
strong convergence ug — ug and by Lemma 3.1 that we can bound

w1 < (luslas + VTM) ™ < C,

by a constant C' that is independent of v. Therefore {u”} is a bounded
subset of L>((0,T); L*(T?)).

Next we will bound 0;u”.

Let ¢ = ¢(z) be a smooth test vector field. We write

o’ = —u” - Vu” — Vp” + vAu” + f¥,

we take the inner product with ¢ and integrate on T? to find
o’ - p = —/ [div (u” @ u”) + Vp” + vAu” + f*] - ¢.
T2 T2

Without loss of generality we may assume that div(¢) = 0, since we
have div(u”) = 0; thus the pressure term drops out. Transferring
derivatives to ¢, and bounding the terms on the right, we find

/ @ u” - Qb
T2

where D¢ denotes the Jacobian matrix of ¢.
It follows from Sobolev embedding that, for sufficiently large L, we
have

< w221 Dol e + vllu” 2l Adlrz + 1 [zl 2

o’ ¢' < C U+ 1) 6l
TZ

for all ¢ € HL(T?), with a constant C' > 0 that is independent of v.
Interpreting the left-hand-side above as a duality pairing between H
and H” yields

10" || e < T4 {17 22
Therefore

||8tu”||L%H;L < C(1+ M), (3.3)

so that {9,u”} is a bounded subset of L2((0,T); H~L(T?)).

It now follows immediately from the Aubin-Lions-Simon lemma, see
for instance [2, Theorem I1.5.16], that {u”}, is a compact subset of
C([0, T); w-L?(T?)), because the embedding L? C w-L? is compact.
Given that u” — wu weak-x L>®L? it follows from the uniqueness of
limits that u € C([0, T]; w-L*(T?)), as desired.

U
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Lemma 3.5. Let v¥ — u be a physically realizable solution of the
forced Euler equations with initial data uf — ug strongly in L2. As-
sume that sup, [|f”| ;2.2 < M. Then u = u(t) is right-continuous at
t=0,ie.

lim ||u(t) — uol|z2 = 0.

t—0F ’

Proof. Since u € C([0,T];w-L?), and by lower-semicontinuity of the
L2-norm under weak limits and the upper bound from Lemma 3.1, it
follows that:

ol < liminf [|u(t)||7: < limsup ||u(t)]7-
© =0 © t—0 v
< lim sup <||u0||%% n ﬁM) VM _ g2,
t—0

These lower and upper bounds imply that lim, o [|u(t)[/z2 = [Juol|L2.
We also have u(t) — ug as t — 0, from v € C([0,T]; w-L?). Weak con-
vergence together with convergence of the norms implies strong con-
vergence, which concludes the proof. O

Remark 3.6. It follows from Lemma 3.5, in particular, that

i (6 122 = ol (3.4)
0—0
Furthermore, since u € L{°L? and f € L7L%, we have (f,u);2 € L;.
Therefore,
t t
lim [ (f,u)r2ds = / (f,u)p2 ds. (3.5)

Following the classical terminology of turbulence theory, we refer to
the square of the L?-norm of vorticity as the enstrophy.

Lemma 3.7. Let u” be a solution of the forced Navier-Stokes equa-
tions with forcing f¥ € L?L2. Then there exists a constant C' =
C(llutllez, 1/l 2222) > 0, such that
C

W)l < —.

|| ( )||L;v = \/ﬁ
Proof. From the energy balance for solutions of Navier-Stokes, we ob-
tain

g 2 1 2 1 2 4
v [ 1By dt = Sl Sl — [ ) d
0 0

1 T
< §||U0H%g + §ny||2L§Lg + EHUVH%;X’L?C’
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We use the a priori estimate from Lemma 3.1 to deduce that all
terms on the right-hand side are bounded by a positive constant C' =

Cllugllez, 117N ez z2):

T
v / w2, dr < Otz 1F o2z (3.6)

To obtain a pointwise estimate on ||w"(t)[/z2, we note that the vortic-
ity equation implies the following upper bound on the enstrophy (cf.
(2.8)), for 7 € [0, ]:

v v 1 ! v
lw” ()1125 < lw”(7)IIZ +;/ £ ()23 ds.
v 1 v
<N (Izz + 1 Mz e-

In particular, integrating in 7 from 0 to ¢, the above estimate implies
that

t
vt [w” Bz < V/O lw” 12 dr + T 7117z

By (3.6), the first term on the right-hand side is bounded by a constant
depending only on the initial data and forcing. In particular, we con-
clude that there exists a positive constant C' = C(T, ||ug|| 2, | /" [l z212),
such that

lw”(@)llzz <

C
Vit
3.2. Energy balance implies strong convergence.

Proposition 3.8. Let u be a physically realizable solution of the
forced Euler equations (2.1), with initial data ug € L*(T?) and forcing
f € L*((0,T); L*(T?)). Let u” be a physical realization of u, and
assume additionally that the forcing f" converges strongly to f in
L*((0,T); L*(T?)). Then it holds that, if u is energy balanced, then
u” — u strongly in L*((0,7T); L*(T?)).

Proof. As u is energy balanced it follows that

t
()2 = [luoll2s +2 / (f.u) 2 dr.
0

Furthermore, in view of the convergence u”—u in weak-* L>((0,T); L*(T?))
we have
u’—u weak LYL?,
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so that, by weak lower semicontinuity,

Jull g2z < liufg(i)ﬁlf [ p2L2-

Recall the energy inequality for the physical realization, valid for any
0<r<T:

le ()12 < [lug]2, +2 / (Y ) ds,

The information above yields

T T
/ ||u(7‘)||%2 dr Sliminf/ ||u”(7‘)||%2 dr (3.7)
0 * v—0t 0 x
T
glimsup/ |u”(7)||32 dr (3.8)
v—0t+ Jo *
T T
glimsup/ (HUSH%Z +2/ (f" u") 2 ds) dr
v—0t+ Jo N 0

(3.9)

T T
-/ <HU0||2L§+2 / <f,u>L;ds) e (3.10)
0 0

:/0 ||u(7‘)||%§ dr. (3.11)

5 . .
Therefore [|u”||2p2 — ||ul|2 L2 an.d, using again that convergence (?f
norms and weak convergence implies strong convergence, the proof is

concluded. O

Remark 3.9. Notice that Proposition 3.8 is valid in any space dimen-
sion. In other words, after appropriately adjusting the definition of an
energy balanced physically realizable solution, we may substitute T? in
the statement by T? for any d > 2.

3.3. Strong convergence implies energy balance. The proof that
strong convergence u” — u in L?L2 of the physical realization implies
energy balance of the limit u will be based on the following inequality
for the enstrophy, for 6 < t, with §,¢ € [0, T], which follows from (2.8):

t 1 t
Ol < IOy —v | 19w Par+ [ 113 dr

The basic idea, introduced in [6], is to reduce the inequality above to
a differential inequality for [|w”||7,, which in turn can be used to show

that the energy dissipation term VfOT |w”||2, dT — 0 as v — 0. To
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this end, the crucial ingredient is a good lower bound on ||[Vw”||7, in
terms of ||w”||2,, which is obtained in Lemma 3.10 below. Before we

state this lemma we must recall the notation for structure functions
introduced in [18].
If v € L2 then the (L*based) structure function Sy(v;r) is given by

So(v;7) = (7[40) o(@ + h) — v(z)? dh) "

If, now, v € L?L? then the time-integrated structure function SI (v;r)

is defined as
1/2

T = ([ sk ar)

Lemma 3.10. Let {u"},~o be a precompact family of divergence-free
vector fields in L%((0,T); L*(T?)). There exists a monotonically in-
creasing function o : [0,00) — [0,00), such that lim, ., o(2) = oo,
and such that for each v > 0 and 0,¢t € [0,T], § < ¢, the vorticity
wY = curlu” satisfies the following inequality

([ wrontsar) o ([ 1ot < [ 19w, o

Proof. This result is implicitly contained in the proof of [18, Thm.
2.11]. We outline the argument here. The first step is the following
“interpolation-type” inequality valid for any w = curlu € H'(T?), see
[18, Lemma 2.6]: There exists an absolute constant C' > 0, such that
259 (u;r
w2 < Crl|Vwl|r2 + L, Vr > 0.
T

Applying this estimate to w”, squaring terms and integrating in time,
it follows that

t t
/5 |2, dr < / Vw2, dr +

with an implied constant independent of v, > 0 and independent
of §,t € [0,7]. By [18, Prop. 2.10], the precompactness of {u"} C
L?L2 implies that there exists a (monotonically increasing) modulus of
continuity ¢ : [0, 00) — [0, 00), with lim,_,q ¢(r) = 0, such that

syli%[sg(u%m]? < [o(r))*.

Since the left-hand side is uniformly bounded from above by

155 (u”; 7))

r2

, Vr>0,

sup S5 (u”;r) < sup 2w’ 1212 < o0,
v v
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we may assume, without loss of generality, that [¢(r)]> < 8 for some
£ >0, for all » > 0. Optimizing with respect to r > 0 so as to balance
terms (cf. [18, eq. (2.13)]) results in

t 2 . —1/4\ 12
([ 1etizzar) <clo(s[fivwigar) )| [ 1waizs i

with a constant C' > 0, independent of v, r, 0 and ¢. To simplify
notation, let us define a new modulus of continuity ¢ := C¢?, so that

t 2 . ; _1/4 t
([ wetizzar) <3 (s 1owizzar] ") 1wy
d d (

3.12)
We next claim that the right-hand side of inequality (3.12) is bounded

by a monotonically increasing function of z = |, ; |Vw”||2, dr. Indeed,

if we denote the right-hand side of (3.12) by f(z) = ¢(827'/4)z, then
f(z) = o(z) as z — oo, since ¢ is a modulus of continuity and hence
#(Bz7Y1) — 0 as z — oco. In [18, Appendix C, Lemma C.1] it is
shown that, for such f = f(z), there exists a dominating function F,
with F'(z) > f(z), satisfying the following properties: F'(z) = o(z) as
2 — 00, I is invertible and its inverse F'~! is a monotonically increasing
function which grows super-linearly. It is shown, furthermore, that F=*
can be written in the form F~'(y) = yo(,/y), with o a monotonically
increasing function such that o(,/y) — oo as y — oco. Using the nota-
tion introduced in the current paragraph, see (3.12), and estimating f

by F we find
t 2 t
( [t df) <F ( [ 19z, df).
) )

Applying F~! to both sides of the inequality above yields

t 2 t
Ft ({/6 Hw||2L% dT} ) S/@ ||Vw’/’|%% dr.

Finally, writing F~'(y) = yo(y/y) implies the desired upper bound
¢ 2 ¢ t
([ wetizzar) o ([ etizar) < [ 19ty ar
5 5 5

The previous lemma will allow us to derive a differential inequality
for the energy dissipation term (,(t) = v [) [|w”|2, dr, starting from
the vorticity equation. The next lemma will then be used to show

O
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that ¢, (T) — 0, as v — 0, i.e. absence of anomalous dissipation, see
Definition 2.6.

Lemma 3.11. Let 0 <a <T, M >0 and let 0 : R, =+ R, be a con-
tinuous, monotonically increasing function, such that lim, ,, o(z) =
0. Let {¢,}>0 € Wh([a,T]) be a family of monotonically increasing
functions. If (, satisfies the differential inequality

% <M-C% (%) . ae tea,T),

then limsup,,_,,(,(T) = 0.

Proof. Since (, is monotonically increasing and ¢, € Wh! we have, for
almost every t € [a,T], that:

0< Lo < MG (Cﬁt)) |

We note that the function on the right-hand side is continuous as a
function of t. Letting t — T, we deduce that

(G (T)20(C(T)/v) < M, Vv >0.

From the monotonicity of o it follows that the function z — 2?0 (z/v)
is increasing.

Let us assume now, by contradiction, that limsup,,_,, ¢, (1) > 2¢y >
0, so that there exists a sequence v, — 0 with (,, (1) > €, for all
k € N. In this case we have, in particular, that

2o (6—0) < G (D))o (Ck—(T)) <M, (3.13)

V V.

for all k € N, i.e. €20(eo/vy) is uniformly bounded. On the other hand,
letting & — oo, and using the assumption that lim, ,, o(z) = oo leads

to
. €0
lim 6o [ — ) = oo,
k—o00 Vg

in contradiction with (3.13). Therefore, we must have lim sup,,_,, (,(T) =
0 as claimed. O

We are now in a position to prove the following result, which encodes
the “strong convergence = energy balance” part of Theorem 2.8.

Proposition 3.12. Let u be a physically realizable solution of the
Euler equations (2.1) with forcing f € L?((0,7T); L*(T?)). Let u” be
a physical realization of v and assume that the forcing f" converges
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weakly to fin L*((0,T); L*(T?)). If u¥ — ustrongly in L*((0,T); L*(T?)),

then wu is energy balanced.

Proof. Step 1: We begin by proving that for any o > 0, the strong con-
vergence assumption implies that the “0-truncated” energy dissipation
term is vanishingly small:

T
1// ||w”||%§d7‘—>0, as v — 0.
5

To see this, first recall that, by Lemma 3.7, for any 6 > 0, we have
|w”(6)|| 2 < oco. We may thus consider the following enstrophy equa-
tion, valid for any v > 0, and § € (0, t]:

1 v 1 v ! v ! v v
S Ol = 5l @ —» [ 19wy ar+ [ o) ar

with ¢ = curl f¥ € L?H_'. Integrating by parts the last term and
using the Cauchy-Schwarz inequality we find

t t
[ ()2 < " (6)]2 — 20 / Vw2, dr +2 / IVl 17 2z dr-

By Young’s inequality we have

12 1% t 1% 1 t 1%
lw (8)]2, < |l (0)]2 — v / [V dr+ / 177120 dr. (3.14)

In the following we keep ¢ > 0 fixed, and we will only consider values
t > 0. We note that, using again Lemma 3.7, there exists a constant
C > 0, depending only on ||lug||z2 and [|f”[|;2.2, such that

C

v 2 <
l” (O)I7> < - (3.15)

Furthermore we have
1 ' V|2 1 V2
I < S (3.16)

Using (3.15), (3.16) in (3.14), and since ||lug ||z, |f"[|z2r2 are clearly
uniformly bounded, we can find a constant M = M(J) > 0 such that

v M ! 12
IOl < 5 —v [ IV ar (317)

for all v > 0. To estimate the gradient term, we note that Lemma
3.10 implies the existence of a monotonically increasing continuous,
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nonnegative, function o = o(z), with lim,_,, o(z) = oo, such that
t
([ ooz df) ([ s ar) < / [V ($)]2, dr,
(3.18)

for all ¥ > 0. We introduce the shorthand notation

Coslt) = v / o (7)2, dr, (3.19)

for t > ¢, and we conclude that

— [ 19 ) dr < Lot (220)).

v

We also note that ¢,,s € W([6,T1), with £, 5(t) = v|jw”(¢)||2.. Mul-
tiplication of (3.17) by v and substitution of the above estimate there-
fore yields

%ng(t) <M —[¢s(t)e (@57@) . (3.20)

Recall that M depends on ¢ but is independent of v and ¢t. By
construction, see (3.19), t — (,s(t) is monotonically increasing, and
Cos € WH([6,T]). Since ¢ > 0 is fixed, and (, 5 satisfies the differential
inequality (3.20), we can use Lemma 3.11 to obtain that

T
lim sup V/ HMV(T)H%% dr =limsup (, 5(T) = 0,
v—0 k) v—0
as desired. This concludes step 1 of the proof.

Step 2: We are now in a position to show that the physically real-
izable solution u satisfies the energy balance equation (2.3). First we
note that the strong convergence u” — u in L?L? implies strong conver-
gence of ||u”(t)||r2 — |lu(t)||rz in L*([0,77]). Passing to subsequences
as needed, without relabeling, we may assume that

()2 = llu®llzz,  ace. t € 0,71, (3:21)

Next, we recall the energy identity for u”, see also (2.5):

1 1 t t
SO =3I @F =v [l lfgdr+ [z dn 32

valid for 0 < <t < T
By (3.21) we can choose § > 0 outside of a set of measure 0 so that
|u”(6) ||z — [Ju(d)||r2. From the weak convergence f“ — f in L7L2,
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and the strong convergence u” — u in L?L2, it follows that

/wwmwﬁ/uw@m<wwx
) )

for any t € [0, T]. By Step 1, it follows that
t
1// Hw”||2L% dr — 0, (v—0),
5

uniformly for all ¢ € [4, T7.
Thus, we conclude that for almost every ¢ € [0, T, we have

1 .1 1 t
§IIU(t)I|i; =11g(1]§||u Oz = §||U(5)||%g+/5 (fiu)rz dr.

By Remark 3.6 it holds that § — ||u(d)]|7., and & — f;(f, u) 2 dr are
both right-continuous at 6 = 0, see (3.4) and (3.5). Letting 6 — 0, we
therefore conclude that

1 1 t
4ww;=wwm+/vw@m
2 2 gl ™ f

for almost all ¢ € [0, 77, so that u is energy balanced.

Redefining u on a set of times of measure zero it follows that the
energy balance holds for all t € [0,7], see also Remark 2.3. This
concludes the proof. O

Corollary 3.13. Let u be a physically realizable solution of the Euler
equations (2.1) with forcing f € L*((0,T); L*(T?)). Let u” be a physi-
cal realization of u and assume that the forcing f* converges weakly to
fin L*((0,T); L*(T?)). If u* — w strongly in L?((0,T); L*(T?)), then

T
lim y/ lw” |12 dr = 0. (3.23)
v—0 0 z

Proof. For the sake of contradiction, assume that the claim is false.
Then there exists ¢y > 0, and a sequence v, — 0, such that

T
un/ ||w”"||%g dr > €y > 0.
0

In step 1 of the proof of Proposition 3.12, we have already shown that
for any 0 > 0, we have

T
lim 1// |w”||72 dT = 0.
v—0 5 z
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Thus, the assumed lower bound on the energy dissipation would imply
that

4
lim inf yn/ w2 dr > €0 > 0, (3.24)
n—00 0 R

for any 4 > 0. Our aim is to find o > 0 for which this lower bound
fails, thus reaching the desired contradiction.
By energy balance for Navier-Stokes (2.5), we have

0 0
1Z 1 v, 1 Un Un Vn
o [y dr = Sl @)l = gl = [ (g
0 0

Since u*» — u strongly in L?L2, and since f“»—f weakly in L?L?, it

follows that :

s 5
lim (f u) 2 dr = / (f,u)rz dr.
0

n—oo 0

Furthermore, since ug" — u(0) strongly in L2 by assumption, we have

. V. 1

Finally, as shown in the proof of Proposition 3.12 (cf. equation 3.21),
after passing to a subsequence we can ensure that

Tim ([0 (8) |z = [u(®)]i2. ae. 6 € [0,T].

Thus, for almost every 6 > 0, we conclude that

4 9
. y 1 1
tiw v, [ dr = S — Sla@IE; - [ () dr
0 0

From Remark 3.6, it follows that the right-hand side in the last display
tends to 0 as 0 — 0. In particular, given ¢y > 0, we can find 6 > 0,
outside of a set of measure zero, such that

5 5
: y 1 1
i v [ w2 dr = S 1@z — SO, - [ (s
€0
< —. 3.25
= (3.25)
This upper bound (3.25) is clearly in contradiction with (3.24), com-
pleting the proof. U

Remark 3.14. Corollary 3.13 corresponds to the statement that strong
convergence of the physical realization implies no anomalous dissipa-
tion. In Proposition 3.12 we use the strong convergence and the ab-
sence of anomalous dissipation to establish that there is no inviscid
dissipation in the associated physically realizable solution. Proposition
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3.8 corresponds to the statement that absence of inviscid dissipation
implies strong convergence, which in turn implies no anomalous dissi-
pation.

It is natural to ask whether absence of anomalous dissipation alone
implies no inviscid dissipation. Going back to (2.5) we see that

! 1% v ! v ]' v v
[ = [l ar = 3 (e Ol - 113 )

(3.26)

t
S/WW%MT
0

If f¥ — f strongly in LZL? and v’ — u weakly in L?L? then the
right-hand-side of (3.26) converges to

/0t<faU>L% dr,

as v — 0. If, additionally, we assume absence of anomalous dissipation
then the left-hand-side converges to the same term. It follows that

t
iimsup (Ja*(0)13: — ugls) = [ (foudadr. (327
v—0 0

However, even though [jugllz2 — |luo|lrz we cannot conclude that u
satisfies energy balance unless we have [[u”(t)[|7. — [lu(?)[|7; a.e. t €
[0,7]. As we have already argued, this is equivalent to requiring that
u” converge strongly to u in L?L2. Therefore, absence of anomalous
dissipation does not rule out inviscid dissipation. Nevertheless, it is in-
teresting in its own right to study the absence of anomalous dissipation
and we refer the reader to [23] for results in this direction.

3.4. Improvement from L?L? to C;L? convergence. Putting to-
gether Propositions 3.8 and 3.12, we have shown that Theorem 2.8(1)
is equivalent to Theorem 2.8(2). We will now complete the proof of
Theorem 2.8 by showing that these two equivalent statements are also
equivalent to Theorem 2.8(3).

Proposition 3.15. Let u be a physically realizable solution of the
Euler equations (2.1) with forcing f € L?((0,T); L*(T?)). Let u” be
a physical realization of u and assume that the forcing f“ converges
strongly to f in L?2L2.
If v — w strongly in C([0,T]; L*(T?)) then v — wu converges
strongly in L?((0,T); L*(T?)), or, equivalently, u is energy balanced.
Conversely, if either of the following equivalent assertions holds,
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e v is energy balanced, (cf. Theorem 2.8(1)),
e u” converges to u in L?((0,T); L*(T?)), (cf. Theorem 2.8(2)),

then the convergence u” — w is actually strong in C([0,T]; L*(T?)),
(cf. Theorem 2.8(3)).

Proof. Tt is immediate that " — u strongly in C([0,T]; L*(T?)) im-
plies u” — w strongly in L?L2. By Propositions 3.8 and 3.12 this is
equivalent to u being energy balanced.

It remains to show that Theorem 2.8(1) and Theorem 2.8(2) together
imply Theorem 2.8(3). Let u be energy-balanced and u” — u strongly
in L2L2.

Step 1: We start with the observation that, since u is energy-
balanced, then u € C([0,T]; L*(T?)). To see this first, recall Remark
2.3, in which we observed that the function ¢ — ||u(t)||z2 is continuous.
In addition in Lemma 3.3 we showed that u € C([0, T|; w-L*(T?)). Tt
is now immediate that continuity of norms together with continuity in
time into L2 with the weak topology implies continuity in time into L2.

We now come to the heart of the proof.

Step 2: We claim that |[u”(¢)|3, — ||u(?)||3, uniformly on [0, 7.

To see this, we note that, since u is energy balanced and from the en-
ergy balance identity (2.5) for solutions of the Navier-Stokes equations,
we have for any ¢ € [0, 77:

t
)2 — ¥ (1) 2 = {nuouig 2 / (e dT}

t t
- {nusnig Y / |12, dr + 2 / U s dT}

= lluollZz — Ilugllz

+2{/Ot(f,uﬁgdf—/ot(f”,u”ﬁg dr}

t
+ 21// |w”||? dr.
0
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Bounding the integal terms on the right-hand side, it follows that

lu()IIZ; = llu” ()22

< |luollZg — w3
T
2 [ 150 = POz 2 dr
0

+ 2/0 177 ()l 2z llu(r) = w”(7) 2 dr

+ 21//0 w2 dr
= (I)+ )+ II)+(IV).

Since the right-hand side is independent of ¢, we conclude that

sup | [[u(t)]|72 — lu” ()72
te[0,T

<)+ {II)+ (III)+ (IV).

It remains to show that the terms on the right-hand side converge to
Oasv—0.

We note that (I) converges to 0 as ¥ — 0, since by assumption,
uf — ug strongly in L2, and hence [Juff| ;2 — |luollr2. Next, we can
bound

(D) < ||f = fllzr2llull 22 — 0,
by assumption on f* — f in L7L3. Furthermore, since || f*||;2;2 < M
is uniformly bounded, and since we also assume that v’ — w in L?L2,
we similarly conclude that (I77) — 0. Finally, since u* — u in L2L2,

the convergence (IV) — 0, as v — 0, follows from Corollary 3.13.
Step 3: We finally claim that

sup |lu(t) —u”(t)||p2 =0, asv—0.
te[0,T
We argue by contradiction. If this is not the case, then there exists a
convergent sequence t, — t € [0,7] and a sequence v, — 0, such that

|u(ty) — u(t,)]|22 > € > 0.

But, by the uniform convergence of |[u""(-)||,2 — [lu(-)||z2 in C([0, T7),
it follows that |[u""(t,)|[z2 — ||u(t)||z2. From the convergence u" —
win C([0,T];w — L?), see the proof of Lemma 3.3, it follows that
u”(t,)—u(t) in L. Since norm convergence and weak convergence
imply strong convergence, we conclude that

lim {lu"(t,) — u(t)] 2 = 0,
n—o0
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Owing to the fact that u € C([0,T]; L?) (cf. Step 0 of this proof), this
leads to a contradiction:

0 < € < limsup [[u(t,) — u" ()| 2

n—o0

< Tim sup [|u** (t) — u(t)] 12

n—o0
+ limsup fu(®) = u(ta)lz = .
n—oo
Thus, we must have that u"» — u in C([0,T]; L?). O

Putting together Propositions 3.8, 3.12 and 3.15 we have completed
the proof of Theorem 2.8.

4. EXAMPLES

Theorem 2.8 provides necessary and sufficient conditions for a phys-
ically realizable solution u to be energy balanced. In the present sec-
tion, we focus on specific classes of initial data and forcing for which
these conditions are satisfied. More precisely, we will study solutions
whose vorticity belongs to rearrangement invariant spaces, including
LP (p > 1), the Orlicz spaces Llog(L)* (o > 1/2), and the (modified)
Lorentz spaces L2 (1 < ¢ < 2).

Besides exhibiting instances to which Theorem 2.8 applies, the goals
of this section are two-fold:

(i) we show how the present work extends the main result of |20,
Thm. 2.4], where energy balance was shown for physically re-
alizable solutions with LP-control on the vorticity for p > 1;

(ii) we fill a gap in the proof of [18, Corollary 2.13], where it was
asserted that certain bounds on decreasing rearrangements are
preserved by the solution operator of the Navier-Stokes equa-
tions, in the absence of an external force. A detailed proof of
this assertion has, so far, been missing from the literature.

In Section 4.1 we connect our main results with the recent work
[20] on LP vorticity control. Section 4.2 contains basic definitions on
rearrangement invariant spaces; we also include the statements of our
main results on a prior: vorticity control for solutions of the Navier-
Stokes equations. In Section 4.3 we extend the discussion of energy
balance from the rearrangement-invariant LP-spaces (p > 1) to more
general rearrangement-invariant spaces, including Orlicz and Lorentz
spaces.
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4.1. Solutions with vorticity in L?, p > 1. Proposition 3.12 implies
the following stronger version of [20, Thm. 2.4]:

Corollary 4.1. Let u be a physically realizable solution of the incom-
pressible Euler equations (2.1) with external forcing f € L*((0,T); L*(T?)).
Consider a physical realization u” of u, with viscosity v > 0 and forcing
f¥, as in Definition 2.5. Suppose, in addition, that for some p > 1:

(1) wo = curlug € LP(T?),

(2) wy = curluf — wy strongly in LP(T?),

(3) g” = curl f¥ is bounded in L*((0,T); L*(T?)).

Then wu is an energy balanced weak solution.

Remark 4.2. To derive the corresponding result in [20, Thm. 2.4] the
authors assume that ¢” is uniformly bounded in L'((0,7); LP(T?)) N
L>((0,T); L*(T?)). We note that, in the most relevant range 1 < p < 2,
this is strictly stronger than assumption (3) of Corollary 4.1.

Proof. We begin by observing that, from the hypothesis that ¢ is
bounded in LZLP, we have, using elliptic regularity and the Poincaré
inequality, that f“ is bounded in L?W}!?. Therefore, since W1P(T?)
is continuously embedded in L?(T?) for p > 1, we obtain that {f*} C
L?L? is uniformly bounded. Thus it is precompact in L?L? with the
weak topology. Since f¥ — f in L;L? it follows that f“ converges
weakly to f in LZL? as well.

Next, we make a small adaptation in the proof of [20, Lemma 3.1]
to show that the assumptions of Corollary 4.1 imply that u” converges
strongly to u in C'([0, T]; L*(T?)). For convenience of the reader, recall

the estimate [20, (3.3)]:

T
l @)l < © (||wg||m ; / ||9V(8)||Lpd5) |

Using the Cauchy-Schwarz inequality in the integral term above we con-
clude that w” is bounded in Lg°LP, uniformly with respect to v. Thus,
as in [20, Lemma 3.1], we use elliptic regularity and the Poincaré in-
equality to conclude that u” is bounded in LW, P, We then further
deduce from the PDE (2.4), that ,u” is bounded in L?H_ * for some
M € N. Since the embedding of W?(T?) into L?*(T?) is compact
for p > 1, it follows by the Aubin-Lions-Simons Lemma, see [2, The-
orem I1.5.16], that {u”} is compact in C([0,T]; L*(T?)). Passing to
subsequences as needed without relabeling we find u” — v strongly in
C([0,T]; L*(T?)). By hypothesis we already know that u” — u weak-x
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L¥L%. Therefore v = u and the whole family converges strongly in

C([0,T}; LX(T2)).
The desired result is now an immediate corollary of Proposition 3.12.
O

4.2. A priori estimates in rearrangement-invariant spaces. Aim-
ing to generalize the result of the previous section, which pertains to
solutions with LP-vorticity control, we consider solutions with vorticity
in more general rearrangement invariant spaces in the present section.
In order to treat such spaces we will need the following definition.

Definition 4.3. Let f € L'(T?). The rearrangement invariant maxi-
mal function for f is

M(f) :=sup {/ |f(x)|dx } E C T?, E measurable, |E| = s} ,
B
defined for 0 < s < |T?| = (27)>.

Remark 4.4. We mention in passing that, since the torus T? with
the Haar measure is a strongly resonant measure space, the function
M(f) defined above corresponds to sf**(s), where f** is the standard
maximal function of the non-increasing rearrangement function f*; see
[1, Chapter 2, Section 3] for additional information.

In this section, we prove the following a prior: estimate for solutions
of the Navier-Stokes equations:

Proposition 4.5. Let u” € L>((0,T); L*(T?) be the unique solution

of the Navier-Stokes equations (2.4), with forcing f* € L'((0,T); L*(T?))
and initial data uf§ € L*(T?), both assumed to be divergence-free. As-

sume that wf = curluf € L'(T?), and ¢* = curl f* € L*((0,T); L' (T?)).

Then for any t € [0,T], we have the following a priori estimate:

M&HMSM&W+AAM¢WMr (4.1)

Our proof of this fact is based on operator splitting: The idea is
to approximate the solution of the vorticity form of the Navier-Stokes
equations by a composition of (small) time-steps for the forced heat
equation and a transport PDE, respectively. The necessary a prior:
bounds for the heat and the transport equations are readily derived
based on explicit solution formulae. If the operator splitting scheme
converges to the solution operator of the Navier-Stokes equations in a
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suitable norm, then the necessary bounds for the Navier-Stokes equa-
tions can be deduced from a limiting argument.

One difficulty with this approach is the potential lack of smoothness
of the underlying solution; in the absence of such smoothness, the op-
erator splitting scheme is not known to converge. We circumvent this
difficulty via an additional mollification argument: we establish the re-
quired bounds for solutions of the mollified system, and extend these a
priori bounds to rough solutions by a limiting argument. The details
of this argument are contained in Sections 4.2.1-4.2.3.

Section 4.2.1 discusses basic a priori estimates for the heat and trans-
port PDEs involved in the operator splitting scheme. Section 4.2.2
defines the operator splitting approximant, and provides relevant es-
timates for this approximant. Section 4.2.3 combines these results to
prove Proposition 4.5.

4.2.1. Split estimates. Given initial data wy € C*(T?) and forcing
g" € C>(T? x [0,T]), standard well-posedness theory of the Navier-
Stokes equations implies that there exists a unique smooth solution
w” € C(T? x [0,T]) of the vorticity formulation of the Navier-Stokes
equations. Given such a smooth solution, our aim is to derive estimates
on M (w”) through operator splitting. To this end, we decompose the
vorticity equation:

Ow” = —u” - Vw’ +vAw"” + g", (4.2)
(E) (E)

according to the two terms (E) and (H) on the right-hand side.

In the following we assume that the smooth initial data wg and
smooth forcing ¢g¥ are fixed. We denote by w” € C°°(T? x [0,71]) the
corresponding solution, and we denote by u” € C*(T? x [0,7]) the
divergence-free velocity field satisfying w” = curl u”.

As indicated in (4.2), the vorticity equation can be split into a trans-
port equation and a forced heat equation. We next introduce the cor-
responding solution operators.

Transport equation. Given to,t € [0,T], t > to, we denote by Sy —
E(t;t9) 5o the solution operator associated with the transport PDE

OB(t) +u”(t) - VB() =0,  B(to) = Bo, (E)

so that E(t;t9)5 := f(t). In (E), u”(t) = u”(-,t) denotes the velocity
field obtained by solving the Navier-Stokes equations with the fixed
initial vorticity wy and the fixed vorticity forcing ¢g”. The following
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proposition gives a simple a prior: estimate on rearrangements under

E(t7 to):

Proposition 4.6. Let ty,t € [0,T], t > to. If u” is smooth, and if
B(t) = E(t,to)By is a solution of the transport PDE (E) with data
B € L'(T?) then, for all s > 0, we have

M, (B(t)) = M(Bo)-

Proof. Let ¢ : T? X [to, t] — T? denote the flow-map of u”, i.e.

d

—¢(:£,7') =u"(¢(z,7),7), TE [to,1],

dr

o(z,to) = x, r e T
We recall that 3(t) = Byo [é(-,t)] 7. Since u” is divergence-free, ¢(-,t)
is measure-preserving, i.e. |¢(-,t)"'(E)| = |E|. In particular, it follows
that

M ( = sup |B z,t)|dz = sup / |Bo(x)| dx
|E|=s |E|=sJo(-.t)~ 1 (E)

—sup/wo )| dz = My (By).

|E]

Heat equation. Let ¢,t, € [0, 7] with ¢ > to. We denote by 5y +—
H(t;t9) 5o the solution operator associated with the forced heat equa-
tion, i.e. we set H(t;to)Bo := B(t), where S solves

OB(t) = vAB(t) +g"(t),  Blto) = Po. (H)

In the following, we derive simple a prior: estimates on rearrangements
under H (t;tg). We first consider the action of the heat kernel.

Proposition 4.7. Fort > 0, let G, : T?> — R denote the v-heat kernel
on the 2-dimensional torus; more precisely, let
1 (z—2mk)?
Gi(z) = Z e

4rvt
kez?

Then for any 8 € C*°(T?) and s > 0, we have
M (G * B) < Ms(B).
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Proof. We note that ||G¢||z1 = 1, and hence

M, (G ) —sup/|Gt*5|d1’

|E|

< sup / () / Guy)IB — y)| dyds

|E|=s

= sw [ G ([ 16l - plar) a

< sup |Gl sup / B —y)|da

|E|= yeT?
= Sup/lﬁ ) dy
1B
= M,(

As a consequence of the last proposition, we obtain

Proposition 4.8. Let t,t, € [0,7] be given, such that t > t;. Let
By € C>=(T?), g* € C'OO(T2 x [0,77]), and let

B(t) = H(t;t) o € C(T* x [0,T7),
be the solution of the forced heat equation (H), i.e.

aiB(t) = vAB(H) + g"(t),  Blte) = bo.

Then for any s > 0:

M(B(t) < Ms(Bo) + /t M(g" (7)) dr.

Proof. By Duhamel’s formula, the solution of the forced heat equation
is given by

B 1) =Gy *ﬁO‘I‘/ Girxg"(-,7)dr.

to
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Thus,
M, (B(t)) = sup / 1B(-,t)| dz
|E|=
<sup/\Gt to*ﬁo\d:c+/ (sup/|GtT (-7 )|dx)
|E| |E|
= Ms(Gt—to x ﬁo) + / Ms(Gt—T * gy(T)) dr.
to
t
< M) + [ Mg ()
to
where the last inequality follows from Proposition 4.7. O

4.2.2. Operator splitting approximation. In view of the definitions of
E(t;tg), as the solution operator of the transport PDE (E) for t > ¢,
and H(t;1), as the solution operator of the forced heat equation (H)
for t > ty, we now define an “operator splitting” approximation of
w” recursively as follows: Fix a time-step At, and for n € Ny define
t, = nAt. Given initial data wy, we set w/™(to) == wy at t = ty = 0.
Then, we recursively define

v,A — . v,
{wn+1/2(t) = B(t; t,)w™ (1),
v,A
Wn+1(t) H(t;t,)w n+1/2(t)
We finally define w”® piecewise in time, by setting

WA (t) = wlA(t), for t € (th_1,tn]. (4.4)

for t € (tn, thi1)- (4.3)

Before providing formal motivation for (4.3) (cf. the next remark),
we would like to point out that

i (t) = H(t )y (),

depends on time ¢ through both the solution operator H (t;t,) and ad-
ditionally through the data w ’+1 /(t) to which this solution operator is
applied. To avoid confusion, we point out that we could have equiva-

lently defined w,';fl (t) in two steps, by first setting for 71, 72 € [t,, tpi1]:
h(Tla T2) = H(Tl; tn>w2f1/2 (7—2>7 (45)

and then setting w22 (t) = h(t, ).

dr
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Remark 4.9. To motivate the above definition, we note that upon

formally expanding in time and neglecting terms O(|t — t,|?), we have
v,A . v,
wn+1/2 (t> = E(tu tn>wn A(tn> (4 6)
~ Wi () — [t — ] u” (L) - Vw2 (t,), '

and
it (8) = H(ts tn)w) sy (1)
~ ) + [t = 1] {7 (1) + vALS L (0}

Inserting (4.6) into (4.7), rearranging and retaining only lowest order
terms in [t — t,,], we find

Wt (1) = Wi () H[t—t] {—u” (L) - Vi (t,) + g" () + vAWLA(t,) } .

(4.7)

Equivalently, upon rearranging and stating this equation in terms of
w"A(t), we find for t € [t,,, tps1],

MV7A(t) _ (A}V’A(tn)
t—1t,
Expanding the terms in this equation once more around ¢, we have
wV’A(t) _ w”’A(tn)
t—1t,
—u”(t,) - Vw2 (t,) = —u”(t) - Vw2 (t) + O(At),
VAW R (t,) = VAW R () + O(At).

= —u"(t,) - Vw2 (t,) + ¢"(t) + vAw"2(t,).

= Jw" A (t) + O(At),

Thus, formally up to terms of order O(At), the function w"*(t) defined
by (4.3) solves the equation,

Q" (t) = —u”(t) - Vw2 (1) + " (1) + vAw”>(t) + O(Al).

This provides the formal justification for our definition of the splitting
approximant w”®. To make this precise, a detailed analysis of the
O(At) correction term is required. The detailed derivation will be
provided in Appendix A.

Combining Propositions 4.6 and 4.8 we obtain the following a prior:
control on rearrangements for the operator splitting approximant w":

Lemma 4.10. Let wy € C*(T?) be initial data for the Navier-Stokes
equations in vorticity formulation with forcing g € C*(T? x [0, 7).
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Let w”® be the operator splitting approximation (4.3) for a given time-
step At > 0. Then for any time t € [0,7] and for any s > 0, we have
the following estimate

ML(@"2(1)) < M) + / M. (g" (7)) dr. (48)

Proof. Given t € [0,T], we can choose n € N, such that ¢ € [t,, t,11].
By definition, we have w*?(t) = w%*(t). It thus suffices to prove that
for n € N, we have

ML) < M.(wh) + /OtMs<g”<T>>dr, V€ [ tort]. (49)

We prove (4.9) by induction on n. The claim is trivially true for
n = 0. For the induction step and fixed t € [t,,t,11], we recall that
Wi p(t) = E(t t)wi® (tn), and w)iy(t) = H(t;ta)whpy (1), Since
the advecting velocity field " is smooth for solutions of 2D Navier-
Stokes with smooth initial data and forcing, Proposition 4.8 implies

that
M (i (1) = M, (H (1) n+1/2<t>)

n+1/2 / M

+A1/2(t) E(t; t,)w”?(t,), by Proposition 4.6 we

< My(

Furthermore, since w’
have

MS(wa1/2(t)) = MS(WZA(tn))'
By the induction hypothesis, we have

M@ (1)) < Ma(uh) + / " Mu(g¥ (7)) dr.

Combining these estimates yields (4.9). O

The previous result provides a priori bounds on the operator splitting
approximant w”?. The next result shows that the operator splitting
approximant w”® — w" converges to the solution, provided that the
underlying forcing and solution are sufficiently regular:

Proposition 4.11. Let uf € C°°(T?) be smooth divergence-free ini-
tial data for the incompressible Navier-Stokes equations (2.4). As-
sume that that the forcing f € C*(T? x [0,7]) is smooth. Let
u” € C™(T? x [0,T]) be the unique smooth solution with this data.
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Then the operator splitting approximant w”® defined by (4.3) con-
verges to w”; more precisely, we have

li v GBA L, — )

Jim " = uesz = 0
Remark 4.12. The last proposition implies in particular that w*>(-,t) —
w”( -, t) converges in L. for any ¢ € [0, T].

Proof of Proposition /4.11. This is a direct consequence of the conver-
gence result for operator splitting applied to the forced advection-
diffusion PDE 0,6 + U - V8 = vAf + g, which we have included in
Appendix A for completeness; more precisely, we invoke Proposition
A.6 with 8 := w”, By = wf, U :==u”, g :== g = curl(f”). This yields
the claim. We emphasize that the convergence rate in this Proposi-
tion depends on certain C*-norms of wy, u”, f” and on v > 0, and
hence this result applies only to smooth solutions of the Navier-Stokes
equations. [

Given the convergence of operator splitting, Proposition 4.11, we
next aim to derive an a prior: estimate for the rearrangement invariant
vorticity maximal functions Mg(w”), where w” is a solution of the
vorticity form of the Navier-Stokes equations. To this end, we will
need the following simple lemma:

Lemma 4.13. If w® — w converges in L'(T?), then for any s > 0, we
have

M (w) = liin M(w?).

Proof. The convergence w® — w in L' implies the convergence of the
rearrangements, since (see e.g. Thm. 1.D of [26])

IM(w) — M(w?)] < flw — w?||Lrep2y — 0.

4.2.3. Proof of Proposition 4.5.

Proof. Based on the results of the last sections, we finally prove that for
solutions u” € L*>((0,T); L*(T?)) N L*((0,T); H'(T?)) of the Navier-
Stokes equations (2.4) with additional vorticity control wf = curl(uf) €
LY(T?) and ¢ = curl(f¥) € L*((0,T); L'(T?)), we have the following a
priori bound on the vorticity maximal function

Mo(@¥(1) < Ma(wd) + / M.(g" (7)) dr.
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We aim to deduce this estimate from the corresponding estimate for
suitable operator splitting approximants, equation (4.9).

To this end, we denote by wy® the mollification of the initial data
with a smooth mollifier (e.g. applying the heat kernel for time €), and
we denote by ¢”¢ the mollification of ¢ in both space and time (where
we extend ¢ by zero for ¢ ¢ [0,7]). Let w”* denote the solution of the
corresponding vorticity equation

atwu,e + u’c - Vs = vAw”* 4 gl/,€7 wu,e(t — 0) _ wg,e.

Finally, let w”“* denote the operator splitting approximant of w"¢ for
a time-step At. By Lemma 4.10, we have

M3 (8)) < M) + / M. (g"(r)) dr.

It follows from Proposition 4.11 that w”“*—w"¢ in LPL as At — 0.
Lemma 4.13 thus implies that

M (@"“(1)) < My(wi) + / M, (g"“(r)) dr.

Next, we note that mollification decreases the value of the vorticity
maximal function (cf. the proof of Proposition 4.7), so that

ML(@()) < M,(wi) + / M.(g"(r)) dr
0 (4.10)

< My(wt) + / M.(g"(r) dr

is uniformly bounded for any € > 0. Finally, we note that the last esti-
mate implies that, for each ¢ € [0, 7], the family {w"“(t)|e € (0, 1]} is
weakly compact L'(T?) by the Dunford-Pettis theorem. Furthermore,
w”¢ — w” in C([0, T]; w-H~(T?)), since u* — u” in C([0, T]; w-L*(T?))
by classical well-posedness of the Navier-Stokes equations in dimension
two. Therefore, it follows that the only weak L!-limit point of w”<(t)
is w”(t), and hence w”* — w” in C([0,T];w-L'(T?)), as e — 0. It is
easy to see that M,(-) is weakly-L! lower semi-continuous so, using
(4.10), this gives

M (w"(t)) < li:fen_glf./\/ls(w”’g(t)) < M(wg) +/0 M (g” (7)) dr.

This concludes the proof. O
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4.3. The Lorentz space L9 (T?). For 1 < q < oo, the rearrangement-
invariant Lorentz space L9 (T?) is defined as the space

LO(T?) = {w € LYT?) | [lw|| L0.0 < oo},

2 /q
72| ds )\
|wll e = (/ IMS(W)Iq—> :
0 S

Remark 4.14. We comment in passing that the spaces L®% discussed
in [21, Section 2.3], see also [19, (4.39)], were defined as the space of
functions f such s'/?f**(s) € Li(ds/s). Note that, since M,(f) =
sf**(s), this definition coincides with the one above for p = 1.

with norm

It is well-known that for 1 < ¢ < 2, we have a continuous embedding
LU (T?)— H~Y(T?). This embedding is compact for ¢ < 2, see for
example [21, Theorem 2.3]. For ¢ = 2, the space L2 (T?) is the largest
rearrangement invariant space with a continuous (but not compact)
embedding in H~'(T?) [19]. The following proposition, due to P.L.
Lions, provides sufficient conditions for a family of functions in L(%?)
to be precompact in H~!, see [19, Lemma 4.1]:

Proposition 4.15 (P.L. Lions). A family {w”}, c L2 (T?) is pre-
compact in H~1(T?), if the following conditions hold:
(i) There exists C' > 0, such that [|w”|| @272y < C uniformly in v,
(ii) we have uniform decay

5
ds

1 v 2— p—

%%{Slip/o M) 8} !

We recall that C([0, T]; w-X) denotes the space of continuous func-
tions in time with values in X endowed with the topology of weak
convergence. We also recall the following lemma from [21]:

Lemma 4.16 (|21, Lemma 2.3]). Let X be a reflexive, separable Ba-
nach space. Let {f,,} be a bounded sequence in C([0,T]; X'). Then {f,}
is precompact in C'([0,T]; X) if and only if the following two conditions
hold:
(a) {fn} is precompact in C([0,77; w-X),
(b) For any t € [0,7] and for any sequence t,, — t, we have that
{fu(tn)} is precompact in X.

As a consequence of Lemma 4.16 and Proposition 4.15 we obtain:
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Corollary 4.17. Let {w"}, be a family of functions in C'([0, T]; H~(T?))
and suppose that {9;w"}, is bounded in L2((0,T); H=*(T?)) for some
M > 1. Then {w"}, is precompact in C([0,T]; H*(T?)), if the follow-
ing conditions hold:

(1) we have

sup sup ||w” ()|l a2 g2y < 0o,
v t€[0,T)

(2) we have the following uniform decay in v and t:

lim < sup sup / | M (w |2d$ =0.
=0 | v tefo,T]

Proof. We will check that conditions (a) and (b) in Lemma 4.16 hold
true with X = H~(T?).

From the boundedness in L§°L§cl’2), it follows that {w”} is bounded in
L*H ' because L < H-1. Since we assumed that {8;w”} bounded
in L?((0,T); HM(T?)) for some, possibly large, M > 1, it follows
that {w"} is equicontinuous from [0, 7] into H;*. We may now use
[19, Lemma C.1] to verify that (a) holds.

To check condition (b) let {t,} be a convergent sequence in [0, 7]
and consider {w”(-,t,)}. Then, hypotheses (1) and (2) imply that
conditions (i) and (ii) of Proposition 4.15 hold true, which in turn
implies that {w”(-,¢,)} is precompact in H_'. This verifies condition
(b) of Lemma 4.16.

The proof is complete. O

Theorem 4.18. Let u be a physically realizable solution of the Euler
equations (2.1), with forcing f € L*((0,7); L*(T?)) and divergence-
free initial data ug € L?(T?). Let u” be a physical realization of u and
assume that the forcing f* — f in L*((0,T); L*(T?)). Assume that
wy = curl(uf) € LEH(T?) and ¢g¥ = curl(f¥) € LY([0,T]; L&2(T?)),
for all v. If we have

e uniform bounds

sup ||(U61HL(1,2) S C, sup ||g”||Lt1L£c172) S C’ (411)
v v

e uniform decay of the vorticity initial data

b ds
lim {sup/ |M8(w3)|2—} =0, (4.12)
6—0 v 0 S
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e and uniform decay of the time-averaged forcing

E) 2
d
lim {sup/ 8} =0, (4.13)
6—0 v 0

s
then the family {u”}, is relatively compact in C([0, T]; L*(T?)), and u
is an energy balanced solution.

Proof. From the definition of a physical realization, see Definition 2.5,
we already have u” — u in weak-* L°L2.

We will show that, under the assumptions of Theorem 4.18, the vor-
ticities {w” = curl(u”)},} are relatively compact in C([0, T]; H'(T?)).
This in turn implies that {u”}, is relatively compact in C'([0, T]; L*(T?))
and hence, by Proposition 3.12, that u is energy balanced.

We will use Corollary 4.17 to show that {w”},} is relatively compact
in C'([0,T]; H~'(T?)). To this end we begin by observing that, for each
fixed v > 0, w¥ € C([0,T); H *(T?)). Indeed, this is an immediate
consequence of the fact that u” € C([0, T]; L*(T?)), as noted in Remark
2.4. Next, in the proof of Lemma 3.3 we deduced an estimate on 0,u",
(3.3), from which it follows that {9;w"} is bounded in L?H ™ for some,
possibly large, M > 1.

It remains to show that our assumptlons 1mply uniform control on

|w”(t)|| 1.2y and that sup sup / | M (w — —> 0as o — 0. By
v t€[0,7)

Proposition 4.5, we have
t
M) < M) + [ Mg ()
0

We can thus bound

bt = [ e L)
- </ s d8>m
(L7

1/2

1/2
@ /
s
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Minkowski’s integral inequality applied to G(7,s) := M(g”(7)) im-
plies that

[ ovos] 4] =[]

and hence

t
[w” )l a2 < [lwgllLae +/ lg" (D)l L2 dT.
0

By our assumptions on wj and g”, the right-hand side is bounded
uniformly in v and ¢ € [0,77]. This is the first condition of Corollary
4.17.

Next, replacing the upper integration bound |T?| by § > 0, the same
argument implies that

([ o) < ([ imenrs)” )
+</ /OTMS@"(f))dTQ%) -

The right-hand side is independent of ¢. Furthermore, by our assump-
tions, the right-hand side converges to zero as 6 — 0, uniformly in v.
Thus, the family {w"”}, satisfies the assumptions of Corollary 4.17, and
hence {w!'}. =0 is precompact in C([0, T]; H'(T?)).

This concludes the proof. O

In particular, the last theorem can be invoked if w§ and ¢” satisty
uniform bounds in L19 for 1 < ¢ < 2, as shown next.

Corollary 4.19. Let u be a physically realizable solution of the Euler
equations (2.1), with forcing f € L*((0,7T); L*(T?)) and divergence-
free initial data ug € L?(T?). Let u” be a physical realization of u and
assume that the forcing f — f in L*((0,7); L*(T?)). Fix 1 < ¢ < 2,
and assume that wy = curl(uy) € LE9(T?) and ¢ = curl(f*) €
LY([0, T); L&9(T?)) for all v. If we have uniform bounds

sup [lwgll o < C, supllg”|l 5 00 < C,
14 14

then {u”}, is relatively compact in C([0, T|; L?(T?)), and u is an energy
balanced solution.

Proof. We note that the a priori L(*¥-bounds (4.11) on wy and g"
follow immediately from the assumed L(»%-bounds. In the following,
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we will show that the a priori L»9-bounds on wg and ¢” for ¢ < 2
imply the uniform decay conditions (4.12) and (4.13) of Theorem 4.18:
Indeed, since s — M (wy) is a monotonically increasing function, we
have

ds ds
/|M P2 < M) [ M % < M) e

2] " ds
Mot tog (1) < [0 M S < 1okl
Combining these estimates yields
/ ‘M 2 dS ||w0||L(1 q)
|10g(|T2|/5)| e/

Given that sup, ||wg||a.0 < C, the last upper bound decays to zero
uniformly in v, as 6 — 0. This shows the uniform decay condition
(4.12).

Similarly, replacing Mg (wf) by fOT/\/ls (¢”(1)) dr, we can show that

T2 q s 2/q
/5 2 gs | “fo ))dr d:}
0

§ Ilog(|T2|/5)|

[T (T2 y ARL
(M) %) 4
| log (|T2| /)| =/

2
o lg” () 0.0 dr |
log(|T?|/6)-al/a
where we have used Minkowski’s integral inequality to pass to the sec-

ond line. The boundedness assumption on ¢g” now implies the uniform
decay condition (4.13). The claim thus follows from Theorem 4.18. [

2

IN

We close this subsection with a result for the Orlicz spaces L(log L)?,
with a > 2. We briefly recall that these spaces are defined as

L(log L)*(T?) = {f € L(T?)] /TZ |fIflog™ (f])]" dz < oo}

These are Banach spaces under the Luxembourg norm, given by

follosr = 2| [ (P20 Joge (M) 7o <1},

see e.g. [1].
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Corollary 4.20. Let u be a physically realizable solution of the Fuler
equations (2.1), with forcing f € L*((0,7); L*(T?)) and divergence-
free initial data uy € L*(T?). Let u” be a physical realization of u

1
and assume that the forcing f — f in L?((0,7); L*(T?)). Fix a > 3

and assume that wy = curl(uf) € L(log L)*(T?) and ¢g” = curl(f¥) €
LY([0,T); L(log L)*(T?)) for all v. If we have uniform bounds

sup [|wg [ 2og ye < C, sup ||| L1 Lgog )2 < €
v 14

then {u”}, is relatively compact in C([0, T|; L?(T?)), and u is an energy
balanced solution.

Proof. The result is an immediate consequence of Corollary 4.19 and
the embedding

L(log L)*(T?) c LY*(T?),
which was established in [21, Lemma 2.1]. O

5. CONCLUSION

The primary objective of this work is to find suitable conditions on
the regularity of the forcing to characterize those physically realizable
weak solutions of the 2D Euler equations which are energy balanced,
combining previous work by Lanthaler, Mishra and Parés-Pulido in
[18] with work by Lopes Filho and Nussenzveig Lopes in [20]. In [18],
the authors establish, for flows without forcing, equivalence between
strong convergence of the viscous approximation in L?L? and conser-
vation of energy. We have proved the corresponding statement for flows
with forcing, assuming {f”} converges strongly in L?L2. In addition,
we prove that these equivalent conditions are also equivalent to strong
convergence of the viscous velocities in C'([0, T]; L*(T?)). Furthermore,
even if we consider only initial vorticities in LP, 1 < p < 2, and the
direction “strong convergence = energy balance”, our conditions on
the forcing are weaker than those in [20]. Additionally, we provide
examples of flows with vorticity in rearrangement-invariant spaces, for
which the sufficient conditions are shown to hold. To this end, we de-
velop novel a priori estimates for the rearrangement-invariant maximal
vorticity function of solutions of the incompressible Navier-Stokes equa-
tions, and under minimal regularity assumptions. Our result fills a gap
in the proof of [18, Corollary 2.13], where such bounds were asserted
without proof. In short, we have proven energy conservation of phys-
ically realizable solutions with initial vorticity belonging to arbitrary
rearrangement-invariant spaces with compact embedding in !, and
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under natural assumptions on the external force. In particular, this
sharpens and extends the results of [20] in the forced setting, going
beyond LP vorticity control.

We describe a few avenues for future work. Firstly, the present work
only considers deterministic forcing. Since investigations of driven tur-
bulence often employ stochastic forcing, it would be of interest to ex-
tend the present work to the stochastic setting. Second, it would be
interesting to consider the effects of a boundary, and investigate poten-
tial connections of the characterization of energy conservation in the
present work with the Kato criterion [15]. Thirdly, combining the ideas
of the present work with those of [8] could provide a proof of energy
conservation in the two-dimensional plane, going beyond vorticity in
Llog(L)* as assumed in [8]. We plan to explore some of these research
directions in the future.
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APPENDIX A. OPERATOR SPLITTING FOR ADVECTION-DIFFUSION

In this appendix, our goal is to provide a self-contained proof of con-
vergence for an operator splitting approximation of a simple advection-
diffusion equation. We fix a smooth divergence-free vector field U &€
C>=(T? x [0,T]), a scalar forcing g € C*(T? x [0,T]) with zero mean
Jp2g(x,t)dx = 0 for all t € [0,T], and we consider the following
advection-diffusion PDE:

op+U-VE=vAp+g, in T2 x (0,7),
B(t=0) = By, on T? x {0}.

We will assume throughout that the initial data 8, € C°°(T?), and S,
has zero mean, so that [, fo(z)dz = 0.

(A1)
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Remark A.1. While several convergence results for operator split-
ting approximations of advection-diffusion-reaction equations are avail-
able in the literature, those results mostly focus on higher-order (e.g.
Strang-) operator splitting procedures. We have not been able to find a
simple reference for the exact PDE (A.1) and the low-order splitting of
relevance for the present work. Our goal in this appendix is therefore
to provide a self-contained proof of convergence of a low-order operator
splitting scheme for (A.1). From a numerical analysis point of view,
the estimates in this appendix mostly follow standard procedure. We
claim no originality, but include them here for completeness.

A.1. Operator splitting.

A.1.1. Heat equation. Let t,ty € [0,T] with ¢ > to. In the following, we
will denote by [y — H(t;t)5o the solution operator of the following
forced heat equation:

{(‘w(t) = VAB(t) + g(t), (A2)

B( ! 7t0) = 507
i.e. t — H(t;t9)Bp solves (A.2) over the time interval [to, 7). We recall

that g(z,t) depends explicitly on ¢, and therefore the solution operator
H(t;ty) depends on both the initial time ¢y, as well as on t.

A.1.2. Transport equation. Similarly, we denote by [y +— E(t;to) the
solution operator of the transport equation:

{5( ) t) = ﬁO-
So that t — E(t;ty)fo solves (A.3).

(A.3)

A.1.3. Splitting scheme. We expect that the solution operator S(t;to)
for the advection-diffusion equation (A.1) can be approximated by

S(t;to) = H(t;to)E(t;to) + O(AL?), for [t —to| < At,

and hence, repeated application of H and E over small time-steps
of size At are expected to converge to the true solution operator as
At — 0. Our goal is to make this intuition precise, in the following.
To this end, we will show that the corresponding “operator splitting
approximant” 52 converges as At — 0:

To be more precise, given initial data 5y at t = 0, a finite time-

horizon T' > 0 and a small time-step At = N > 0, we set t, := nAt
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forn =0,1,..., N, and we define a sequence 35 (t) recursively, by

55°(0) := Bo, (A.4)

and

for t € (tn, thi1)- (A.5)

{@ﬁl/z(t) = E(t;1,) 8, (tn),

$+1(t) = H(t;tn) §+1/2(t)a
We furthermore define 32 for any ¢ € [0, 7] by

BE(L) = BE(t), fort € (tn1,tn). (A.6)

A.2. Convergence. Let t — [(t) denote the exact solution to (A.1)
with initial data 5y € C°°(T? x [0, T7), satisfying [1, fo(x) dz = 0. Our
first goal is to show that the operator splitting approximation converges
B2 — B as At — 0.

To this end, we will need to derive several basic stability estimates.
We start with the following lemma:

Lemma A.2.Let ¢ > 0. Let t,ty € [0,7] with t > t5. Assume
smooth forcing g € C°°(T? x [0,7]) in the forced heat equation (A.2),
and [1, g(x) dz = 0. If |t — to| < At, then

[1H (:t0) Boll g < | Poll g + AtllgllLeong- (A.7)
Furthermore, if £ € N and A is the Laplacian then
IARH (t; t0) Boll 12 < 1A*Boll 2 + At A*gl o2 (A.8)

Proof. Both (A.7) and (A.8) follow in a straightforward manner from
the representation of the solution in terms of the heat kernel Gy:

t
H(t;t0)50 = G4y * Bo +/ Gi,*xg(-,7)dr.
to
]

Lemma A.3 (Stability estimate for ). Assume that 3y, g and U
are smooth functions, div(U) = 0 and f3y, g have zero mean. Let 5
be defined by (A.6). For any o > 0, there exists a constant C' =
C(T,0,9,U, By) > 0, such that

sup |62 (t)llug < C,

t€[0,T
and
max  sup || E(t:t,)B5 ()| ng < C.
TL:tn<Tt6[tn7tn+1]

uniformly as At — 0.
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Proof. Recall that $2(t) is defined piecewise as 2(t) = B2(t) over
intervals t € (t,—1,t,] with ¢, = nAt for n = 1,2,.... By definition,
we have the recursion

BR(t) = H(t; 1) E(t: 1) 85 ().

To provide a uniform bound on ||32(t)| us for all ¢ € [0,7], we will
proceed in three steps: In a first step, we derive a general HJ-estimate
over short time-intervals of length At. Then, we use this estimate to
bound the values ||3%(t,)|ns at the interval endpoints. Finally, we
combine the short-time estimate of Step 1 and the uniform bound on
the [|3(t,)] s from Step 2, to conclude that there exists a uniform
bound on ||32(t)| ue for all t € [0, 7.

Step 1: (short-time estimate) We begin by claiming that, for
any o > 0, |[H(t;to)E(t;t0)5o||me is bounded on short time intervals
|t —to| < At in terms of ||o||g- and At. By interpolation, it suffices to
prove the claim for o = 2k, where k € N. We first recall that for any
to < 't, and fy € C*° with zero-mean, we have (cf. Lemma A.2), (A.7):

[H (& to) E(t; to) Bollmg < [[E(t; to)Bollag + Atllgllieng.  (A9)
Let us denote 3(t) := E(t; to)Bo. To estimate ||3]| g = || E(t; to)Bol ue
for 0 = 2k, we multiply (A.3) by A?*3, with A the Laplacian, to find
d1l

k72
gl IS [

({U-VB,A%B) s
— (A" (U VB), A%z

< (U-V(Akg),Akg)Lg +Ck||U||Wz2k'°°||g||§{§k>

with a constant C} depending only on k. Since U is divergence-free,
the first term vanishes on account of the periodic boundary conditions,

/TQ div (% [A’fff’]z U)

Since fy, g are assumed to have zero mean, it follows that also fw E (x,t)dx =
0 at later times, and hence we may use the Poincaré inequality to obtain
equivalence of norms:

1A% Bllz < 11Bllmzs < Cull A*B]l 2

(U - V(A*B), A*B) 2| = —0.

Gronwall’s lemma applied to the differential inequality

d o~ ~
%HA%H% Skw 1A*B172,
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implies that [|A*G(1)]|2, < eClitol||AFGy||2,, with C depending only on
k and U. Therefore,

IA*B(#)I172 < (1+ Clt = to])I|A* ol 32, (A.10)

where the implied constant in the second estimate is uniform for |t —
to] < T. By the equivalence of norms and upon rewriting o = 2k, we
conclude that there exists a constant C' = C'(o, U) > 0, such that

1E(t; to) Bollmz < C(1+ A2 o1, (A.11)

whenever [t — ty] < At. Combining (A.9) and (A.11), we have shown
that there exists a constant C' = C'(o, U, g) > 0, such that

| H (t; t0) E(t; t0) Bol | me < C(1+ At)2|| Byl e + C AL, (A.12)

if |t —to] <AL <T.
Furthermore, from (A.8) and (A.10), we also have
|ARH (t;t0) E(t; t0) Boll 2 < (1+ CAO)Y? A" Bol| 2 + ([ A% gl L2 AL,
(A.13)
if |t —to] <AL <T.
Step 2: (estimate for t = t,,) Recall that 32 is defined recursively

by application of H(t;t,)E(t;t,) over short time-intervals of length At.
Using (A.13), we thus arrive at the recursive estimate

1A B (b llze < (14 CAYVZARBR (8a) ][22 + | A gl e r2 At.

Iterating this inequality backwards until n = 0 yields

IA* B (bas) 22 < (1 + CAHTTIZIARGR(0)] 2 (A.14)
+ | AFg [ o2 ALY (1 + CALY/, (A.15)
j=0

Recall t,, = nAt, with n = 0,1,..., N. Then, the first term on the
right-hand-side of (A.14) is bounded by

7\ N2
(1+0%) 18Ol

which, in turn, converges to e“7/2||A*B5(0)]| 2 as N — oc.
The second term on the right-hand-side of (A.14) is bounded by

N-1 /2
T TV’
HAkQHLgOLg— (1 + C—) ;
N ijo N
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which converges, as N — o0, to

|A* gl oo r2

Se

(eCT/2 o 1)
Therefore it follows that
IA*B2 (ta)ll 12 Stvgw 1A Bollzz + 1,

for all n = 0,1,..., N, with an implied constant depending only on
T,U, g, k. Thus, from the equivalence of norms we have that there exists
a constant C' > 0 depending only on T, o, U, g and on 35(ty) = fo,
such that

A
s < Cl
max || 5 (t)llmg < C

Step 3: (conclusion) Appealing once more to the inequality (A.12),
ie.
182 @) g = [1H (E ta) E(t; 1) 8% () || g
< C(L+ AD||B2 () || ue + CA,

it follows that there exists a constant C' = C(T,0,U, g, 5y) > 0, such
that

sup [|3%(t)]|uy < C.
te[0,7

This is the claimed upper bound. O

The solution operator of the heat equation H(t;ty) evaluated at t =
to is identity, H (to;to) = I. Formally expanding in ¢, we expect that
H(t;tg) = I + O(At). The following lemma formalizes this fact (with
a very crude estimate for the first-order correction term):

Lemma A.4. Let By € C=(T?) be a smooth function, and let ¢, €
[0,T]. Then for any t € [to,to + At], and o > 0, we have

| H (t;t0)B0 — Bollue < Atv||Boll g2+o

A.16
+ At(1 +VAt)||gHLtooH3+a. ( )

If G, denotes the heat kernel, then we similarly have
|Gty * Bo — BOHH;; < At’/HﬁOHHE*" (A.17)

Proof. Let h(t) :== H(t;to)Bo. By definition of H(t;t,), we have
Oh(t) = vAQ(t) + g(t),
and h(ty) = Bo. Integration in time yields
t t
H{tst0)o— o= v [ A(rydr + [ g(r)dr

to to



48 JIN, LANTHALER, LOPES FILHO, AND NUSSENZVEIG LOPES

and we can estimate
t

t
[H (t:t0) Bo — Bollmg < V/ IART) e dr + | 9(7)|| 1o dT
to

to

< At V’|hHLt°°H£+" + At ||gl| 5o g
Taking into account (A.7), we have
1) || g2+ = [1H (t; t0) Bollm2ve < [|Bollmzre + Atllgll ez
Upon substitution of this bound, we thus obtain the (rough) estimate
[H (t:t0)Po — bollmg < Atv||Boll g2+ + AL + v AL oo 2o
The estimate for G;_4, * By is the special case where g = 0. 0

Using the last lemma, we next show that the operator splitting ap-
proximant S is an approximate solution of the relevant equation, up
to an O(At) error.

Lemma A.5. Assume that 5y, U and ¢ are smooth, div(U) = 0 and
that S, g have zero mean. Then the function 8 defined by (A.6) is
continuous, and with the potential exception of finitely many break-
points t = tg, %1, ..., the function 82 solves the following PDE:

PR+ U -VBA =vAB> + g+ F2, (A.18)
where F'2 can be estimated by
|F2 |02 < CA, (A.19)

with a constant C' = C(T,v, U, g, Bp) > 0 which is bounded uniformly
in At.

Proof. Continuity of 8% is straight-forward. We therefore focus on
(A.18). To this end, we consider t € [t,, t,+1] for n > 0. By definition,
we have

BAt) = B () = H(t:ta) [E(t:42)87 (ta)] - V€ [taytas].

For 71,75 € [tn, tni1], we now define,
h(r1,72) = H(m1;tn) [E(72; 1) Ba (ta)]
so that 82.,(t) = h(t,t). Note that the dependency on the spatial
variable has been suppressed in this notation, i.e. h is considered as a
mapping
bty taga] X [tn, tnp1) — C(T?).

We next observe that

0B (t) = Onh)(t, 1) + (9, h) (L, 1). (A.20)
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We will compute the partial derivatives with respect to 71,7 on the
right-hand side of (A.20).

Calculation for 0,: With 7, fixed, let 3(7) := E(79;t,)B0. By
definition of H(m;t,), the function 7 — h(m,7) = H(m;t,)5(m)

solves the heat equation with initial data 5(72). In particular,
Or, h(T1,m2) = g(11) + VAQ(T1, T2). (A.21)

Calculation for 0,,: To compute the derivative with respect to 7y,
we freeze 71, and note that H(7;t,) is explicitly given by

H(m6)B(7) = Goy o, B(ma) + / UG g7 dr,

in terms of the heat kernel G,. Since the second term is independent
of 75, upon taking a partial derivative of h(7, ) = H(71;t,)3(72) with
respect to 7, we obtain,

87—2}1,(7'1,7'2) = Gn—tn x 8TQB(7'2).

By definition, 75, + B(72) = E(72;t,)85(t,) solves the transport equa-
tion, and hence,

Or,B(12) = —U(72) - VB(12).
Substitution of this identity in our equation for d.,h yields,
87-2}1(7'1, 7'2) = _Gﬁ—tn * (U(Tg) . VB(TQ)) . (A22)

Deriving the equation for 32: Combining (A.20), (A.21) and
(A.22), and recalling that 82 (t) = h(t,t), we obtain,

0y (t) = =Gy, x (U(1) - VB(T)) + g(t) + vAB ().
Setting
FA(t) = U(t) - VBR(t) = Gos, * (U(t) - VB(1))
we thus have
OBy (t) +U(1) - VB (1) = g(t) + vABR (t) + F2(1).
This is (A.18).

To conclude the proof of Lemma A.5, it thus remains to derive the
bound (A.19) on F2(t).



50 JIN, LANTHALER, LOPES FILHO, AND NUSSENZVEIG LOPES

Estimate for F2(t): We can bound,
[Pz = [U() - VE2(B) = Gooy, * (UD) - VB(W) 2
—U() - VHE)B(E) - Gos, * (U() - TBD) 12
< |Ut) - {H(t:t0) [B®)] - BO)} 12
U@ VB(E) = Gror,  (U() - VBD) 12
= (I)+ (II).
Applying Lemma A .4, bound (A.16), to the first term, we obtain
(1) = [[U(t) -V {H(t:1,) [B®)] = B0} |
<T@z [[H (E:2)[BE)] = BE)|
<T@z {At v [[B#)]| o + At (1 +vAL) [[g(#) s} -
(

By Lemma A.3, we can bound || 3(t)]|| s by a constant C' = C(T, g, U, ) >
0, uniform in time and in At, i.e.

sup ||B(#)]|ms < C. (A.23)

tE[tn,tnt1]

~—  ~—

Enlarging the constant C, if necessary, we thus have
(I) < CA,

where C'= C(T, v, g,U, ) is independent of ¢ and At.
Finally, by Lemma A.4, bound (A.17), we have

(I1) = |U(t) - VB(t) = oy, * (U(t) - VB(®)) |12
< Atv|[U(t) - VB(H) |
< At |[U) 2o | BE) 13-
Invoking (A.23), it follows that
(1) < CAt,

where C' = C(T, v, g,U, ) > 0.
We conclude that

I1F2®)] 2 < (1) + (IT) < CA,

for a constant C' = C(T', v, g,U, By) > 0, independent of ¢t and At. The
claimed bound on F2(t) thus follows upon taking the supremum over
all t € [t,,t,+1] and all n € N such that t,, < T. This concludes our
proof of Lemma A.5. O

We can finally state the following convergence result for the operator
splitting approximation:
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Proposition A.6 (Convergence of operator splitting). Let 8y € C>°(T?)
be initial data for the advection-diffusion equation (A.1), with forc-
ing g € C(T? x [0,7]) and divergence-free advecting velocity field
U e C=(T?x[0,T]). Assume that [, fo(z)dz = 0and [, g(z) dz = 0.
Let 3 be the solution of the advection-diffusion PDE (A.1), and let 5
be given by the operator splitting approximation (A.4),(A.5). Then

. A .
zgg%”ﬁ-—ﬁ [zeor2 = 0.

Proof. We define 7 := 8% — 3. Then, by Lemma A.5, 7> solves
O + U - V™ = vAT® + F2,
where [|F2||;2 < CAt for some constant C' independent of At. Mul-

tiplying by 72, integrating over space and employing the Poincaré in-
equality, |72z < C||[VF?|| 12, readily yields

d

I < =20 VPR, + 21 P22 7222

<~ VP2, + VP, + (Cv) | P22
< (Cv) PR, < Cv A,

for some constant C' > 0, independent of At. Noting that 7(t = 0) = 0,
we conclude that

sup |[72(1)||2, < CTv 'At* =0,
te[0,7] “

as At — 0. This shows that
. _aA . _
Aim 18 = 5%l gz = 0,

i.e. the solution computed by operator splitting converges to the exact
solution. 0
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