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SUMMARY

In this thesis, we consider the question of sufficient conditions for energy equality for a number of
systems, and from a number of different perspectives. In the first part, our main focus is on the
classical 3-dimensional Navier-Stokes equations (and, to a certain extent, the n-dimensional Euler
equations). We give criteria on the integrability properties of the solution which guarantee that
the natural energy law holds; these integrability criteria depend on the size and structure of the
singularity set. In particular, we consider the cases when the singularity set is either restricted to
a single time-slice (the first possible time of blowup) or when the singularity set has (parabolic)
Hausdorff dimension strictly less than 3. One important situation where we are able to prove energy

balance is the case of Type-I in time blowup for the 3-dimensional Navier-Stokes Equations.

In the time-slice singularity case, we can sometimes quantify the possible failure of the energy
law in those situations where we cannot prove energy balance. This is done using the so-called
energy measure £: the weak-x limit of the measures |u(t)|> dz as t approaches the first possible
time of blowup. We give bounds on the lower local dimension and the concentration dimension of
the energy measure associated to a given solution, in terms of the integrability class to which the

solution belongs.

The idea of relating criteria for energy equality to the size of the singularity set is inspired by the
celebrated Caffarelli-Kohn-Nirenberg theorem, which states that the parabolic Hausdorff dimension
of the singularity set is at most 1 for suitable weak solutions of the Navier-Stokes equations. In recent
years, analogues of the Caffarelli-Kohn-Nirenberg Theorem have been discovered for the fractional

Navier-Stokes equations. Accordingly, we apply our method to those equations as well.

In the second part of the thesis, we treat inhomogeneous models, where the density is not assumed
to be constant. First, we consider the inhomogeneous incompressible Euler and Navier-Stokes equa-
tions. We show that the natural energy balance law holds for solutions of this system which belong
to a certain class of Besov spaces of smoothness 1/3; our criteria are reminiscent of those of the

famous Onsager conjecture.



Next, we turn our attention to a newer model of collective dynamics, sometimes called the Fractional
Euler Alignment model. This system has previously been studied only in classical regularity spaces,
where the natural energy law is obvious. Therefore before considering the question of energy equality,
we first define an acceptable notion of a weak solution. We develop an existence theory for L>° “weak”
solutions, and give Besov regularity criteria sufficient to guarantee energy balance for weak solutions.
We also prove existence and uniqueness of W1 “strong” solutions. More regular solutions of the
Euler Alignment model have been shown to exhibit fast alignment of the velocity, and convergence
to a flocking state, in the absence of an external force. We show that fast alignment still holds for

weak solutions, and that fast alignment and flocking hold for strong solutions.
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CHAPTER 1

Introduction'

In this Introduction, we give a more detailed overview of the contents of this thesis. There are
essentially two main parts: The first part treats homogeneous models such as the classical Euler and
Navier-Stokes equations, as well as the fractional Navier-Stokes equations. The second part treats
inhomogeneous models, namely the density-dependent Euler and Navier Stokes systems, as well as
the Fractional Euler Alignment model. In the first part, we treat the question of energy balance
exclusively, with an approach and set of tools that are geometric in nature. In the second part, we
use Littlewood-Paley theory to establish conditional energy equality for the models we consider. In
the case of the Fractional Euler Alignment model, we also treat questions of well-posedness for the

model, which have previously only been considered in classical regularity spaces.

1. Homogeneous Models

1.1. Energy Equality at the First Blowup Time. We begin by considering the incom-

pressible Euler or Navier-Stokes initial value problem on R™:

(1) ou+u-Vu—vAu = —Vp,
(2) V-u=0,
(3) u(to) = uo.

Here we understand that v = 0 and n > 3 if we are considering the Euler Equations, and that n = 3

if v > 0. In either case, we assume that ug € HZ+1T¢(R") for some € > 0, so that there exists a

LThis Introduction is largely excerpted from the following works:

[38] T. M. Leslie and R. Shvydkoy. The energy balance relation for weak solutions of the density-dependent Navier-
Stokes equations. J. Differential Equations, 261(6):3719-3733, 2016.

[39] Trevor M. Leslie and Roman Shvydkoy. Conditions Implying Energy Equality for Weak Solutions of the Navier—
Stokes Equations. SIAM J. Math. Anal., 50(1):870-890, 2018. Copyright (© 2018 Society for Industrial and Applied
Mathematics. Reprinted with permission. All rights reserved.

[37] T. M. Leslie and R. Shvydkoy. The Energy Measure for the Euler and Navier-Stokes Equations. Arch. Ration.
Mech. Anal. (to appear).

[36] T. M. Leslie. Weak and Strong Solutions to the Forced Fractional Euler Alignment System. ArXiv e-prints,
March 2018.



unique local-in-time solution

(4) u € C([to, tr); HETTH(R™),
for some t; > 0, with the associated pressure given by

(5) p = RiR;(u;u;),

where R;, R; denote the classical Riesz transforms. We assume that (u,p) can be extended to some
larger time interval [to,T], with T" > ¢1, with u a weak solution on the larger interval, which is
weakly continuous in L? at t = t;. If v > 0, we assume that u is a Leray-Hopf solution on [to, T].
Let Q C R™ be a bounded subdomain and assume u € L3(tg,t1; L3()) (this is automatic if v > 0).
We will work either on 2 or on the full space R™; in the latter case we will assume without further
comment that u € L3(tg,t;; L3(R™)). We stress that even when we work on €2, the pair (u,p) will

solve (1)—(3) on the full space.

By a classical result of Leray [35], it is known that for divergence-free initial data ug € L2, there
exists a weak solution to the Navier-Stokes system (1)—(3) on [tg,T] such that v € L2H! N L>*L?

and

(6) /R3 lu(t)]? da < /R3 lu(s)|? da — 21//: /R3 |Vu|? dz dr

for all ¢ € (to,T] and a.e. s € [to,t] including s = tyg. Moreover, strong solutions to (1)—(3) satisfy

the corresponding energy equality:

¢
(7) / lu(t)]? dx—/ lup|? da = —21// / |Vu|? dz dr.
R3 R3 to JR3

Since the introduction of these Leray-Hopf solutions, it has been notoriously difficult to establish
energy equality for all such solutions. It is of obvious mathematical interest to resolve this question;
energy equality is clearly a prerequisite for regularity, and can be a first step in proving conditional
regularity results, c.f. [46]. But beyond purely mathematical interest, the question of energy balance
is motivated on physical grounds as well: Knowing (7) rather than (6) rules out the presence of
anomalous energy dissipation due to the nonlinearity, a phenomenon normally associated with weak
solutions of the inviscid Euler system in the framework of the so-called Onsager conjecture [43]
(more on this below). This allows, as stipulated, for example, in the text of Frisch [26], to precisely
equate the classical Kolmogorov residual energy anomaly €, — ¢ of a turbulent flow to the Onsager

dissipation in the limit of vanishing viscosity.



3

In the first part of this thesis, we will examine the following local version of the energy equality
(7), obtained by trivial manipulations of (1) and (2), and automatically valid for all nonnegative

o c CgO(Q X [to,t1D and all t € [to,t1):

t
/|u(t)\20(t)dx:/ |u(t0)\20(to)dx—2y/ /|Vu|20dxdt
Q Q to JO
t t
—|—/ /|u\2(8tU+VA0)dx dT+/ /(|u|2+2p)u-Vded7.
to JQ to JQ

We concern ourselves first with the question of whether (8) continues to hold when ¢ = ¢;. The

(8)

answer is clearly affirmative if v remains regular at ¢ = ¢1; therefore we assume without loss of
generality that u does in fact lose regularity at time ¢ = ¢;. In this case we can legitimately claim
only that the local energy inequality holds at ¢ = t; for all non-negative test-functions o. That this
holds is a simple consequence of the weak lower semicontinuity of the L? norm and the regularity in

time of o

/ lu(t))]Po(ty)de < lim | |u(t)]*o(t)dz

t—=t JQ

ty
) :/ |u(t0)|20(t0)da:—2z// /|Vu\20dxdt
Q to Q
t1 ty
—|—/ /|u\2(8ta+VAa)dxdT+/ /(|u|2—|—2p)u-V0dach.
to Q to Q

We ask, then: under what circumstances may we conclude that (8) survives the first blowup time,

i.e. (8) rather than just (9) holds at t =#,?

1.1.1. Background on the Energy Equality. To begin with, we give one sufficient condition for
the energy equality (8) to hold at time ¢ = t;, which gives a partial answer to the question above,
and which we will use extensively below. For U an open subset of R™ and [ a relatively open interval
in [to, T], we define the “Onsager regular” function class OR(R™ x I) and its local-in-space version
OR(U x I) as follows:

ORR™ xI)={f € L}*(R" x I): hm—// (z +y,t) — f(z,t)]>dzdt = 0}.
y=0 [y] n

ORU xI)={f e L3(UxI):0f € OR(R" x I), for all ¢ € C3°(U)}.

We sometimes omit parts of the notation for these spaces when there is no risk of sacrificing clarity.
We say that a point (xg,t9) is Onsager regular if there exists an open set U and a relatively open
interval I such that (zg,tg) € OR(U x I). Further, an open set D C R™ x [tg, T is Onsager regular

if it consists entirely of Onsager regular points. A point (zg,?o) is called Onsager singular if it is



not Onsager regular, and the Onsager singular set X,,s is defined as the collection of all Onsager

singular points. We have the following:

LEMMA 1.1 ([52]). Let u be any weak solution of the Euler Equations on [tg,T] (not necessarily
satisfying the regularity conditions described above), and let D be a regular set for u. Then whenever

o € Cg° (D), we have

(10) /|u(t)|20(t)dx—/|u(8)|2a(s) da:—/:/|u|28tadxd7':/St/(|u2+2p)u-VadxdT

for all s,t € [to, T).

The proof of this Lemma extends without difficulty to Leray-Hopf solutions of the Navier-Stokes
equations. Therefore, when we make the additional regularity assumptions (4) the relevant sufficient

condition for (8) to survive the first blowup time t = ¢; is that u € OR(Q X [to, t1]).

The quoted result of [52] is a local critical version of a long list of preceding sufficient conditions
documented in the extensive body of literature on the so-called Onsager conjecture. This conjecture,
formulated in 1949 by Lars Onsager [43], states that 1/3 is a critical smoothness in the sense that
solutions to the Euler equations of smoothness greater than 1/3 must conserve energy, and that
solutions with smoothness less than 1/3 might not. The positive direction of this conjecture was
resolved in [12] by Constantin, E, and Titi and has been subsequently refined in, for example,
Duchon, Robert [20], and Cheskidov, et al [7]. The other direction of the conjecture is not as
relevant for the present work; however, we mention that it has been recently resolved by Isett [29],
following a series of breakthrough ideas originating in topology by De Lellis and Székelyhidi [16, 17].
We do not attempt to give a detailed overview of this side of the subject, instead we refer the reader

to [18] for more references and an extensive survey.

The question of energy equality has of course also been extensively studied for Leray-Hopf solutions
of the 3-dimensional Navier-Stokes equations; we mention only a few results. Lions [40] and La-
dyzhenskaja et al. [34] proved independently that such solutions satisfy the (global) energy equality
under the additional assumption u € L*(ty,T; L*) (see also [48], [49] for improvements in higher
spatial dimensions). Actually, the L*L* criterion is recoverable from that of [52] (and earlier results),
since L*L* N L2H' C OR by interpolation. Later, Kukavica [33] proved sufficiency of the weaker
but dimensionally equivalent criterion p € L2(to,T;L?). In [10], energy equality was proven for
u € L3D(A%'2) on a bounded domain; an extension to exterior domains was proved in [24]. (Here

A denotes the Stokes operator.) In [46], Seregin and Sverak have proven energy equality (regularity,



in fact) for suitable weak solutions whose associated pressure is bounded from below in some sense;
their paper makes use of the low-dimensionality of the singular set for suitable weak solutions that is
guaranteed by the celebrated Caffarelli-Kohn-Nirenberg Theorem [2]. A cutoff procedure was used
in [50] to establish energy equality; there it was assumed that the singularity was confined to a curve
s € CY%([0,T];R?) and additionally that u € L3L%?, Vu € L3L%((0,T) x R3\Graph(s))iec, the

assumption dimensionally equivalent to the class OR.

In the first part of the present work, we will make various integrability assumptions on our solution u
and focus mainly on the first time of blowup. Of all the hypotheses on u that we consider, however,
there is one that deserves special attention, namely the case where a solution u of the Navier-Stokes

equations undergoes Type-I in time blowup. By this we mean that

(11) llu(t)] Loo (rsy <

ﬁq

for some constant C' > 0. The Type-I assumption is of particular significance because of its invariance
under the natural rescaling for the Navier-Stokes equations. See [47] for a discussion and further
references. In fact, it is proved in [47] that axially symmetric solutions of the Navier-Stokes equations
which experience Type-I in time blowup (and satisfy some natural technical assumptions) are regular,

and therefore satisfy the energy equality.

1.1.2. Definition of the Energy Measure. Let us set tg = —1, t; = 0 for convenience. We refine

our initial question somewhat:

QUESTION 1.2. Suppose u satisfies (1)—(5). Under what additional integrability assumptions on u
may we conclude that (8) holds at t = t; = 02 If we cannot prove (8) for a given integrability
assumption on u, how bad is the worst failure of (8) that we cannot eliminate under that same

assumption?

Note that the second part of this question presupposes that we can meaningfully and quantifiably
distinguish between different instances of failure of (8). The tool that we use to justify the tacit
assumption in this question (and address the question itself) is the energy measure £, which we
define to be the weak-* limit of the measures |u(t)|?dz L Q as t — 0~. (The symbol L denotes
restriction of a measure onto a given set.) To see that £ is well-defined, note that |u(t)|?dz is
a bounded sequence of Radon measures, so that there exists a subsequence |u(tx)|? dz L Q which

converges weak-* to some Radon measure. Any two such measures agree as distributions by (8).

Thus € is uniquely determined as a linear functional on Cy(€2), by density of C§°(Q) in Cy(92).



We can reinterpret (9) as saying that d€ > |u(0)|>dx L Q in the sense of measures, with equality
if and only if (8) is valid at ¢ = 0. This fact clarifies how properties of the energy measure may be
used to examine the possible failure of energy equality. In particular, we introduce the following two
quantities, the lower local dimension d(z, ) of £ at x € Q, and the concentration dimension D of £

in Q, defined respectively by

(12) d(z,€) = lim inf W,
r—0 Inr
(13) D = inf{dimy(S) : S C Q compact, and £(S) > 0},

with the convention that D = n if the collection over which the infimum is taken is empty. Roughly
speaking, lower values of d(x,€) and D correspond to more severe energy concentration and thus
more singular solutions u. The local dimension is a standard geometric measure theoretic quantity,
see [41], while the concentration dimension was first introduced in [53], together with the energy
measure itself. Originally, the energy measure was developed in conjunction with a study of energy
concentration and drain phenomena, especially for the purpose of excluding certain cases of self-

similar blowup.

1.1.3. Owverview of Main Results on the First Blowup Time. Chapter 2 of this thesis, which
deals with energy equality at the first possible blowup time, breaks into several pieces. In the first
part, (Section 1), we give a systematic study of the energy measure. In particular, we discuss a
connection between the Onsager singular set, the energy measure, and the local energy equality
(8). Furthermore, we relate the concentration dimension of £ to the phenomenon of concentration

of energy, and we use basic tools of measure theory to understand the defect measure 6§ = £ —

|u(0)|? dz L Q.

In the second part (Sections 2-3), we prove local energy bounds on u. Under the assumption that
u € LP*(—1,0; LP) (and additional assumptions if ¢ = c0), our main results are stated in terms of

bounds on the quantity

—re<t<0

2 2
a24<1+n>; qu(n_n_ +n).
q—1 D q—1 D q

1
(14) Ao =5 s [ julaofas,
r B, (z0)

where




The definitions of a and 3 are motivated by considerations of scale-invariance; see Section 2 below.
(However, we note here that p and ¢ must be such that p > 3 and 8 > 0.) We will prove that on
any compact set K CC €, there exists R > 0 and a constant C such that for any r € (0, R) and
any zg € K, we have sup{A(r,zp) : z0 € K,0 < r < R} < C. If ¢ = oo, then the extra required
hypothesis is either that w € L>®°LP (i.e. strong in time), or that u satisfies the explicit power-law
bound [|u(t)||pe®n) < C|t|7Y/9. In the strong-in-time case, we will have the same conclusion as
before; in the power-law bound case, we will prove that sup{A(r,x¢) : o0 € R", r > 0} < C. For
the detailed statement of these bounds, see Section 2. Finally, we note that we can obtain similar
bounds on A(r,xg) even if p < 3 in some cases, if u is a solution of the Navier-Stokes equations; see

Section 3.

The uniform bounds on A(r,xo) just mentioned have several important consequences. First and
foremost, we consider the special case (p,q) = (00,2) under the power-law assumption. If n = 3
and u solves the Navier-Stokes equations, then the hypothesis is precisely the Type-I condition (11).
In this case, the bound A(r,z¢) < C actually implies that u satisfies a certain Type-I in space
condition, which is enough to guarantee energy equality. For details of this argument, see Section 3.

For now, we record the end result as a Theorem:

THEOREM 1.3. Let (u,p) be a solution to the Navier-Stokes initial value problem (1)—(3) which
satisfies (5) and is regular on the time interval [to,t1) = [—1,0). If u experiences Type-I in time
blowup (11) at t = 0, then u still preserves the energy law on the closed interval [—1,0] including

the first blowup time.

The second consequence of our uniform bounds on A(r,zg) is that we obtain a uniform lower
bound on the local dimension d(xg,&) of the energy measure for points zg € Q (or xo € R");
namely d(zg,&) > 8. This follows straightforwardly from the definitions of A(r,z¢) and d(zo,E).
Actually, we can say slightly more. We make a conclusion about not just the local dimension,
but also about uniform boundedness of the upper $-density of the energy measure: ©*#(&,x) =
limsup, _,(2r)"P&(B,(x)), see [41]. This quantitatively expresses the fact that & behaves no worse

than the Hausdorfl S-dimensional measure under a given L?LP condition on u. See Section 1.4.

By a covering argument, the bounds on A(r,z() give the same lower bound for the concentration
dimension as for the lower local dimension: D > 3. For the details of this covering argument, see

Section 1.4. However, if u € L1LP for some p and ¢ such that p < co and § > 0, this bound is



demonstrably not optimal; in this case we give more refined bounds for D using different methods

described below.

For the Euler equation, the improvement on D mentioned above is the following:

(15) we LILP(Q) = D >n—

B IN[ (o

1—

Q=

The latter is strictly larger than g if p < oo and § > 0. Consequently, we find that if the set
of singular points at time ¢ = 0 has dimension lower than stated in (15), then the energy of the
solution is conserved; see Theorem 4.1 for the full statement. For the Navier-Stokes equations, the
improvement is even more dramatic in view of the Caffarelli-Kohn-Nirenberg Theorem, [2], which
tells us that the Hausdorff dimension d of the singularity set is at most 1 (see Section 1.3 for more
details). Consequently, we argue that a certain range of LYLP conditions implies energy equality.

Theorem 4.4 states the full range of bounds and energy law criteria in this case.

1.1.4. Additional Remarks on the First Blowup Time. In the power-law assumption case, our
bounds on A(r,x¢) constitute an infinitesimal improvement over a result of [53]. In that paper,
almost the same uniform bound A(r, zy) < C was proved, except that « and f are replaced by a+ 0
and 8 — § in that setting. In particular, the lower bounds we obtain on the local dimension are
already known from [53], since the local dimension is insensitive to the presence of the ¢’s. On the
other hand, removing the d’s is crucial in order to prove Theorem 1.3, which is only available with
the sharper estimate. Key in obtaining the improved bound is a modified inequality for the pressure,

which depends on w in a way that is essentially local in nature.

For all cases other than the power-law assumption, the bounds on A(r,z) that we establish are,
to the best of our knowledge, completely new. We use an iteration procedure reminiscent of the
partial regularity theory for the Navier-Stokes equations, c.f. [45], [2]. Especially in the critical case
p = 00, our choice of the scaling « plays an important role in preserving smallness from step to step.
This scaling is different, however, from the usual Navier-Stokes scaling (where o = 2), except on
the Prodi-Serrin line % + % = 1. Above this line (i.e. when % + % > 1), the dissipation is of lower
order, according to our scaling. This partially explains why (when p > 3) our method gives the same
bounds for the Euler and Navier-Stokes case, rather than an improved statement for Navier-Stokes

due to the dissipation.

We make one more remark in order to bring attention to two recent works. First, in the paper [6] of

Chae and Wolf, the authors consider Type-I blowup for the Euler equations, and it is proved that



under the assumption

sup (—6)|Vu(t)||p~ < oo,
—1<t<0

the energy measure has no atoms. Actually, their statement is more general than this, but we cite

it in simplified form because their definition of the energy measure is slightly different from ours.

Second, our Theorem 1.3 has recently been generalized by Cheskidov and Luo [8]. In their paper
they use completely different tools and prove that the energy equality survives a Type-I in time
blowup even without the assumption that the solution is regular prior to the blowup. However,
their work makes more direct use of the enstrophy than our approach, and therefore does not yield

results in the inviscid case, whereas our approach does.

1.2. Some Extensions: Space-Time Singularities and Fractional Navier-Stokes. In
Chapter 3, we examine energy equality for the classical and fractional Navier-Stokes equations for
more general singularity sets. That is, we consider singularity sets which are spread out in space-
time. A tool like the energy measure is not obviously available in this setting, but we can still
use essentially the same cutoff procedure as we use to bound the concentration dimension of the
energy measure from below. For the classical Navier-Stokes equations, our method improves the
Lions/Ladyzhenskaja L*L* criterion if the singularity set has parabolic Hausdorff dimension strictly

less than 1.

In light of recent extensions of the Caffarelli-Kohn-Nirenberg to the fractional Navier-Stokes system,
c.f. [30, 61, 60, 11], it is also natural to see what our method tells us for those equations. We give

our results on the fractional system in Section 2.

2. Inhomogeneous Models

2.1. The Inhomogeneous Incompressible Navier-Stokes Equations. In the second part

of the thesis, the first model we consider is the density-dependent incompressible Navier-Stokes

system:
(16) By (pu) + div(pu ® u) — pAu= ~Vp + pf,
(17) Op + div(pu) =0,

(18) divu = 0.
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Here u(x,t) represents the d-dimensional velocity, f(z,t) is an external force (with values in R?),
p(x,t) is the pressure, p(x,t) is the density, and p is the viscosity coefficient (which we take to be
constant). We consider (16)—(18) for z € T? and ¢t > 0. It is known, see [40, 28, 58], that if ug
is divergence-free and square-integrable, p < po < p for some positive constants p and p, and if
f € L%([0,T); L?(T%)), then there exists a Leray-Hopf type global weak solution to the system (p,u)

such that p < p <, u € L*([0,T]; H'(T%)), and (p,u) satisfies the energy inequality

(19) E(t)—E(0) < —,u/t HVUH%2(Td) ds—i—/t/ pu-fdrds, where F(s)= %/ plul? da.
0 o Jrd Tdx{s}

Fluids with variable distribution of density arise in many physical contexts. In particular, they
appear prominently in Rayleigh-Taylor mixing when a heavier layer fluid on top of lighter one
gets mixed under the force of gravity, creating an non-homogeneous turbulent layer. Although an
analogue of the classical Kolmogorov theory of turbulence for non-homogeneous fluids has not yet
been developed, it appears to be evident that under proper self-similarity assumptions on the velocity
increments du = u(r + £) — u(r) and density dp a limited level of regularity would be expected of
u and p in the limit of vanishing viscosity. Such regularity should allow for a residual amount of
energy to be dissipated in the limit by analogy with the Kolmogorov’s Oth law of turbulence, see
[26]. Mathematical study of the question of what this critical regularity might be has been a subject
of many recent publications centered around the so-called Onsager conjecture, discussed above. In
this work we address the same question in the context of the full density-dependent forced system

(16)—(18) with or without viscosity.

Let us recall that a weak solution to (16)-(18) is a triple (p,u,p) € Lg%, x L7, x D’ (D' is the space

of distributions) such that for any triple of smooth test functions (1,1, ), one has

t t
/ pu - (s) dx —/ / (pu - Os+(pu @ u) : Vo + pdivey) da ds
Td 0 0 JTd

t t
:,u/ / u-Az/deds—i—/ / pf - dxds,
0 JTd o Jrd

t t
=/ / (pOsn + (pu - V)n) dz ds,
0 0 JTd

(20)

(21) /Td pn(s) da

(22) /waVv:O.
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In (20), we write A : B for Zf)j:l a;;bi;, where A = (a;;), B = (b;;). If p and u are smooth, then

using ¢ = u we readily obtain the energy balance relation:

t t
(23) E(t) — E(0) = —u/o ||VU||%2(T¢1) ds+/0 /Td pu - fdxds.

In the context of weak solutions even in the class v € L?H", such a manipulation is not feasible;
as usual, the problem is a lack of sufficient regularity to integrate by parts. This leaves room for
additional mechanisms of energy dissipation due to the work of the nonlinear term. In the case
u =0, due to time reversibility the energy may also increase above the legitimate change resulting
from the work of force. Our main result provides a sharp sufficient regularity condition on (p, u,p)
to guarantee energy balance (23) to hold. We use Besov spaces to state our criteria as motivated by
numerous previous studies on Onsager conjecture; see for example [12, 7, 23]. The definitions are

standard and recalled in Section 1.2 of Chapter 4.

THEOREM 2.1. Let (p,u,p) be a weak solution to the density-dependent incompressible Navier-Stokes

equations on T4, d > 1. Assume (p,u,p) satisfies

(24)  we LA([0,T]; H(TY), 0< p< p<p<oo, and f € L*([0,T] x T%),

(25)  pe L°([0,T); Biw), ue L((0,T); B, ), p € L3(0,T); B _)

WIS col=

1 3
—4+-=1.95 3 .
ooty =L € [3, 00]

Then (p,u,p) satisfies the energy balance relation (23) on the time interval [0,T).

The assumption on the pressure in (25) is in natural correspondence to the condition on velocity. In
fact, it follows from the latter in the case of constant density (see Remark 1.4 of Chapter 4). Such
a conclusion, however, cannot be made in the density-dependent case when the density has limited
regularity as ours. In general the pressure is only known to exist as a distribution. We will see
in the proof that the first line of assumptions (24) pertains to the control of the viscous and force
terms in the local energy budget relation, while (25) is used to control anomalous flux due to the
transport term. So, as a byproduct of the proof we obtain an energy conservation condition for the

Euler equation.

THEOREM 2.2. Suppose (p,u,p) is a weak solution to the density-dependent incompressible Euler
equations on T¢ with zero force, the same set of assumptions (25), and 0 < p<p<p<oo. Then

the energy is conserved in time.
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In the case when b = 3, we recover the result of [7] in the homogeneous case. However, for an

inhomogeneous fluid, when b = 3 one must assume rather strong regularity of the density, namely

1/3 1/3 .

p € Blino = CY3) the usual Holder class. It is shown in [22] that the Besov space u € Bj
sharp to control the energy flux in a homogeneous fluid. It is therefore not expected to be improved

in the above results.

We also derive an extension to the density-dependent case of the classical Karman-Howarth-Monin
relation for the energy flux due to nonlinearity in the statistically homogeneous turbulence. It

suggests that any of the conditions in the range of (25) arise naturally.

Finally, we note that an alternative version of our condition has appeared in [25]; the latter also
applies to compressible Euler system. Pertaining to the incompressible case, the result claims energy

conservation under the conditions
o d B d * d
u€ By ((0,T) x T, p,pu € B] ,((0,T) x T%), pe L” ((0,T) x T,

where 1 < p,q<o00,0<a,B <1, and %—i—% =1, %—l—p% =1, 2a+8 > 1. Notice that whenp =¢ =3
this gives a better base integrability, and with o = 8 = 1/3 + € it gives a weaker assumption on u
and p in space. (The result is likely to be improved to 1/3 with a vanishing ¢y assumption on the
Littlewood-Paley pieces.) It also requires no regularity on the pressure. However, all of the above is
assumed in time as well, and also on the product pu. Therefore there is no direct inclusion on either

side between the results of Theorems 2.1-2.2 and those of [25].

2.2. The Forced Euler-Alignment System. In the final chapter, we consider another model,

this time from collective dynamics. For some fixed a € (0,2), we treat the system

(26) up +u’ = —Aq(pu) +ulap + f,

(27) P+ (pu)/ =0,

for (z,t) € T x [0,00). Here and below, we use primes ’ to denote spatial derivatives. The torus T
may have arbitrarily large period, but we work on the 27-periodic torus for the sake of definiteness.
Here u = u(x,t) is the macroscopic velocity, p = p(x,t) is the density (assumed nonnegative), and
f = f(x,t) is an external forcing term, assumed given. The operator —A,, is (up to a constant) the

classical fractional Laplacian, with kernel

(28) -2 |z+2wk|1+w’ 2 € [-m, 7\ {0},
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The action of —A, on a sufficiently regular function g : T — R is given explicitly by

~Bagle) = [ (ot +2) = g@)on2)ds = [ (ata+2) = ule)

with the integral taken in the principal value sense. Let us temporarily consider the situation where

f = 0. In this setting, (26)—(27) becomes a special case of the system
(29) ug 4+ un' = Lg(pu) — ulyp,

(30) pi+ (pu) =0,

where L4 is given by
Log(x) = / oIz — u)(g(w) — 9(2)) dy.

The system (29)—(30) can in turn be interpreted as a macroscopic limit of the system

T = v,
(31) N
b=y oy Ol — 2] (v —vi),
as N — oo. The system (31) is the celebrated Cucker-Smale model [15], which describes the positions

x; and velocities v; of N agents whose binary interaction law depends on the radial influence function
¢ > 0. We do not attempt an overview of the existing literature related to this model; rather we cite
only a few results which are pertinent to the present context and refer the reader to, for example, [4]
and references therein for a more substantial review. See also the Introduction of [19] for a useful

and concise overview of some relevant results.

The system (31) and its long-time dynamics are associated with two especially notable phenomena.
First, the velocities align to a constant (given by momentum divided by mass—both of these are
conserved), and second, the system exhibits the so-called flocking phenomenon, whereby the agents
gather into a crowd of finite diameter. However, it seems that in order for these characteristics to
emerge, the kernel ¢ must involve some (non-physical) long-range interactions (c.f. [5], [15], [65],
[59]). In order to emphasize rather the local interactions, one recent strategy has been to use a
kernel ¢ which is singular at the origin, for example ¢ = ¢,. This is the case we treat in the present
work, at the macroscopic level of the system (26)—(27). See also [42] for another approach on the

level of the agents.

Within the last few years, the system (26)—(27) has received a fair amount of attention; the papers
[54], [55], [56], and [19] all give well-posedness results in classical regularity spaces in the case f = 0.

The second and third of these also show that classical solutions of the system exhibit flocking (see
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below for more details). In [32], the well-posedness of (26)—(27) is studied in the case where f is
replaced by an attraction-repulsion interaction that depends on p and (the derivative of) a given

kernel K.

In dimensions higher than 1, there are very few results on the analogues of the systems (26)—(27)
or (29)—(30). He and Tadmor [27] have considered the analogue of (29)—(30) in two dimensions in
the case of smooth kernels ¢. And very recently, Shvydkoy [51] gave the first results to treat the
analogue of the (forceless, singular) system (26)—(27) in arbitrary dimensions n > 1. The latter work

proves a small data result for the full range a € (0,2).

The present work differs from all those cited above in that it treats well-posedness in low-regularity
spaces, for an arbitrary external force f (which is sufficiently regular). Before giving more details
on the results contained here and past work on the equations, however, we pause to give some

definitions that will be helpful in this discussion.

2.2.1. Awziliary Quantities and Notation. An interesting feature of the system (26)—(27) is that
certain combinations of u and p formally satisfy conservation laws or transport equations. For

example, define e := u’ — A,p. Then the velocity equation can be rewritten as
(32) ug +ue = —Ay(pu) + f.

Differentiating this, applying A, to the density equation, and subtracting, we obtain an evolution

equation for e:
(33) et + (ue) = f'.

Next, we define ¢ := e/p. Taking the time derivative of ¢ and using the density equation, we see
that ¢ satisfies

!

(31) a+ug =L
p
But then ¢ satisfies an equation like (33):
Ny
(3) i+ ) = e+ = (L)
And finally, ¢’/p satisfies an equation like (34):

(9,8 -3 6
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Obviously this process can be continued, but ¢’/p is the highest order quantity of this type that we

make use of below.

We also set notation for the (conserved) mass M associated to the system:

Mz/pdx.
T

2.2.2. Weak, Strong, and Regular Solutions. We now define several notions of a solution to (26)—
(27). For weaker notions of a solution, we include e as part of our definitions. To write down a
weak formulation, it is helpful to use (32) instead of the original velocity equation. We also include

a weak form of the definition of e.

DEFINITION 2.3. Let (ug, po,€0) € L™ x L x L satisfy the compatibility condition
(37) / eop + uop’ + polapdz =0,  for all ¢ € C°(T)
T

We say that (u,p,e) is a weak solution on the time interval [0,7], satisfying the initial data

(u07p03 60)7 if

e u, p, p !, and e all belong to L>(0,T; L>).

e v and p belong to L?(0,T; H*/?).

o (u,p,e) satisfies the following weak form of (26)—(27), for all ¢ € C*°(T x [0,7]) and a.e.
t e 0,77:

t t
(38) /u(t)tp(t) dz —/uogo(()) dz —/ /uatgp dzds = / /—uecp — puloo + fodxds,
T T o Jt o JT

(39) /Tp(t)go(t) dx—Apow(O)dx—AtApatwdxds:At[rpu¢’dxds.

e The compatibility condition (37) propagates in time, in the sense that
T
(40) / /ecp +up’ + pAopdrds =0, for all p € C°(T x [0,T)).
o Jr

We say that (u, p,e) is a weak solution on [0,T) (0 < T < o0) if (u, p, €) is a weak solution on [0,T”]

for all 77 € (0,T).

DEFINITION 2.4. Let (ug, po, €g) € W1 x W10 x W1 gatisfy the compatibility condition (37). We

say that (u, p, e) is a strong solution on the time interval [0, T, satisfying the initial data (ug, po, €o),
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if (u, p, €) is a weak solution such that u, p, and e all belong to L (0, T; W°). We say that (u, p, €)

is a strong solution on [0,7) (0 < T < o) if (u, p, €) is a strong solution on [0,T"] for all 7" € (0,T).

The quantity e need not play a role in the definition of higher-regularity solutions, though it does

remain an important quantity for the analysis of such solutions.

DEFINITION 2.5. We say that (u, p) is a regular solution of (26)—(27), on the time interval [0, 7],

satisfying the initial condition (ug, po) € H* x H3+* if

o (u,p) satisfies (26)—(27) in the classical sense.
o (u,p) € C([0,T]; H* x H3T%),
e p(x,t) > c for some ¢ > 0, for all (x,t) € T x [0,T], and

e u(0) = up and p(0) = po a.e. in T.
We say that (u, p) is a regular solution on the time interval [0,T) (0 < T < o0) if (u, p) is a regular

solution on [0,77] for all T € (0,T).

2.2.3. Alignment and Flocking. In the discussion above, we have already mentioned the phe-
nomena of alignment and flocking in the context of agent-based models. We now give the more

precise definitions associated to the macroscopic system (26)—(27).

DEFINITION 2.6. A solution (u, p, €) is said to experience alignment if the diameter of the velocities
tends to zero as t — oo:
A(t) := esssup |u(z,t) —u(y,t)] = 0, ast— oo.
z,yeT

We say that the solution undergoes fast alignment if the convergence A(t) — 0 is exponentially fast.
DEFINITION 2.7. We define the set of flocking states F as in [55]:
F :={(u,p) : uw is constant, p(x,t) = poo(x — t7)}.
We say that (u, p) converges to a flocking state (u,p) € F in the space X x Y if
(41) JuCst) = llx + (-, 8) = B Dlly =0 as t— oo,

And furthermore, we say that (u, p) experiences fast flocking in X x Y if the convergence rate of

(41) is exponentially fast.
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2.2.4. Previous and Present Results. The existing well-posedness theory for the system (26)-
(27) mostly concerns the special case f = 0. In [54], a priori estimates implying the local existence
of regular solutions for the case 1 < a < 2 and f = 0 were given. With local existence in hand,
the authors refined these estimates and proved global in time existence of solutions. Further refine-
ments were given in [55], which proves that regular solutions undergo fast alignment and converge

exponentially quickly to a flocking state in H? x H3~¢, for any € > 0.

The first treatment of well-posedness for the case 0 < a < 1, f = 0 appeared in [19]. Later, the
results of [54], [55] were extended to the case 0 < a < 1 in [56], which obtains local and global
existence as a byproduct of the proof of flocking and fast alignment. In [32] the authors prove results

analogous to those of [19], in the presence of an additional force of the form —d, K * p.

The techniques used in the two groups of papers [54], [55], [56] and [19], [32] are quite different
from one another. The first group uses regularity theory for fractional parabolic equations and
relies extensively on the nonlinear maximum principle of [14]; the nonlinear maximum principle was
originally used to prove a well-posedness result for the critical SQG equation. The papers [19], [32]
use instead the modulus of continuity method, which has also been used to treat (for example) the

SQG equation in [31].

In this work, we consider the case of a general external force f which is regular enough for our

computations to go through. In principle, we could include the force considered in [32] in our
existence results, but to do so we would need to repeat several of the arguments from [32], rendering
the inclusion somewhat artificial. The problem is that the density in [32] is not obviously bounded a

priori, and in fact may grow exponentially in time. Since their force in turn depends on the density,
we would need to make quite a few adjustments to our arguments (and intermediate conclusions) in
order to include this case. To simplify our arguments, we assume that our force f and a sufficient
number of its spatial derivatives are uniformly bounded in T x [0, 00). In particular, our arguments
ultimately do not apply to the force considered in [32]. Rather, we extend the result of [54], [55],
and [56], concerning existence of regular solutions, to the forced case (for nice enough f). We
construct both weak and strong solutions as limits of regular solutions. These solutions are slightly
more regular (in the Holder sense) than one can conclude a priori using only the definitions of weak
and strong solutions. However, the strong solutions we construct are in fact unique within their
class; therefore, the regularity properties obtained by the method of construction are enjoyed by all

strong solutions.
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The results described thus far are all basically in the spirit of [54], [55], [56] (and, to a certain extent,
[32]). We also include, however, a discussion of the natural energy laws of the system (26)—(27)
which has no counterpart in any of the aforementioned papers. (The energy equalities are obvious for
solutions in classical regularity spaces, so there was no need for such a discussion in those contexts.)
We propose Onsager-type criteria that guarantee that these energy laws hold for weak solutions.
We emphasize that these criteria are valid for any weak solutions, not just the ones we construct
as limits of regular solutions. To treat the nonlinear term, we rely on the techniques of [38] (which
in turn relies on [7], [12]). However, existing commutator estimates seem to be insufficient to treat
the dissipation term directly, and we therefore devote a fair amount of effort to showing that the
dissipation cannot cause any problems. It turns out that our Onsager-type criteria are satisfied for
all weak solutions in the case where a € [1,2). For smaller « one can prove the analogous energy

inequalities for the constructed solutions, even if our Onsager-type criteria are not satisfied.

We state our main results in the following four theorems.

THEOREM 2.8. Let (ug,po) € H* x H** with pyt € L™, and assume that f € L>(0,00; H*).

Then there exists a global-in-time regular solution of (26)—(27) associated to the initial data (uo, po)-

THEOREM 2.9. Let (ug, po,€p) € L x L™ x L satisfy the compatibility condition (37). Assume
additionally that pal € L™ and that f € L*(0,00;W1>). Then there exists a global-in-time
weak solution (u, p,e) associated to the initial data (ug, po,eo), which satisfies the following energy

inequalities:

(42)§/pu )dx + = /// )_ﬁio?Qdydxds< /pouodx+//pufdxds
) [oararey [ [ [+ ot g wis< [ gae [ [ o s

For this solution, u and p are Holder continuous on compact sets of T x (0,00) (with Holder exponent
depending on the compact set). Moreover, in the case where f is compactly supported in time, the

velocity field u exhibits fast alignment to a constant.

THEOREM 2.10. Let (u, p,e) be any weak solution on [0,T], with f € L*(T x [0,T]). If a € (0,1),

we assume additionally that u € L3(0, T} Bi/3 ) and p € L*(0,T; Bl/g) If a € [1,2), no additional

SC(]

assumption is needed. Then (u, p,e) satisfies the following energy equalities for a.e. t € [0,T]:

(44) 1/ u?(t) de 4 = /// (z) = uly )‘Qd dxds—l/ qux—i—/t/ uf dr ds
Y |$7y|1+a Y 92 TPO 0 0 Tp
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@) [oeray [ [ [ow+on SO i< [ i [ [ aras

THEOREM 2.11. Let (ug, po, eo) € WH x WL x W satisfy the compatibility condition (37), and
assume additionally that pal € L™, that f € L>®(0,00; W%>), and that o # 1. Then there exists
a unique global-in-time strong solution (u,p,e) associated to the initial data (ug, po,ep). For this
solution, u and p belong to Cioe((0,00); C1). Moreover, in the case where f is compactly supported
in time, (u, p) undergoes fast flocking in WH°° x L to some (u,p) € F. In fact, the convergence
occurs in C1¢ x CY¢ for some € > 0 (though we make no statement on the rate of convergence in

this space). Finally, even in the case o =1, any strong solution is unique if it exists.

REMARK 2.12. It may seem somewhat strange that the case @ = 1 should be excluded from our
existence result on strong solutions. The reason why our method does not yield existence of strong
solutions in this case will be clear later from the estimates in Section 4.1; for now we simply note
that the exclusion of the case @ = 1 has some precedent. In fact, the arguments of [54], [56] prove
existence of solutions in H? x H?T® for all a € (0,2)\{1}; going up one more derivative is necessary
only for = 1. It seems likely that our method could be applied to the case a =1 (or other «, for

that matter) to yield solutions in W?2:°°; however, we prefer to leave this case for future research.

The outline of Chapter 5 is as follows. In Section 1, we prove a priori bounds at the L level
for regular solutions. Once these are established, the rest of the proof of Theorem 2.8 follows the
same steps as in [54], [56], with trivial modifications. We keep careful track of the dependencies of
constants involved in these a priori bounds, in order to prove that they survive the limiting procedure
we use to construct weak solutions in Section 2. Some additional bounds beyond those required for
Theorem 2.8 are needed to pass to the limit; we also include these in Section 1. In Section 3, we
prove Theorem 2.10. In Section 4, we continue proving bounds on regular solutions at the W1
level, and in Section 5 we use these bounds to prove the existence of strong solutions when « # 1.

Section 5 also contains the proof of the rest of Theorem 2.11.



CHAPTER 2

Energy Equality at the First Blowup Time: Considerations

for the Classical Euler and Navier-Stokes Equations’

1. The Energy Measure

1.1. Energy Measure and the Local Energy Equality. Let uslook at the classical Lebesgue

decomposition of the energy measure relative to dx L €2:
d€ = fdzeL Q+ dp, da L dp.

According to the discussion in the Introduction, the defect measure df = d€ — |u(0)|?dx L Q is

nonnegative. Therefore we have f > |u(0)|? a.e., and du > 0 in general. In light of this, it is natural

to attribute a possible failure of the local energy equality to two phenomenas:

e Concentration: du > 0;

e Oscillation: f > |u(0)[%.

It is easy to give one sufficient condition to rule out oscillation. We recall the definition of the
Onsager singular set ,,s from the Introduction (and abuse notation throughout this chapter by
identifying ¥,,,s with its time-slice at t = 0). Let U be the largest open set in 2 for which v € OR(U)
(i.e., let U be the union of all such sets). Define the set of Onsager singular points by X,,s = Q\U;
this set is relatively closed in 2. According to the previous lemma, the defect measure 6 is supported
on Yons. So, if [Eons| = 0, then the defect measure is mutually singular to dz. (Here and below, we
use |A| to denote the Lebesgue measure of a set A C R™.) Thus the above Lebesgue decomposition

becomes

A€ = |[u(0)>dzLQ + do, dz L do,

ie. f=|u(0)]? and u = 6. The size of the set ¥, is related to the phenomenon of intermittency

in fully developed turbulence and is out of scope of this present work.

IThis chapter is largely excerpted from:
[37] T. M. Leslie and R. Shvydkoy. The Energy Measure for the Euler and Navier-Stokes Equations. Arch. Ration.
Mech. Anal. (to appear).
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1.2. Concentration Dimension. Generally, the smaller the set on which £ is concentrated,
the more severe we view the blowup. The concentration dimension assigns a numerical value to the
concentration of the energy measure, namely the smallest Hausdorff dimension of a set of positive
E-measure:

D = inf{dimy(S) : S C Q compact, and £(S) > 0}.

We recall that if the above family of sets is empty, then we set D = n by convention. This situation
occurs when the energy is drained from the domain €2, a scenario not excluded at the time of blowup.
Generally, if D = n one might say that the measure has no lower dimensional concentration. This,
however, does not rule out the presence of a singular component du. It can still be concentrated
on a set of Lebesgue measure zero, but of dimension 3. If, however, we have D < n, then the
concentration pertains to the singular part dp only, since obviously fdx vanishes on any subset
of  with dimension less than n. It is in the case D < n only where we can properly address the

concentration issue.

By analogy with the set of Onsager-singular points, which encompasses the maximal set on which
the energy equality may fail, we introduce a corresponding set of singularities which encompasses

any possible concentration of the energy measure. Again, we define a set ¥ as complementary to
(46) RN\E ={z €R":Jopen U,z € U,Ip >2,3e > 0:u € L¥(—¢0; LP(U))}.

Clearly R™\X is open, so ¥ is closed.

LEMMA 1.1. The energy measure d€ is absolutely continuous with respect to Lebesque measure dx

on Q\X. Hence, supp du C X.

PrROOF. Let A C Q\X be a set of Lebesgue measure zero. We need to show £(A) = 0. By
considering the sequence A N {x € A : dist(z,00\X) > 1/k} we may assume without loss of
generality that A has a positive distance to 9Q\X. Moreover, by inner regularity we may assume
that A is compact. Thus, A is compactly embedded into Q\X. For every point € A we can find
an open neighborhood U,, €, > 0 and p, > 2 as in the definition (46). By compactness there is a
finite subcover, and hence we can pick the smallest of all €’s and p’s to find a compactly embedded
open neighborhood U of A such that u € L*>(—¢, 0; LP(U)). We further reduce U to V C U (still

containing A) with [V| < . Find a function o € Co(V), 0 <o <1, and 0|4 = 1. Then

< — i 25 dz < ||u|? = =52
e < [0 de = lim [ ) Pode < Julf~ CeononlVIT < €3
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This shows that £(A) = 0, and the lemma follows. O

Let us note that since in general there is no relationship between the sets ¥ and X%,,s, we cannot
claim that the local energy equality necessarily holds on the set Q\X. Instead, we only rule out the

concentration phenomenon, while oscillation may still occur. To summarize, the lemma claims
dEL(Q\Z) = fdzL (Q\X), f = [u(0).

Lemma 1.1 has two additional immediate consequences. By definition of ¥, we have ¥ = @ if
u € L®(—1,0; LP(Q)) for some p > 2, in which case y is trivial (since supp p C ¥ by Lemma 1.1).
This rules out any concentration and allows us to conclude that D = n in this case. The second
consequence is that we may take the infimum in the definition of D over sets that are contained in

3, rather than over general compact subsets of 2. We record these two corollaries for reference:

COROLLARY 1.2. If u € L*°(—=1,0;L*(Q))) for some p > 2, then the energy measure suffers no

concentration. That is, © = 0, and therefore D = n.

COROLLARY 1.3. The dimension of concentration is equal to
D = inf{dimy(S) : S C QN X compact, and £(S) > 0}.

PROOF. Let us denote the new dimension D’ for reference. Clearly, D’ > D, since the new
infimum is taken over a smaller family. Let us address the case D = n separately. In this case
D’ = n, either by convention (if no sets S are available), or because D’ > D. If D < n, we can pick
e > 0 and a set S with dimy(S) < D + € < n such that £(S) > 0. However, |S| = 0, and hence by
Lemma 1.1 we have £(S\X) = 0. We can then replace S with SNY without changing its £-measure.
But then dimy (S NY) < dimy(S), while £(S N X) > 0; thus D' < dimy(S) < D + e. This proves

the statement. 0

1.3. Navier-Stokes and Suitable Weak Solutions. In the case of the NSE, the partial
regularity theory of Caffarelli, Kohn, and Nirenberg [2] allows us to restrict attention to lower-
dimensional singular sets at time ¢ = 0, even though we have not assumed that our solution w is
suitable. Indeed, assume (u,p) satisfies (1)—(5), and assume u be a Leray-Hopf weak solution on
[—1,0] (which is regular on [~1,0)). Let (@, p) be a suitable weak solution on [—3, c0), with initial
data @(—3) := u(—1) and pressure p = R;R;(u;u;). Assume without loss of generality that @ is
weakly continuous in time; this can be achieved by modifying u on a Lebesgue null set of times.

Then By weak-strong uniqueness, we have (u,p) = (4,p) on [—%,0). Then, by weak continuity in
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time, we have u(0) = %(0). Since @ is suitable, the Caffarelli-Kohn-Nirenberg Theorem implies that
the parabolic 1-dimensional Hausdorff measure of S is 0, where S is the set of singular points of .
Note that by the Prodi-Serrin criterion, u is C'*° in the spatial variables on the complement of S.
This immediately implies that 3,,s UY C SN {t = 0}, and hence that the dimensions of ¥,,s and ¥
are both at most 1. Combining the fact that dims(X) < 1 with Corollary 1.3, we may also conclude

that D > 1. These facts will be used in Section 4.2.

1.4. Upper Densities, Local Dimension, and Concentration Dimension. As mentioned
in the Introduction, the uniform bounds A(r,z¢) < C, or

(47) sup / lu(x,t)|? dz < CrP,
By(x0)

—ra<t<0
imply slightly more than just a lower local dimension of at least 8. Once we know that § is a lower
bound, we can refine our geometric measure-theoretic statement by asserting the finiteness of the
upper [-density of £. Let us recall that for 0 < s < oo and p a Radon measure, the upper s-density
of u at x € R™ is given by

(48) 0" (. z) = limsup(2r) *u(B, ().

r—0

If p has finite s-density at x, then, roughly speaking, u behaves near x like s-dimensional Hausdorff

measure on an s-dimensional set: u(B,(z)) < rs.

Let us also give the covering argument alluded to in the Introduction, which relates bounds of the
form (47) to lower bounds on D. Suppose we have u(B,(z)) < C(K)r®, for all z € K and all
sufficiently small » > 0. Then for any set S C Q with dimy(S) < s and for any compact subset
K C S, we have u(K) <3 . u(By,(x;)) < C Y ri — 0, as the cover closes on K. So, p(K) = 0, and

hence p(S) = 0 by inner regularity. This shows that D > s.

Interestingly, the above argument does not proved a sharp bound on D from below, due to the
fact that the covering argument using additivity of £ is simply not optimal. One obtains a better

estimate by examining the cover in its entirety via the local energy inequality, c.f. Section 4.

2. Local Dimension of the Energy measure

Let u be a classical solution to the Euler equation on time interval [—1,0). Let  C R™ be an
open bounded domain. Suppose that u € L%*(—1,0; L?(Q)) for some p > 3 and ¢ > 1. Out of the

classical two parameter family of scaling symmetries of the Euler equation there is one that leaves
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the L9LP-condition invariant, namely

(49) u(z,t) = X*"u(Axz, \*t), where a = Ll(l + B).
q— p

With the scaling (49) in mind, we state our main results for this section as follows.

PROPOSITION 2.1. Let 2 C R™ be an open domain and K C  a compact subset. Suppose u is
a solution to the Fuler equations satisfying u € L9*(—1,0; LP(Q)) with 3 < p < oo, or satisfying
u € LI(—1,0; L>(Q)), and in both cases

2n  24n
(50) — +
p q

<n

Then there exist positive constants R = R(n,p,q,u, K) and Cy = Co(n,p, q,u, K) such that for all
r € (0, R) we have

(51) sup / lu(zx,t)|? dz < CorP,
By (o)

—roe<t<0, 0K

whereazi<l+%) andﬁzi(nfﬁfm).

q—1 q—1 P q

Note that (50) is precisely equivalent to the condition 8 > 0. Our other main result of this section

is the following:

PROPOSITION 2.2. Suppose u is a solution to the Fuler equation which is regqular on [—1,0) and
satisfies the bound ||u(t, )|~ < colt|™V/9, ™2 < q. Then there exists a constant C = C(u,n,q)
such that

(52) sup / lu(z,t)|* dz < Crt T
|z—z0|<r

—1<t<0,zgER™

We define several scale-invariant quantities relating to the scaling (49), which will be used in the
proof of Proposition 2.1. First, denote @, := B, x (—r%, 0), and let (p), = ﬁ fB\p(m) dx denote

the average of p on B,.. We define

1
A(r) = —5 sup / \u(m,t)|2dm, (energy)
" —re<i<0JB,
_ 1 3
G(r) = Y /QT |u(z, t)|” dz dt, (flux)

P(r)= W/Q |p — (p)r||u| dz dt, (pressure).
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REMARK 2.3. The inequality (52) can be expressed as u € Loo/\/lz’”fqzj, where MP* is the Morrey

space with integrability p and rate index A. This observation plays an important role in the proof

of Theorem 1.3; see the end of Section 3.

We devote the next three subsections to the proof of Proposition 2.1; Proposition 2.2 is proved in

Section 2.4.

2.1. Essential estimates. The proof of Proposition 2.1 is executed by induction on scales
according to the sequence of bounds A(r) — G(r) — P(r) — A(r/2). Although the details of the
iteration procedure depend on which hypothesis is used, the proofs of both cases rely on common
estimates on the quantities A,G,P. We start with an elementary L3L3 estimate away from the

boundary.

CLAIM 2.4. Suppose u € L9*(—1,0;LP(2)), where (p,q) satisfies 3 < p < oo and (50). Then
u € L3L3(Q) and p € L32L3/2(Q,) for any Q. = {x € Q : dist(z,0Q) > €}.

Proor. Note that ¢ > p/(p—2), by (50). By reducing ¢ we can assume without loss of generality
that w € LILP, i.e. strong in g, yet ¢ > p/(p — 2) still holds. Then finiteness of |u|s13(q) follows

easily by interpolation and Hoélder’s inequality:
T8 R = . e T .
/0 ||UHL3(Q) dt < /0 ||UHL§(Q) ||u||£p(g) dt < ||u||L20L2(Q)HuHEQLP(Q)T ap=2),

Let n: R" — R be a smooth function such that n =1 on )/ and suppn C Q. Let R;, R; denote

the Riesz transforms on R"”, and let

ny;y; — 5ij\y|2

Kz(y) = nwn‘y|n+2

denote the kernel of R;R;. (Here d;; is the Kronecker delta, and w, is the volume of the unit ball in
R™.) Since p = R;R;(u;u;), we can use the boundedness of the Riesz transforms on L3/? to estimate
Pl Ls/2.) as follows:
[Pl L3200y < |RiR; (nuing) || sr2 ooy + [RiR; (1 = n)usug)|| L3z,
< sl + | [ Kol = 01 = o)t ()

2
/ @l 4
Qe |- =yl

e/

L3/2(Q€)

< CllullFsqy +C < CllullZs gy + CE—"HU”%?(Q)MJQ/?"

LS/Z(QE)

From here it is obvious that taking the L3/2 norm in time yields a finite quantity. O
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In what follows we assume without loss of generality that 0 € Q and r < 3dist(0,0(2). We start

with local energy equality

(53) /\u(t)|2o—(t)dx=/|u(s)|2a(s) dx—l—/st/|u28tadmd7+/:/(u|2+2p)u-VdedT,

valid for any o € C§°([—1,0]x) and —1 < s <t < 0. Let ¢ : [0, 00) — R be a smooth nonincreasing
function such that 1(z) = 1 for z < 1, and ¥(z) = 0 for z > 2. Define ¢, (x,t) = ¥ (|x|/r)Y(|t|/r),
so that ¢, is 1 on @, and zero outside Qo,. Putting ¢ = ¢, in the local energy equality yields

(54)  sup / ()] dz < / |9y by | da dr + / [V, | da dr +2 / Ip— (0), [l Ve, | dz dr,

—ra<t<0.JB,

Note that

|¢7‘ < XQar |V¢7“ < CT_1XQ2M ‘at¢7'| < CT_QXer'

Evaluating the above at half the radius 7 — r/2 and dividing through by r? yields >

1 1 . 1
A(r)2) < ra_i_B/Q‘|u|2dxdT+rl+B/Q.u|3dxd7—+rl_~_B/Q.|p(p)r|u|d:rd'r

r2(1+8)/3

ra+p

X 2/3
(TnJra)l/S (7«14-5/ |u|3 dz dT) + G(T) + P(T)
Q

T

< G(r)*3 4+ G(r) + P(r).

We have obtained
(55) A(r/2) < CIG(r)*® + G(r) + P(r)).

Next, we establish a bound on the flux G(r) in terms of A(r).

0
G(r)y=r—F71 lu(x,t)|® de dt

0 Z%g p—2
< r_B_l/ (/ lu(z, t)|? dx) </ |u(z, t)P dx) dt
—ro B, By
5 0 1 = 72
< r‘ﬁ_l/ <6/ |u(x,t)2dx) (/ |u(z, t)|? dx) dt
—ro r B, B,
B p—3 0 ﬁ
<A / (/ |u(z,t)”dz> dt.
—re B,

Denote f(t) = ||ul/rr. Under the time integral we have a quantity bounded by f 72, We know,

however, that f € L?* and that under our assumption (50) we have z% < gq. This allows us to

2In all intermediate estimates we omit constants C' which are independent of the radius.
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extract the same asymptotic behavior in r as if f were in the strong L%-space. Indeed,

0 P P o 2
f)—2dt < m/ A=z min{|[{f > A}|,r*}dA\.
—re - 0

Using that [{f > A}| < C/A? and splitting the integral, we obtain a bound by r“~ e Adding

this power of r to the already present power —p% — 1 gives a net power 0. Thus, we obtain
(56) G(r) < CA(r)7=.

The case p < oo has a clear advantage of yielding a power of A smaller than 1, while the case p = o
is critical. The latter can be handled in a similar way under the strong L9 in time condition: making

the obvious adjustments for p = co in the estimates on G(r) above, we obtain the alternative bound

(57) G(r) < Ce(r)A(r),
where
(58) €(r) = llull La(—r 0;100)-

The small parameter €(r), which vanishes as r — 0, allows us to compensate for the accrued constant
C and close the circle of bounds A(r) — G(r) — P(r) — A(r/2) by induction. (See below for more

details.)

In order to handle the weak case of L9*L> we need an explicit power bound in time, and we use

a more subtle argument, c.f. Section 2.4.

Turning now to the pressure term, we recall the following local pressure inequality.

LEMMA 2.5. There exists an absolute constant ¢ such that whenever p € L3/2(Bp) and —Ap =

0;0;(uju;) a.e. on B,, then for any r € (0, p/2] we have

2
2 u

lp = (0)rllzorom,y < cllullZags,,, +crint? / SISy

2r<|y|<p |y

2
2 3
rantl .
oo (/ Juf® + [p*"? dy) :
p3 Bp

This inequality is proven for n = 3 in in Lemma 15.12 in [44]. (Actually, the inequality is stated there

(59)

with a time integral; (59) is obtained as an intermediate step in their proof.) The n-dimensional
case is adaptable by simply replacing 3 with n in the appropriate places. We provide the details in

Appendix A. Since we are considering only times prior to the first possible blowup, the hypotheses
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are valid for the pair (u(t),p(t)) in either the Euler or Navier-Stokes case. Therefore we may use
this estimate for either set of equations. Note that subtracting off the average on B,, is crucial in

order to obtain this local estimate, since p depends nonlocally on wu.

Choose R < 3dist(0,99) and write r; = R/27 for all j € N. Then using the local pressure inequality

with r = r; and p = R/2 = r1, we will obtain an estimate on P(rg). First, we split the integral in

—n—1

the second term into dyadic shells r;41 < |y| < r; and estimate |y| pointwise on each of these

shells before replacing the shells with balls. The result is

k—2

Zn41 —(n+1 1
o= D) rllzos,,) < lulFss,, )+ Z "z, + SmEe®):
]:

where ¢(t) is some function belonging to L?/Q, by Claim 2.4. We turn this into a bound on P(r)
as follows:

1 0 2 _Bk72 o 0
Plr) < r1+ﬁ/ MllEss,, lullzss,,)de+ "7 oy 1/ MullZes, ) lullzos,, ) 4t
k - T,

"k j=1 =T

1

0
9(2n+1)k Tiﬂﬁ /_T? 9@l ||L3(Brk)

k—2 0
_2”—5 —n—1_% 1
< G(rgp—1)+1p E rilry? / 3 ||u||L3(Brk)||u||%3(B,,,j) dt + SGnik 2018)/3 G(re)'/?
j=1 Tk k

1
2(3n+3-38)k R2(1+8)/3

G(Tk)l/S

k-2

25 e n

< G(rp—1)+r} ﬁg T 17“j37“f+1G(7“k)1/3G(rj)2/3+
=1

Using the fact that the powers of 7; in the sum add up to 3, and the fact that %n + % — %B >0, we

have obtained the following:
(60) P(ry) < Cmax{G(r1),...,G(rx)} + CR2+BB3G(r)) 13,

with C independent of k and R in the range R < 3dist(0, Q).

2.2. Case u € L?*LP, 3 < p < co. Let us fix an arbitrary initial radius R < 1dist(0, 0%2), and

set a constant A > 1 to be determined later but so that
A(R) < A.
This sets the initial step in the induction on k£ = 0,1,.... Suppose we have

A(’l"j) < A,
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for all j < k. By (56) we have
G(rj) < C1AY™°, 6= ——,

for all j < k. In view of (60),
P(ry) < C2A,

where Cy depends on the (fixed) constant R. (Note that we used that A > 1 to bound of A(1~9)/3

by A'=%.) Returning to (55), we obtain
Alrig1) < CA,

where still C3 depends only on R. By setting A > max{l,Cé/ 5} initially, we have achieved the
bound
A(T}c+1) < A,

which finishes the induction.

2.3. Case u € LL™. Let us fix R < 1dist(0,09), R < 1, so that e(R) < 1. (Recall that €(r) is
defined by (58).) Let E denote the total energy ||u||%., which is independent of time on the interval

[—1,0). We aim to show that the bound
(61) A(r)< RPE4+ R P .= A

propagates through scales for initial R sufficiently small. Clearly it holds for ro = R. Suppose we
have

A(T‘j) < A

for all j < k. Denote € = ¢(R) for convenience. Since €(r) < € for » < R, the bound (57) gives us
G(r;) < CieA
for all j < k as well. The pressure bound (60) yields
P(rg) < CoeA + Cze'/PAVIR=214A)/3,
However, R—2(148)/3 < A2/3 1y (61). So,

P(’I’k) < 0461/3A.
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Returning to (55) again, we find that
A(rpg1) < Cs(e¥2A%3 4 eA + /3 A) < Cye'/? A,

where Cg is independent of R. Picking R so that Cge'/3(R) < 1 finishes the induction.

2.4. Case |[u(t)||p= < colt|~"/9. Assume f(t) := ||ju(t,-)| =~ < \tll/q’ where 22 < ¢ In this
case we disregard the subdomain € and work on the full space only. Let ¢ : [0,00) — R be a standard
bump function—equal to 1 on {|z| < 1/2} and supported inside {|z| < 1}. Denote ¢, (z) = ¥(|x|/r)

and define
k
B = [ e 0@ ar B = 2620

Note that by definition of E(t,r) we have

lu()1Z2 5,y < E(,2r) < [[u(D)|Z2(8,,)-

We have the following Lemma:

LEMMA 2.6. There exists a constant Cy = Co(u,n,q) such that for any s <t < 0 and r > 0, we

have

(62) E(t,r) <" f(s) /f )Y 277 E;(r,r)

JeN

Before giving the proof, let us make a few remarks. Fix » > 0 and then set

’

(63) to=—r?, C1=Cocod,

where ¢’ is the Holder conjugate of q. Iteration of the Lemma will eventually allow us to prove the

bound

N C]W
(64) B(t,r) < 1" f(t0)%e + Zhllulf o,

valid for t € (t9,0) and all M € N. The constant C; is chosen so that

Co

r

(65) 7‘( )dr < C’Ocoq’tl/”"/r_1 =C(C1.
0
Taking M — oo in (64), we obtain

(66) E(t,r) < C’r"f(to)2 <Cr"TeT, te(—r?,0),
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where the second inequality follows from the assumed bound on f and the definition of #y. This is
almost the desired bound in Proposition 2.2, except that the time interval does not extend to —1
in the negative direction. However, the bound E(¢,7) < Cr" 7T follows automatically from the
assumption ||u(t)||p~ < CJt|~1/% when t € [-1,7¢]. Therefore in order to prove Proposition 2.2, it

suffices to prove the Lemma (and the fact that the bound (64) follows).

ProoOF oF LEMMA 2.6. Without loss of generality we assume zp = 0. We use our time-

independent test function ¢, (53), dropping the subscript for convenience:

(67) /|u(m,t)\2q§(m) d$:/|u(m,s)|2q’)(x) dw+/st/(|u|2+2p)u-v¢dmd7'.

Applying the obvious pointwise bounds, we get

Blt,r) < B(s,r) + // W + [p— (p)||ul dz dr

r +7/ lullZss,) + 0 = ®)rllLsrz(s, lullas,) dr.
S

Take p — oo in (59); the last term tends to zero because u € L3(—1,0; L3(R"™)).

2n
(68) 1D — P llzoree,y < clulags,,, +or ¥+ /
2r<|y|<oco

As before, we split the remaining integral into dyadic shells, estimate |y|~"~! on each shell, and

then replace the shells with balls. We obtain

2 00 o
r%"-&-l/ |1f1|+1 dy < Pt Z / lul?dy < Cr~% ZQ—JEj(t,T).
2r<|y|<oco ] = By 2
So
Ip = P)ellisr2 (s lullas,) < cllulliags,,) + Cr™ Elullzas,) Y277 Bt r).
j=3
Next,
w(r) |3 s,y < CF()3E(T,2r)3 < Cf(r)r¥.
Therefore

[ 1= @l s dr <€ [ 5080 + 1o Z? By ()

t [ee]
< c/ f(m)Y 27E(r,r)dr
s j=2
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and consequently,

E(t.r) < E(s.r) / Julltsco,y + 10 = )l lulloc, dr
<r"f(s / fr 22 IE;(T,r)
where Cj is defined so that the last inequality holds. O

The final step in the proof of Proposition 2.2 consists of showing that iteration of (62) gives (64).

PROOF OF (64). Notice that the quantities E(t,r) possess the following scaling property:

E;(t, 2Fr .
% = Ejx(t,r), j, ke NU{0}.

We can therefore rescale the bound (62) as follows:

E(t,2Fr C o E(r, 2%
Ek(tvr)=7(2;m ) " f(s)* + 0/ flr 2 ! k'ij(an D 4r

<rf(s /f ZQJETT
Jj=k+1

We don’t actually use the fact that this last sum starts from j = k + 1; for our purposes it suffices

to use a rougher bound, where we trivially replace the sum above with a sum over all of N:

(69) Ey(t,r) < " f(s) CO/ flr 22 IE;(1,7)

JjEN

Next, we iterate to obtain (64). By (69), we immediately have

(70) E(t,r) = Eo(t,r) <r" +*/ F(t) Y 27 M By (t, ) dty,
k1€N
C
(71) Ek1 (tlvr) < ’rnf(to) + 70 f(tQ) Z 27k2Ek2 (tQa T) dts.
to ko €N

Substituting (71) into (70), we get

E(t ’I“) <’I“nf(t0) l:l-‘r/ f tq dt1:| +7/ f tl Z 9~k CO/ f t2 Z 2” kgE]w tg, )dtgdtl

k1€EN ko €N

cz [t
<) L+ Cil + / fe) [ pe) Y 2 g () dia e,

to to k1,ko€N
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where we have applied (65) in order to reach the last inequality. This completes our second iteration.

We claim that at the Mth step, we will have the bound

M- 1
(72)  E(t,r) <r"f(to) Z +— ft e fltar) > B (o) gy gy
r r 0 ! rM 1 M k1t +kum M 1-
=0

k1,....,kpm €N

We have shown this is true for M = 1,2. Now we induct, using this bound to derive step M + 1,

which we will see has the same form. Indeed, Lemma 2.6 gives us
2, Co [ k
(73) EkM (tMa T) < Tnf(tO) + 7 f(tM+1) Z 2- M+1EkM+1 (tM+17 ’I”) dtM+1;

to kar+1€EN

substituting this into our inductive hypothesis, we get

M—1 ~j tv—1
E(t,r) < T"f(t0)2 Z C SR/I f(tl) / ftar)dtar--- dty

= to
CMH fas By (tar41,7)
TM+1 / f tl f(tM+1) Z 21:;:—4*kM+1dtM+1 N dtl-
ki,...,knm41€EN
Since
C thr—1 1 CO t M CM
4 =0 (t1) ta)dtps - dty = — | — d g
o G e [ s an = 3 (2 [ e < S

we have now proved (72). Having established (72), we can prove (64) quickly. First, we clearly have

M—-1 ~j

§ Cl < Cq
1l

i=0 I’

To deal with the other term in (72), we estimate each Ey,, (tar, r) trivially by ||u||p<r2 (so the entire

sum can be bounded by ||u||f=r2). Then we use (74) to take care of the nested integrals.

Altogether we have

20 OV
E(t,r) < 7" f(t0)2e + Zhollullf e o,

which is (64). O

COROLLARY 2.7. Under the assumptions of either of Propositions 2.1 or 2.2, we have the bound

d(z,&) > B for all x € Q. Furthermore, the 3-density of € is uniformly bounded on (.
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3. Applications to the Navier-Stokes Equations

If we consider the 3-dimensional Navier-Stokes equations instead of the n-dimensional Euler equa-
tions, we can reach conclusions in the same spirit as those above. We describe the necessary modi-

fications below. Adding
(75) —21//|Vu|20dmd7+1//|u\2AadxdT

to the right side of (53), we obtain the energy equality for the Navier-Stokes equations. However,
the first of these terms can be dropped without affecting the inequality. The way we deal with the
second term depends on the method and test function used for the Euler case; these depend in turn

on the assumptions made on wu.

We consider together the cases u € LY*LP or u € LIL> (subject of course to the restrictions on p
and ¢ described above). We take o = ¢, as constructed above when considering these cases. The
second term of (75) can clearly be bounded above by
7% / |u|? dz dr.
2r
We claim that we can ignore this term as well. Indeed, 5 > 2 whenever

3 2
-+->1
P q
The negation of this inequality is precisely the Prodi-Serrin condition. Therefore we may assume

without loss of generality that 8 > 2, so that

r2

C
lu|? dz dr < 7%/ |u|? dz dr.
" JQar

2r
The right side of this inequality is the same quantity we use to bound the term [ |u|?|0;¢,|dz dr
that appears in (54); therefore it is clear that the addition of the viscous term can cause no trouble.
That is, (51) holds whenever the Prodi-Serrin condition fails, while it is obsolete whenever the

Prodi-Serrin condition holds.

REMARK 3.1. We mention one other extension of Proposition 2.1 before moving on, which is ap-
plicable only to the Navier-Stokes system. We can obtain a condition similar to (51) under the

assumption v € LYLP for some pairs (p,q) with p < 3, simply by interpolation with the enstrophy
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space L2H'. In particular, this is possible when

5 1
p
G=3 1 _
-
We can apply Proposition 2.1 to u € L%L3, yielding
sup |u(z, t)|2 da < CyrP,
—ro<t<0,zoEK Br(xo)
where
e o amped
a=——71, P=—F3_1-
p q p q

When |lu(t)| = < colt| /% (and we use the corresponding time-independent test function o = ¢, =

¢ from Section 2.4), we may estimate the second term of (75) as follows:

¢ t 3
/t/|u|2AgbdxdT§[/t/B u|3dxd7} © ol

< (B[ [ e aner]

T T to

<

t
< C|t0\r_1 + 9 f(r)E(r,2r)dr.
r i

The second term can be absorbed into a term already existing in our energy estimates. We claim
that running the first term through the iteration scheme yields a quantity which can be bounded
above by C|to|r='et, which is of the same order as 77 ~1. Note that this is at least the required
order TS_QTQ/ whenever ¢ < 2, therefore Proposition 2.2 holds for the Navier-Stokes equations when

n = 3 and 5/3 < ¢ < 2. On the other hand, the conclusion is trivial whenever ¢ > 2, by the

Prodi-Serrin criterion.
We now sketch the argument needed to substantiate our claim regarding the term Cl|to|r~!. By

making straightforward adjustments to the proof of Lemma 2.6, we can write

t
(76) E(t,r) §r3f(s)2+%+@/ f(T)Z2_jEj(T,’I’)dT, -1<s<t<0,
r r s
s jeN
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together with its rescaled version

(77) Ei(t,r) <r3f(s)* + ch;u / f(r 22 TE;(1,7) -1<s<t<0,
JEN

the analog of (69). Setting s = ¢y, we have the analogs of (70) and (71):

Clt C
(1) B(t.r) = Eoftr) < (i) + S0y ﬂ/f )3 2R By (1, ) diy,
k1€N
Clt C
(79) By, (t1,7) <13 f(to)* + Cltol + =2 ta) > 27 By, (ta,7) dty.
r " Jto ko €N
So our second iterative step becomes
3 2 L C|t0| C (k1 +ks)
BE(t,r) < |r*f(to)* + [1+Cy] + f(tl) f (t2) Y 27 B, (to, ) dto dty,
to to ki1,k2€N
whereas our Mth step yields
M—1
C’|t0| C’
)2 4
E(t,r) < [ £(to) >3
j=
M1 By, (ty,r
/ flty)- / ftar) > %dwmdtl.
ki,....knm €N

Bounding the two sums and the nested integrals as before, then taking M — oo, we obtain the
bound

E(t,r) < [r* f(to)? + Clto|r—"]e™ < v~ 71,

justifying our claim. We pause to record this as a Proposition:

PROPOSITION 3.2. Propositions 2.1 and 2.2 remain valid for solutions of 3D Navier-Stokes equation,

where 0 is the first time of blowup.

We are now in a position to prove Theorem 1.3.
PRrROOF. Recall (c.f. Remark 2.3) that Proposition 2.2 can be reframed as the implication
‘o 2n—g2s
||u(t)||L°°(R") < TEZ = u € LCM>" "1,

In the Type-I case for the 3-dimensional Navier-Stokes equations, we have ¢ = 2, n = 3, so that the
above becomes

[w(t)[| Lo sy < QO ue LML

Vit
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Before proceeding with the proof, we note that this is the implication “Type-I in time implies Type-I
in space” alluded to in the Introduction. By “Type-I in space,” we mean we mean a blowup which
occurs under control of a scaling invariant norm in space—in this case the Morrey space M?!
with integrability 2 and rate 1. So it remains to show that the Type-I in space condition implies
energy equality. We argue as follows: Since M2 is invariant under shifts f — f(- — x) and the
rescaling f(z) — Af(Az), we have by Cannone’s Theorem [3] that u € LB, . Consequently,
interpolation with the enstrophy space L?H! = LQB%Q puts the solution into the Onsager-critical

class L3B§7/33 C OR, from which we conclude energy equality. |

4. Concentration Dimension of the Energy Measure

As explained in Section 1, the results above directly imply a lower bound on D. For example, if u

belongs to LILP and (p, q) satisfies (50), p > 3, and ¢ < oo, then we have

(80) D>/3—q(n—2”—2+”).

- g1 p q
It turns out that for pairs (p,q) such that p < oo and 8 > 0, one can obtain a sharper bound by

exploiting the local energy inequality directly for the entire cover of a concentration set.

In what follows, we make use of the following alternate form of the local energy equality in terms of

the energy measure. For any o € C§°(2 x (—1,0]), we have
0

(81) /0(0) dé = / / |u|?0r0 4 ([ul* + 2p)u - Vo — 2v(|Vu|?0 —u ® Vo : Vu) dz dr,
-1Jo

where as usual we understand that v = 0 for the Euler Equations. Notice that we have killed off
the initial data by requiring support in Q x (—1, 0] rather than Q x [—1,0]. By approximation, (81)
holds for all o € Lipy((—1,0] x ).

4.1. Euler Equations.

THEOREM 4.1. Define a function f(p,q) by

f(paq):n_

—
ASESIRTN
Q=
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where we interpret é = 0. Suppose u € LILP(Q) for some (p,q) satisfying (50), and suppose d > 0

satisfies

d< f(p.q), ifqg<p<oo, g<oo
(82)

d< f(p,q), f3<p<g<oo, orif2<p<oo=gq.
Then E(S) = 0 for every S C Q with finite d-dimensional Hausdorff measure. In particular, if
dimy (Xons) satisfies (82), then u satisfies the local energy equality on [—1,0]. Regardless of the size

of Zons, the right side of (82) gives a lower bound on the concentration dimension D. Similarly, if

dimy(X) satisfies (82), then D = n.

_1
vy=4
15/30% | f(p,q) =0
N
W =3
N
AT

L™ L NN fpg) =1

FIGURE 1. Level curves of the lower bound on the concentration dimension for
the Euler equations, n = 3.

REMARK 4.2. Notice that

2 n— 2n _ 24n _2n _ 24n

q _ p q p q —
n-{2_1- {_2z_1 2 1_1 =8

p q p q q

with equality precisely when p = co. So the lower bound on D given by the present theorem is

indeed better than (80) except when p = oo, when it is the same.

PROOF. The statement regarding the concentration set X is a direct consequence of Corollary
1.3. Next, recall from Section 1 that the two conditions |Xy,s] = 0 and £(Xns) = 0 together imply
energy equality. Of course, if dimy (X,ns) < n (which occurs whenever dimy (2,,s) satisfies (82)),

then |X,,s| = 0 trivially and we need only prove £(X,,s) = 0 in order to conclude energy equality.
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Therefore the conclusion holds trivially for u € L®LP(QQ), p > 2, since we have already proven

D = n in this case (see Corollary 1.2).

It remains to show that £(S) = 0 whenever dimy,(S) satisfies (82). Let us first reduce to the case
D,q € [3,00). This can fail for three reasons: ¢ < 3, p = 0o, or ¢ = co. We have already dealt with
the last case; the other two are covered by the following interpolation argument. Suppose ¢ < p < 00

%q. Then (r,r) satisfies (50), r € [3,00), and w € L"L", as it lies along the

and put r =2+ q —
line segment joining LILP with L>°L?. (That is, (%, 1) lies between (%, %) and (%,0) on the line

2px + q(p — 2)y = p.) Furthermore, it is easy to check that

2 2
n—————s-=n— ———,
r—1-2r g—1-71

and therefore that d < n — ﬁ, so that £(5) = 0, as desired. For the remainder of the proof,

we assume that p,q € [3,00).

Choose 6 € (0,€¢/3), then choose z; € Qc, r; € (0,0) for all ¢, such that S C |J,; By, (x;) and
Yoo rd < Ha(S) + 1. Denote I; = (—2r¢,0) (where « is determined below). Let ¢(s) be the usual
(symmetric, radially decreasing) cut-off function on the line with ¢ (s) = 1 on |s| < 1.1 and ¥ (s)

vanishing on |s| > 1.9. Let ¢;(x,t) = ¥(|z — z;|/r:)(t/rY). Define

oV = sup ¢, ¢ = sup ¢;.
1<i<N ieN

Then each ¢% is continuous with support in  x (0,7], 0 < ¢V < 1, and ¢” increases pointwise to

¢, which is identically 1 on S x {0}. So
£(S) < /¢(0) dé = lim [ ¢N(0)dE,
N —oc0
by monotone convergence. Furthermore, each ¢V is differentiable a.e., with
(83) |06N (,1)] < sup |0¢i(z,t)|, a.e., see [21, Theorem 4.13].
1<i<N

(In fact, we even have |9¢(z,t)| < sup;cy [0¢;(x,t)|, though we don’t use it.) Therefore, an approx-

imation argument shows that we can put ¢~ in the local energy equality:

0
lim/ﬂ|u(t)\2¢N(t) dJ;:[1/§l\u|28t¢N+(|u(t)|2+2p)u-V¢NdxdT.

t—0
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Putting all this together, we obtain

(84) £(S) < lim / /|u| 1™ + ([ul?® + 2p)u - Vo» da dr.

N—o0

For d small enough, we will obtain uniform bounds on

0 0
CN:/ /|u|28t¢Ndde, DN+PN:/ /(|u|2+2p)u-V¢Nd$dT.
—-1JO —-1JQ

Using Holder’s inequality and (83), we have

_72_"_” P q
Cy < CHUHM I,LP()) 7’7 (1) de
0 N pTTBqES q%g
—=L-4n
D + Py < Cllull3ar po o)) /1 (ZU v Xh(ﬂ) dt
=1 \i=1

Note that to bound Py, we have also used boundedness of the Riesz transforms on LP/? (recall
that p € [3,00)). That is, we use the bound ||p|/;»/2 < C|lu||%, before exhausting the remaining
integrability on V. The following lemma allows us to bound the quantities Cy, Dy + Py for

small enough d:

LEMMA 4.3 ([39]). Let d, 0, r;, I; be as above, and let o,s be positive numbers. Suppose the sum

H=3 rd is finite. Then the inequality

(85) / (Z rif’xli(t)> dt < H*

holds whenever s > 1 and d < % —o,o0rs <1andd< % —o. When d = 0, the above holds

(trivially) under the non-strict assumption 0 < £ — o.

PRrOOF. Case 1. s > 1. By Holder’s inequality, we have

0 (Z”_UX”“)> - (ern‘ "‘dmt)) < By ),

Integrating in time, we obtain

/(Zﬁ”xﬂﬂ) dt < H 12 ~(o+d)sta

The sum is at most H whenever the condition stated in the lemma is satisfied.
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Case 2. s < 1. Foreach j € Z, define R; := {r; : r; € [277, 277T1)} and let N; denote the cardinality
of R;. Clearly, N; < 2/¢H and N; = 0 for j < 0. Also denote J; = [—2(=7+De o(=i+ha] Go if

r; € Ry, then ;77 xp, (t) < 277, (t). Therefore,

S S

/(ZTiUXIi(t)> dtg/ > N;27x,(t) dtgHs/ D 2Dy, () | dt

< HS/ZQj(U-&-d)SXJJ (t) dt S H® Z2j((o+d)s—a).
j=1

j=1

The final sum converges to an adimensional number by the assumption of the lemma. |

We translate the hypotheses and conclusion of the Lemma into statements involving p, ¢, a, and d;

then we optimize in . When dealing with Cy, we set o = % —n and s = %ﬁ. Denoting

Hy =S 7% we conclude that

i=1"14>

2

d<n-— <

1—2>
P

(03

- 2<q<p<oo,
(87) Cy < ||u||%q(I7Lp(Q))HN ?  whenever

2o

d<n—15_—2, 2<p<qg<Loo.
p

Dealing with Dy + Py is essentially the same: we set 0 = p’%g —nand s = %q%g and apply the

lemma to conclude that

—a(1-3
s dSn—%%i),3§q§p<oo,
(88) Dy + Py < ||u||iq(11Lp(Q))HN ?  whenever
Ca(1-3
d<n—%, 3<p<qg<Loo.

In light of the bound Hy < H4(S) + 1, which is uniform in both N and §, we have
_2 _3
£(9) < HUH%Q(I,LP(Q))(Hd(S) +1) 4+ ||U||?iq(1,Lp(Q))(7'ld(S) +1)177,

by (84), whenever the conditions on d from (87), (88) are satisfied for some «. (Note that, while
the estimates on Cy and Dy + Py are valid for the ranges of p and ¢ stated above, we continue
to work under the assumption that p and ¢ both lie in the range p,q € [3,00).) Since |I| — 0 as

6 — 0, we have |lupe(r,zr(0)) — 0 as well (as ¢ < 00), and therefore £(S) = 0. The choice of «

) l—a(l—%) %a
min n—T,n—l_g

p p

which maximizes
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(and therefore gives the optimal range for d) is given by
(89) a=

Substituting this value of « into the conditions on d derived above, we conclude that £(S) = 0

whenever
2
dgn—l 5 3<g<p<oo
P q
(90) '
d<n-— ;1 7, 3<p<g<oo.
T p g
This completes the proof. O

4.2. Navier-Stokes Equations. In the case of the Navier-Stokes equations, the optimal con-

dition on d analogous to (82) breaks into many different parts, depending on p and ¢. To streamline

defined below consists of pairs (p,q) C [1, 00]2.

1

IN

5
q

the statement of the theorem, let us introduce notation for the various regions involved. Each region
1 1 1 6 5 1 1 6
I::{p2q7+>a +§3}5 II:{3§p<q7+ )
P g 2 p g p g 2 p

3}
(91) 111;:{<p,q):z<p<3, (;-;)(2—3)3 SG‘)( i)(g ) }

1

q
1 1 1 3 1 1 1 1 1 1 3
» ¢=2 p ¢ p q 2 q 2 p p

Let us introduce also a piecewise function defined on these regions, which will serve as a sort of

threshold dimension in what follows:

)
)1-2)

—
D o

f(p,q):S—i,inIUH, flp,q) =3—- in III,
q

SELVI TN
B N

(2-

QW

flp,g) =3, nIVUV.

THEOREM 4.4. Suppose u € LILP(Q) for some (p,q) satisfying (50), and suppose d > 0 satisfies

d< f(p,a), (p.q) €l
(92)
d< f(p,q), (p,q) e TUIITUIVUV.
Then E(S) = 0 for every S C Q with finite d-dimensional Hausdorff measure. In particular, if

dimy (Xons) satisfies (92), then u satisfies the local energy equality. Regardless of the size of Lons,
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‘ ‘ _ 1
LooL3 LooL2 .’)Z—;

FIGURE 2. The regions of (p, ¢)-space involved in the statement of Theorem 4.4.

FicUre 3. A 3D plot of the lower bound on the concentration dimension for the

Navier-Stokes equations.

the right side of (92) gives a lower bound on the concentration dimension D. Similarly, if dimy (X)

satisfies (92), then D = 3.

REMARK 4.5. For (p,q) € III, the formula defining f(p,q) can be written as a deviation from the

formula in the neighboring region II:

s eV . § G-DB-3-9
B O N L R )

REMARK 4.6. In Figure 2, to highlight values of f(p,q) along jump discontinuities the boundary

segments are dotted according to which of two adjoining regions contains the segment in question.
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For example, Region IV contains the segment joining LZL> with L*L* along which f = 3, but

Region II contains the segment joining L*L* with LSL3.

PrOOF. The claims regarding ¥ and ¥,,s follow by the same reasoning as in the proof of
Theorem 4.1. Also, the local energy equality for the space L*L* gives the result in region IV. To
treat the remaining regions, let us use the same setup and test function as in the proof of Theorem

4.1, assuming n = 3. Since v > 0 now, we do have to consider the two additional terms

0 0
EN:/ /\vu\QqudxdT, FN:/ /u®V¢N:VudxdT.
—-1JO —-1JQ

Taking N — oo and then § — 0, it is clear that Fx vanishes in the limit regardless of (p,q). It
turns out that Fly is also never limiting with respect to the best possible value of D, but it takes a

bit of work to see this.

We treat the remaining four regions in turn as follows:

e In Regions I and II, we reuse the bounds (87) and (88) (with n = 3), and we show that the
analogous bounds for Fly are strictly better in these two regions. Strictly speaking, this
argument only works for ¢ > 3, but we can use the same logic as in the previous proof to
cover the missing region I N {q < 3}.

e In Region III, we reuse (87) once again, but (88) is no longer valid for any pair (p,q)
under consideration. We give a replacement bound using the enstrophy, which is valid for
2 < p < 3, then we optimize as in the previous theorem.

e In Region V, we use a sort of bootstrap argument. First, we construct a function g(p, q)
defined on Region V such that £(S) = 0 whenever dimy/(S) < ¢g(p,¢). Then, we show that
9(p,q) > 1 everywhere on V. By the discussion in Section 1.3, we know that dimy (2,,s) <
1 < g(p,q), and therefore that £(X,,s) = 0. But this implies that d& = |u(0)|*dz and
that the local energy equality holds for ¢ = 0. This obviously implies D = 3, which is the

desired conclusion for Region V.

Step 1: Regions I and II. In accordance with the outline above, we assume without loss of

generality that ¢ > 3. Estimating

pP=2_4q 2q

0 N 2p P q—2
—5-5+3
Fy < CHUHZLq(LLP(Q))||VU||L2L2 / < Tt Xli(t)> de

1=
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and applying Lemma 4.3, we conclude that

d<3- 1270 9 y<p<
=~ - 1—2 ) = = )
1_1 3
93)  Fy < Jullio(r,oo I Vullpg2Hy * whenever
d<3-— QQIEE_Q),2<p<q§oo
P

Comparison with (87) shows that our condition on Fly is superfluous if e > 2, which is satisfied by
(89) exactly when %Jr % > % But % + é > % holds for all (p, q) € IUIIL. Therefore we can ignore Fly
in Regions I and IT and read off the relevant conclusion from the previous theorem in these regions

(with n = 3). That is, £(S) = 0 holds if S has finite d-dimensional Hausdorff measure, where d

satisfies
2
d<3-—5—1 ael
(94) 5
d<3_1,§,l’ (p,q) €11
P q

This takes care of Regions I and IT completely. However, before proceeding we note that our condition
cannot be improved by considering o < 2: in this case, the bounds on d from (88) and (93) can both

be improved by increasing «, while the bound on d from (87) is superfluous.

Step 2: Region III. Region III lies entirely in the range {2 < p < 3}, where (88) is not applicable.

Therefore we estimate Dy + Py differently:

9=

(95) Dy + Py < [l 255 ( [swriox o dt) ,
where
6 3 3
1 B 1-8 p "2 1 38 _31-8) _27p~4
6 _ = — _— > = ; —_ = 1 —_— — = .
(96) 3 6 + p p 1% -1 o 2 q g -1

Now using the notation of Lemma 4.3, we have

/ supr; 7 x, (t) dt < / sup 297y, () dt <Y (2277) 7,
¢ J

J
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which is bounded whenever o < «. Note that this condition is independent of d, so we formulate it

as a bound on «:

[IESHT=N
D w |
[ =

(97) a>

Q|

Reasoning as before, we have control over both C and F whenever

2o
(98) d<3—1q_2
P
and o > 2. Now
(99) y 1 S e 24100
-7 7

and every pair (p,q) in Region III satisfies % + % > % (This is not difficult to show algebraically,
but it is even easier to see geometrically by noting that the line % + % = % passes through L83 and

LOOL12/5.)

Therefore we can substitute (97) into (98) in order to conclude that £(S) = 0 whenever d = dimy (S)

satisfies

LSRN

(¢-1
-5(-21-2)

This is the desired conclusion for Region III.

(100) d<3— (p,q) € IIL.

Step 3: Region V. The general strategy for dealing with Region V is outlined at the beginning of
the proof. We recall that to complete the proof, it suffices to find a function g(p,q) > 1 on V such
that dimy (S) < g(p, q) implies that £(S) = 0. In order to define this function g(p, q), we first split
the region V further into three pieces:
2 1 ) 2 1 5
101 Veoi=Vni{p>3}, Vpy:=Vni{p<3 ﬁ{+§}, VC::VO{+>}.
(101) =3 pespnis+o<q S>3

In Region V., we can reason as in Step 2 and define g(p, ¢) by the right side of (100). Furthermore,

9(p,q) =3 - (1_%’)(2_%_7)

- 1 3
since & < (2 - 7)(

N
I
==
S~—"
S
=
—
=
)
S~—"
m
<
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In the Regions V, and V;, we set a = 2 and note that the restrictions on d due to (87) and (93)
coincide in this case. On the other hand, the restriction due to Dy + Py becomes superfluous here.
This is easy to see for (p, q) € Vy, since (97) is satisfied in this region by (99). For (p, ¢) € V,, one can
also compare (87) and (88) directly, but the following argument is perhaps more insightful: Notice
that, as we increase «, the requirements on d become more stringent for (87) and less stringent for
(88). The two conditions coincide when « is given by (89). As discussed in Step 1, this value of «
is less than 2 if % + % < %, which is satisfied for all pairs (p,q) € V. Therefore, (88) is superfluous
when (p, q) € V, and o = 2. We therefore define
4

9(p,q) =3 — 1_% (p,q) € V4 UV,

Since % + % < 1in V, we have

(102) 3— = L1 P~>1, (p.g) €V,

and therefore g(p,q) > 1 in V, UV,, and therefore in all of V. This completes the proof. g



CHAPTER 3

More on Energy Equality: General Singularity Sets,

Fractional Navier-Stokes'

1. General singularities

Even if the energy equality is known on each time interval of regularity including at the critical time,
it is unknown whether energy equality holds globally on the time interval of existence of the weak
solution. This is due to lack of a proper gluing procedure that could restore energy equality from
pieces. In this section, we therefore address the question of energy balance when the singularity set

Yons is spread in space-time. We consider only the case when v > 0.

When dealing with a singularity set that is spread in space-time, we must change our approach from
that of the previous chapter. Indeed, our method in the setting of the first blowup time was built on
the fact that no term of (8) ‘sees’ the singularity set before the end of the limiting procedure. We
considered (8) as a sequence of local energy equalities, indexed by time, and we made our conclusions
by taking limits. Once we fix a time interval on which singularities may be present, we immediately
lose our natural sequence of equalities; it is not even clear what a replacement family of equalities
would have as its index! Fortunately, Lemma 1.1 from the Introduction suggests a collection of
equalities to consider, and our experience in the previous chapter with the concentration dimension
suggests how we might index these equalities.? We can actually preserve the spirit of the argument
used to deal with the concentration dimensions, with a few important modifications. However, to
the author’s knowledge, there is not a natural analogue of the energy measure in this situation.?
Therefore, we can only answer in a binary way the question of whether it is possible to conclude
energy balance under a given integrability condition on the solution.

LThis chapter is largely excerpted from:

[39] Trevor M. Leslie and Roman Shvydkoy. Conditions Implying Energy Equality for Weak Solutions of the Navier—
Stokes Equations. SIAM J. Math. Anal., 50(1):870-890, 2018. Copyright (© 2018 Society for Industrial and Applied
Mathematics. Reprinted with permission. All rights reserved.

In particular, the cited article is the original source of all figures contained in this chapter.

2This way of framing things is, in the author’s opinion, logically correct; however, it is anachronistic. In fact, the
technique of ‘cutting out’ the singularity set as described in this chapter predates the arguments in the previous
chapter which give bounds on the concentration dimension.

30ne might try, though, to see what is possible with the Duchon-Robert distribution of [20]. We leave the exploration
of this topic to future research.

48
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In light of these differences, we alter our approach somewhat. First, we content ourselves with

studying the global energy equality

t
(103) %/|u(t)|2dx—%/\uo|2dx:—u/ /|Vu(x7s)|2dxds.
0

In the classical Navier-Stokes case, our method can easily be adjusted to prove the local energy
equality whenever we can establish the global one. However, this is not true of the fractional Navier-
Stokes equations, which we consider below. We prefer to keep our approach to the two equations as

unified as is practical, and we therefore restrict attention to (103) (and later its fractional analogue).

We now describe the modified method in full detail. The analogue of (10) in the present context is

/Rg |u|2¢(t)dac—/Ra |u2¢(5)dx_/st/RS W20 dr
(104) =/:/RSulzu.v¢dxdr+glt43pu,v¢dmd7

t t
—21// / |Vu|2¢721// / u® V¢ : Vudxdr,
s JR3 s JR3

which is valid for all ¢ € C§°((R? x [0,7])\Eons).- An approximation argument shows that (53)
remains valid for functions ¢ (supported outside ¥,,, as before) which belong only to W rather
than C'*°. The main idea of this section is to construct a sequence of test functions which satisfy

this equality and to show that passing to the limit causes it to reduce to (103).

Recall that Leray-Hopf solutions satisfy u(t) — w(0) strongly in L?(R3) as t — 0. Therefore,
in order to establish (103), it suffices to prove energy balance on the time interval [s, T] for each
s € (0,T); the Onsager singularity set at the initial time is irrelevant for our analysis. Therefore, we
introduce the following singularity set, which we call the postinitial singularity set S (or simply the

singularity set when it will cause no confusion), defined by
S = Yons\(R? x {0}).

Working with S rather than all of X,,s allows us to obtain better conditions guaranteeing energy
balance for solutions which have arbitrary divergence free initial condition ug € L? (but which have
small postinitial singularity sets). A priori, this replacement requires us to assume s > 0 rather
than s > 0 in (53). However, as pointed out above, we may extend to s = 0 by continuity, so that
we may consider S instead of ¥,,s at no real cost. We will make the standing assumption that the

Lebesgue measure |S| of S in R? x [0, 7] is equal to zero.
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Let us label each of the terms in (104) and rewrite the equation as
(105) A-—B—-C=D+2P —-2vE — 2vF.

Having established the above considerations and notation, we can now describe the main idea more
clearly and succinctly. Given a Leray—Hopf solution w and its (postinitial) singularity set S, we seek

a sequence {¢s}s>o of test functions such that

e supp @5 C (R3 x [0, T])\S and ¢5 € WH>°(R3 x [0,T]) (so (104) is valid for 0 < s < ¢t < T);
e 0 < ¢5 <1 and ¢5 — 1 pointwise a.e. as 6 — 0 (which is possible since |S| = 0),

guaranteeing the convergence of the terms A, B, and E to their natural limits

t
/ \u(t)|2dac,/‘ \u(s)\de,/ / |Vu|? dz dr,
RS R3 s JRs

respectively. These convergences follow from the fact that u € L>®°L? N L2H!, together

with the dominated convergence theorem.

When A, B, and E tend to their natural limits, we see that in order to establish energy balance
on [s,T], it suffices to prove that the other terms C, D + 2P, and F vanish as 6 — 0. In order to
ensure this, we make integrability assumptions on the solution u, i.e., u € L(0,T, LP(R?)) for some
pair (p, q) of integrability exponents. The set of admissible values for p and ¢, which will make the
terms C, D+ 2P and F vanish, depend on the integrability properties of the functions ¢, which in
turn depend on the size of S. Below we will generally suppress the notation ¢ from the subscript of

our sequence of test functions.

‘We make one more remark before proceeding to construct the test functions. One remaining technical
difference between the setting of Chapter 2 and the present one is that we have no freedom in choosing
the time scale of the covering cylinders; rather, the scale should already be built into the definition
of the Hausdorff dimension. We choose to work with the classical parabolic dimension, i.e., o = 2
in our terms. Consequently, the conclusion of Lemma 4.3 may not be valid when s < 1. Instead,
we can only prove that the left side of (85) is bounded above by H (multiplied by some constant
which is independent of §) under the stronger assumption os + d < o = 2. This is achieved simply
by bringing the exponent s inside the sum. However, the condition os + d < a = 2 is the sharpest
possible under which the conclusion of the lemma holds, as one can see by considering an example

of the opposite extreme, where all the intervals I; are disjoint. However, the proof of the lemma in
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the case s > 1 does not depend on the intervals I; being nested; the proof and conclusion remain

valid in this case.

Assume then that S has finite d-dimensional parabolic Hausdorff measure for some d € (0, 1] but
no other special properties.* Our method does not yield anything new for d > 1, so we do not treat
these values of d. Let § > 0; then choose finitely many (x;,¢;) € R? x (0,T] and r; € (0,8) such
that S C Q := |, Qi, where Q; = By, (z;) x (t; — 73, t; + 7). Write I; = (t; — 2r7, t; + 2r?). Let
Q* denote the union of the double-dilated cylinders and I = |J; I;. Let ¢ be the usual (symmetric,
radially decreasing) cutoff function with 1(s) = 1 on |s|] < 1.1 and ¥(s) = 0 for s > 1.9; put

¢i = Y(lz — @il /ri)(|t — til /r}) and ¢ = 1 — sup; ¢;.

We note that we have |I| — 0 as § — 0, even though the intervals I; are no longer nested. This is

because

(106) HEDSAED B AR ) PEr

and because d < 2 in all cases considered in this section.

Assume p < ¢. Using bounds analogous to (87), (93), we see that C, F — 0 whenever

or, simplifying,

(107) %+—<— (r<q).

d
(108) St oS3 BEpsa<o)

Of course, when d € [0,1], we have 5% < 324 50 the restriction (108) is limiting in this case.

On the other hand, if p < 3, then we use (95) and (96). Estimating

ey / e () de < 3002,

4Let us note that in the special case d = 0, S is once again a finite point set. The energy balance relation holds on
each of the finitely many time-slices associated to each of the points in S under the criteria of the previous section.
Therefore, it holds under these criteria for a general O-dimensional singularity set; we assume d > 0 without loss of
generality.
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we see that D, P — 0 whenever and 2 — o > d, i.e.,

(109) 4—d+2—d§5—2d7
P q 3
Notice that we could have also reached this inequality by interpolation. This argument covers all
terms under consideration in the case p < ¢; it remains to deal with the case when p > ¢. Most of the
analysis from the single time-slice situation carries over in this case since Lemma 4.3 from Chapter
2 does not require nested I; in the case s > 1. However, the lack of freedom to choose « restricts

the applicable range of pairs (p,q). After translating the condition s(c + d) < 2 into conditions on

C,D, P, F, we see that D, P are most stringent when p > ¢ > 3 and correspond to the condition

3—d+2§4—d

, 3<qg<p.
D q 3

Using interpolation to treat the cases p = 0o, ¢ < 3, and ¢ = oo as well, we can state our criteria

for energy balance as follows:

2(3—d —d
(110a) B=d) 5=d 45 4 ,<3<p
P q
_ 2 4_
(110Db) i—g+f§——g, 3<q<p
D q 3
2 — 4—
(110c) §+7d§7d, 3<p<yq
D q 3
4—d 2—d 5-—2d
(110d) < , p<3<gq
D q 3

As d — 17, these criteria collectively collapse to the region implicated by the Lions L*L* condi-

5—d 9—3d
tion. However, when d € (0,1) we obtain a new region bounded by the points L3=4 L>° L3 =2-a
15—3d 15—3d 6

—3d 5—2d
L+=d [7i=a | [7=a [3, [ L12-3d. See Figure 4.

2. Fractional Navier-Stokes Equations

In this section, we present extensions of some of our results for the classical Navier-Stokes equations

to the case of fractional dissipation vy < 1:

(111) O+ u - Vu+vAgu=—Vp

(112) divu =0

where Ks\u = |¢|*u. We define the Onsager regular and singular sets as in the classical case. In the

fractional dissipation case, weak solutions belong to L2HY N L°°L?, and the analogue of (104) can
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L2L6 L2Loo 4
9-3d

I3[ 7=a

15—3d 15

VA==

- 1 1

L3 L2 l':; L3 L2 x:;

FIGURE 4. L1LP spaces which guarantee energy equality for the 3D Navier-Stokes
equations, for a general singularity set of dimension 0 < d < 1 (left) and d = 1
(right). Our method gives new results when d < 1.

be written

/Rslu|2¢(t)dx_/w |u|2¢(s)dx_/sf/RS s

t t t
(113) = / / |u|?u - Vo da dr + 2/ / pu-Védrdr — 21// / |Ayu|?¢drdr
s JR3 s JR3 s JR3
t t
- 2V/ /Rg A ulyg — 2V/ /]RS Ay - [Ay(up) — (Ayu)p — ul,p] dz dr

As in the classical case, this equality is valid for ¢ € W1°°(R3 x [0, T]) which are supported outside

the Onsager singular set. We label our terms in the same manner as in the classical case:
A-B-C=D+2P—-2vE —2vF — 21@G.

As before, convergence of A, B, E is obvious; proving energy equality amounts to showing that the
other terms vanish. We consider the global energy equality for both the time-slice and the general
singularity cases. Though the calculations pertaining to the concentration dimension of the energy
measure can be extended to the time-slice case in a rather straightforward manner, it is not obvious
how to extend the bounds on the local dimension in a manner analogous to that of Section 3. We

therefore prefer to leave the analysis of both cases for future research.

For sufficiently regular f and v € (0,2), we have

d_-0.f(x) = 0-f ()
A,Yf(l‘> = —Cy / W dz = Cy D-V. |Z|3+7 dZ,




where ¢, denotes the difference operator §, f(x) = f(z + 2z) — f(x). We also recall the bound

(114) 185 8llze S 0l [Vl 7e,

valid for ¢ € W a € [1,00], v € (0,1). We will use this without comment in what follows.
LEMMA 2.1. Letu e HYNLP, p>2, v € (0,1), and ¢ € W 72, Then

(115) 145 (ug) = (Ayu)p — uhy gLz S IIUIILPII¢|| 2 VOl =,

The inequality continues to hold when p =2 and 2p/(p — 2) is replaced by co.

PROOF. We use the identity
S.u(x) 0-¢(x)
Ay 6) = (A0 = ud al(w) = — [ DA s
and estimate the right side of this equality. Let r > 0 be arbitrary for now. Then

|t

d.ud, o0,
[ L Ry 1T
lzj<r 23T lzj>r 23T

< 2 |ull / ol d / 200, d
< 2l|ul|re — L dz 4+ — =" dz
|z|<r ||2+7 |z]|>7 |ZP+W

< Ul IVl 2 + 2000 2]

Put r = ||<;5|| 2 ||V¢|| ! 2, to complete the proof.

We apply this Lemma to our original test function ¢:

[ 161 + 14, u6) ~ (A0 — ut, 0l e
/(IIUHLPIWII 5 19617 2 ) dt
<||u||w||¢u =) ||v¢||2”

pP—2

Now with the bound |V¢(x,t)| < sup, |Ve;(x,t)|, we obtain

(116) Vol sy < [ (

pP—2 _a_
7 a2

_2r .3
r 7 <t>> dt.

%
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So we can use Lemma 4.3 from Chapter 2 to give conditions on when |F| 4+ |G| — 0, depending on

whether we are dealing with the one-slice or general type singularity.
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REMARK 2.2. It has been shown (c.f. [30, 61, 60, 11]) that 5 — 4+ serves as an upper bound for the
dimension of the singular set, provided that v € (%, 1) U (1, g) Interestingly, the value v = % plays
a significant role in our analysis as well, as is perhaps evidenced by the figures below. We include
some analysis relating to the empty case v € (%, 1), d > 5 — 4~ just to see what the method gives
us as compared to when v < %, where an analogue of the Caffarelli-Kohn-Nirenberg Theorem is not

available.

2.1. One-time singularity case, % < v < 1. We recall some of the conditions for the vanish-
ing of C and D + P and (using the lemma) add to them conditions for the vanishing of F'+G. Note
that the restriction (118) below on D + P is only valid inside the square p,q > 3, just as before. We

deal with this case first and investigate the case p < 3 separately:

3—d 3—d 3—d 3—d
(117) Sl gz T2 9oy
D q 2 D q 2
3—d 2 —d 3—d 2 —d
(118) AL e kP T e B
D q 3 D q 3
3—d 3—d ) 1 1-—
P q 2 q D 2
3—d 3—d -2 1 1-—
D q 2 q p 2

The line % -1= 157 joins L5 L with L2L2. Tt plays the role for F'+ G that the bisectrice plays
for C and D+ P. Also note that for each restriction, all inequalities are nonstrict in the special case

d =0, just as before.

When d < 5 — 4y, we find using the same argument as in the classical case that a = % gives

the optimal region. At this value of «, (117) and (118) coincide, and (119a) and (119b) are less
restrictive than (117) and (118). Furthermore, since the line corresponding to (117) rotates about

L>*L2, we may use interpolation to remove the restriction ¢ > 3.

In the case p < 3, we repeat the argument used for the classical Navier-Stokes case and make changes

where necessary. Assume first that v > %. Then we have

3 3(1—
(120) D]+ 1P| < [[ul33 a1l 3 2 IV | o e
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where
1 B-29)8 1-9 _6=2 -, (2y—Lp
(121) 53 6 T v e P T oo
1 38 3(1—-p5) _ 2ypq—3p(2y—1)—3q
(122) s T ¢ (6-(B-2ypqg
Now

Vo700 :/SQPT;UXIi(t) dt < /SQPQWXJ t)dt < Z (2°77)
[ J
j

and the sum on the right is bounded whenever ¢ < a. Substituting in for o and simplifying,

2 2y —1 3-2v+2
+a+(v Jo _ v+ 20y

123
(123) ’ . 3

Note that as « increases, the line corresponding to equality rotates counterclockwise about L2172
Combining (117) and (123) with inequality replaced by equality in both cases, we find the curve
6(3 —d)z® +6(67—5— (2y — Dd)zy — (47 +3)(3 — d)x
(124)
— (227 — 15— (2 — 1)3d)y + 27(3 — d) = 0,
where x = p~! and y = ¢~!. Notice that the curve contains both L2157 and L>®L?, as we expect.
(Indeed, these points are the axes of rotation for our lines.) However, since we are restricted to the

15—3d
case p < 3, the part of the curve that we can use is limited to that connecting L 3-¢ L3 and L>L2.

If v < 3 , then (120) is not valid for all values of p,q. In particular, we need 38 < 2 for the obvious
application of Holder to be valid, which translates to p > 5>. When ~ € ( ) we also see that the

two places where the curve (124) crosses the z-axis are at = § and z = ?. When v € (3, 3), we

have 2—“’ € (l, l). So the curve still gives us a meaningful restriction up to the point where it crosses

the r-axis for the first time. Once v < 3, however, we have 2—7 < 7, so the use of enstrophy does

not allow us to make any statement about the range p < 3.

All in all, our criteria for energy equality in the case % <v<1,0<d<5— 4y can be stated as

23 —d 5—d 23 —d 5—d
(125) (3p )+ . <3-d,p>gq (p )Jr . <3-d,3<p<gq

6(3 —d)x® +6(6y —5— (2y — )d)ay — (47 +3)(3 — d)z
(126)

27}.

1
—(227y—-15—-(2vy - 1)3d)y +2v(3 —d) > 0, 3 << mln{2 3

Once again, strict inequalities are replaced by nonstrict ones if d = 0.



57

LFaL> ] LFaL> ]

L7 [2L%

2y
L= |

11—3d 11—3d
11-3d 11-3d L=a [[3=a
[ 3=ad [, 3-a -

6y—2 672

L2—1 [ 271 ~

2y
LZ3=1 [ ] . \

7 .
y 6y=2 _ 6y=2 %

. L2v=1]2v=1

s

I =2 v=3 LeL7s Ler? =g

FIGURE 5. LYLP spaces which guarantee energy equality for the 3D ~-fractional
Navier-Stokes Equations, with 2 <y <1 (left) or <~ < 2 (right) and time-slice
singularity of dimension 0 < d < 5 — 4~.

Figure 5 diagrams our results for a fixed value of d € (0,5 — 47) (we use d = 2) and varying
6y—2 6y—2
v E (%, 1). Note that L7 TL7 T serves as the analogue of the Lions space in the present context,

1/3

because interpolation between this space and L?H” lands in the Onsager space L3Bg,00.

As we take d — 5 — 4~ from below, the new region above the bisectrice collapses to the segment
[L‘”LQ%I , Lo=t L%] In this respect, the value d = 5 — 4y serves a similar role to the value d =1
in the classical case. Things are slightly more complicated when 5 —4v < d < 3. In this case, setting
«a equal to its usually optimal value of a@ = %d places too heavy a burden on F' + G; for a fixed
p, we must increase « to optimize until the restrictions on C' and F + G coincide. An elementary

computation gives the optimal value of «a to be
(127) acr(z) =B —-d)(1 —v)(1 —2z) +2v (x=p7h).

We see then that as z increases, the optimal value of o decreases. When p > 3, the restriction on
D + P is always less stringent for this value of a than the corresponding restriction for C'. However,
as x increases beyond %, acp(z) eventually becomes sufficiently small so that (123) becomes limiting
once again. At this point, the optimal restriction is once again determined by the intersection of the
C and D + P lines, following the curve (124). Indeed, along the curve (124), « is given by

3[(B—d)(2y—1) —2](1 — 2z) + 4y
2(2y — 3x) '

(128) ochp(x) =
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y=1 y=1
LE5 o |
. LA 5=
LTTL> |
LO"L; io L;OLQ r=21 i i 1
27 —1 D L>®[2v—1
FIGURE 6. LYLP spaces which guarantee energy equality for the 3D ~-fractional
Navier-Stokes equations, with 2 <~ < 1 (left) or £ <y < 3 (right) and time-slice
singularity of dimension 5 — 4y < d < 3.
Now
5—d
acpp(1/3) = —5 < 2y < acr(1/3),
whereas
4
acor(1/2) = g > 2y =acr(1/2) (3/4<7<1),

lim acpp(z) =00 > acr(2v/3) (1/2 <~ < 3/4).

z—
So there must be some z € (5, min{3, 2?7 ), where acpp(xo) = acr(xg). The actual value of xq
does not seem to take a particularly enlightening form in general, but it can be easily calculated

given v € (3,1) and d € (5 — 4v,3). See Figure 6.

Altogether, the criteria for energy equality in the case v € (%, 1) and d € (5 —4~,3) can be stated as

(129) 41-7)B—d)azy—2B—d+(d—1)y)y+(1—22)3—d) >0, =z <z

6(3 —d)x® +6(6y —5— (2y — )d)zy — (47 +3)(3 — d)z

(130) 12

—(22y—-15—-(2v—1)3d)y+2v(3—d) > 0, x0<x<min{2, 37

2.2. One-time singularity case, 0 < v < % Much of the analysis of the previous subsection
carries over to the case when v € (0, %] However, there are a few important differences. For one
thing, the Lions region is the single point L>*°L*> when v = % and trivial otherwise. Second, the
case d > 5 — 4~ is geometrically impossible since 5 — 4y > 3 here. Finally, we cannot say anything

about the region p < 3. As was mentioned earlier, the enstrophy argument used to deal with this
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5—d
LFaree ]
27

11-3d 11-3d
L 5=a [, 3=4d

15—3d

LS50 I3

o new

L>®L3 L2 1-:%

FIGUrRE 7. LILP spaces guaranteeing energy equality for the 3D ~-fractional
Navier-Stokes equations, v € (0, 3), and time-slice singularity of dimension d < 3.

’2
region for larger values of 4 does not apply when v € (0, %) In fact, we cannot even get any new
information by interpolation with the Leray-Hopf line since the point L2L 577 lies on the line z = %
when v = % and to the right of this line when v < % So the region for which we have proved energy
equality is independent of v for v < %; the region depends only on d. See Figure 7.

2.3. General singularities. We fix @« = 2v in consideration of the natural scaling. The

restrictions corresponding to C', D 4+ P, and F + G become

3—d 2 3—d 3 2v—d 3-—
(131) T 2 gy 24 <——,2<p<gq
D q 2 D q
3—d 2 2+42v—d 27v—d 242v—d
(132) i< Rl p>q>3 S4 2L Rk ,3<p<gq
D q 3 D q 3
3—d 2 3-d 1 1—
(133a) S N X BT
D q 2 q p 2
3 2y—d 3y—-d 1 1-—
(133b) DA T p g2
D q 2 q P 2

We will not present figures pertaining to this particular situation, as the reader can easily verify

conditions above for any particular values of v, d, p, q. However, we make several comments.

First, we note that the measure of I may not vanish for certain combinations of v, d. Mimicking the
argument of (106) only gives |I| — 0 when d < 2v. If d > 2+, then we continue with the additional

assumption that H4(S) is actually zero (rather than merely finite, as we usually assume).
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Assume first that v € (3,1). Then (132) is more stringent than (131) when d < 5 — 4~; the two
inequalities coincide when d = 5 — 4. At this value of d, the region satisfying (131), (132) is exactly
the region already covered by the analogue of the Lions result. So only the case d < 5 — 4 can give
new information. However, in contrast to the classical case, the restrictions (133a), (133b) are not
always superfluous. If v < %, then the Lions region is trivial, and consequently the value d = 5 — 4~
has no special significance for our argument in the case of a general 2v-parabolic d-dimensional

singularity with v € (0, 3).

When d = 0, the singularity set can be covered by finitely many time-slices, and the region covered
is the same as in the one-slice case. When d € (0,2y — 1), the DP-lines are limiting, but there
is still a nontrivial region covered in the range p < 3 by interpolation. This region disappears
when d = 27y — 1, but the DP-lines remain the limiting restriction until d surpasses the value
15+ — /972 — 187 + 25), at which point the lower FG-line (corresponding to (133b)) cuts into

5y—4y°
32y at

both the upper and the lower D P-lines. This situation prevails until d reaches the value
which point the lower F'G-line becomes more stringent than the lower D P-line everywhere below the
bisectrice. However, at this point, the upper F'G-line is still less stringent than the upper D P-line;
this changes once d surpasses 1. Note that the point L¥4L% is no longer included in the region
covered for d > 1. Rather, the upper F'G-line lies strictly below the interpolation line obtained
in the region ¢ < 3 from the uppermost point on the DP segment. When d lies in the range
de[l,2y+1-— 2\/m), the upper D P-line remains more stringent than the FG-lines on
a small segment. However, once d > 2y + 1 — %/W, the F'G restrictions are limiting in

all cases.

There are a few larger values of significance for d, but they involve the interaction between the
FG-lines and the Lions region rather than the F'G-lines and the other restrictions imposed by our
method. We describe briefly the bifurcations of the diagrams. When d reaches the value 2 — ~, the

Lions point L¥=1 LT lies on the lower F G segment. When d = v(5 — 4v), the new region below

the bisectrice disappears entirely (since 3z;d = 2’73_ L for this value of d). The new region disappears
entirely into the Lions region once d = Q_TW Indeed, at this value of d, we have 3%4‘1 = 272;1;

furthermore, both the upper FG-line and the line containing the upper part of the boundary for
the Lions region pass through L>°L?. Therefore, the upper FG-line collapses to (a portion of) the

boundary of the Lions region when d = 2_77



CHAPTER 4

Energy Equality for the Inhomogeneous Incompressible

Navier-Stokes and Euler Equations’

In this chapter we consider the question of energy equality for the system (16)—(18), as outlined in

the Introduction.

1. Preliminaries and Preparations for the Main Theorem

In [7] it was shown that if u € L3(0,T; B;fo (R%) N Cy ([0, T); L*(R?)) is a weak solution to the
(homogeneous) incompressible Euler equations, then w conserves energy. The authors define an
energy flux Ilg(¢) describing the energy dissipated from scales associated to wave numbers A\, = 29
for —1 < ¢ < Q. To prove their result, they bound Ilg(t) using the convolution of a sequence
involving the Littlewood-Paley projections of the solution u with a localization kernel; they conclude
by noting that their bound tends to zero in the limit. We follow a similar program in this section.
After motivating our use of Besov spaces by generalizing the Karman-Howarth-Monin relation to
the present context, we recall the definition of a Besov space and set some notation. Next, we derive
an energy budget relation associated to the density-dependent Navier-Stokes equations. Finally, we

define localization kernels and present some estimates that will streamline the proof of our theorem.

1.1. Karman-Howarth-Monin relation. Let us motivate the use of Besov spaces and the
choice of regularity classes by ideas from the turbulence theory. Our immediate goal is to extend the
classical Kérman-Howarth-Monin relation to the density-dependent case, see [26]. Let us suppose
that our fluid reached a state of fully developed turbulence in which statistical laws with respect
to an ensemble average (-) are independent of a location in space where are measured®. In order
to measure how much regularity is needed to control the energy flux we derive a formula for the

physical space energy flux due to the nonlinear transport term defined by

m(l) = iatW(r +0) - u(r)(p(r +£) + p(r)))

IMost of this chapter is taken from:

[38] T. M. Leslie and R. Shvydkoy. The energy balance relation for weak solutions of the density-dependent Navier-
Stokes equations. J. Differential Equations, 261(6):3719-3733, 2016.

2The common term homogeneous turbulence may be misleading in our settings as our density still remains variable.
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Note that it coincides with the classical flux in the case when p is constant, and it is symmetric with
respect to r + £,r. Let us use the notation u; = u;(r), u} = u;(r + £), 9; = %, 0l = Oiéi' From the

transport term in the momentum equation (16) we obtain
(134) =47 (€) = (0;(p'wjui)u) + (p'u;0; (ujui)) + (05 (pujua)ui) + (puid; (ujuz)).

Note that 0;(p'uju;) = 0;(p'ujuy), and (9} (p'ujui)u;) = 05 (p'ujuju;). Similarly, (pu;0;(uju;)) =
0i(puiujui). As to the two terms in the middle we first perform integration by parts. This can be
justified by first averaging over the fluid domain T?. Since the ensembles are independent of r, this
does not change the quantities. Then switching the order of averaging, integrating by parts, switching

again, and un-averaging produces the result. So, (p'u;0;(uju;)) = —(0;(p'ui)ujui) = —0;(p'ujuju;),

and similarly, (9;(puju;)u;) = —(puju;0;(u;)) = —9{puju;u;). We thus obtain
(135) dr(€) = =0 {p"uuiu;) + 0 (p"wiujui) + 0 (pujusu;) — 0 (puiuiug).
Let us denote du(f) = u(r +£) — u(r), and similar for p. The expression on the right can be written

(136) — V- {(6(pu) - du)du).

This can be proved directly by breaking the above into individual terms and noting that (p'uuju;) =
(pujuiu;) are independent of £, and 9} (pu;u;u;) = 0 by the divergence-free condition, and 0} (p'ujuju;) =
0 by the same reason after changing r — r — {. Applying the algebraic identity 0(fg) = 3[(f +

g+ (g +g")df] to (136), we obtain

(137)  wl) =~ Ve Gpul(ulr+ 0+ u(r) - 5u) — Ve ((plr + ) + plr) |5l 5

This is a direct generalization of the classical Karman-Howarth-Monin relation. One can see from
this relation that there are a few different ways to cause the flux to vanish, in terms of distribution
of smoothness and integrability between p and u. Given that p € L* is a natural assumption, the
last term vanishes if u is 1/3 regular in L3-sense. Then, for the first term to vanish one must also
have that u is 1/3 regular in L’-sense and p is 1/3 regular in L%sense, where % + % = 1. This leads

to the use of Besov spaces and suggests that the set of assumptions (25) is sharp.

1.2. Besov Spaces via Littlewood-Paley Decomposition. We follow the setup of [9] and
[7] in defining the Littlewood-Paley projections of the functions p,u,p. Fix x € C§°(B(0,1)) such

that x(¢) = 1 for [¢] < L. Define ¢(¢) = X(%) — x(§). Define length scales A\, = 27, and define



63

P-1(8) = X(€), pq(&) = (N, €) for ¢ € NU{0}. Then 3°0° | ¢, = 1; in particular 307 | @q(k) =1
for all k € Z%. We do not distinguish notationally between ¢, and its restriction to the integer
lattice, but occasionally it will be necessary to interpret ¢, in the latter sense. Note that ¢g, @,
have disjoint supports unless r € {g—1,¢,q+1}. Let F and F~! denote the Fourier transform and

inverse transform for T¢: F() (k)= de f(x)e—%ik'r dz, ]:—1(9)(33) — Zkezd g(k)e%rikm.

Define the following functions:

hq = f_l(gpq)7 EQ = ‘F_l(X(ACSErl ))a

Q
Uy = F HpgFu) = hgxu, u<g= Z Ug = .7-'_1(>(()\g21+1 )Fu) = hg *u,
g=-1
Q+2 0o
U@ = Z Ugq, U>Q = Z Ug-
q=Q—2 =Q+1

Write A := NU{0,—1}. The Besov space Bj .(T?) (s € R, p,r € [1,0]) is the space of tempered

distributions u whose corresponding norm, defined by

lll g vy = 1O o ey Daeall ey

is finite. Clearly B;T(’]I‘d) C BZ (T4) for s' <'s, p’ < p, ' > r. Furthermore, B; ., C L” for
all @ € [1,00), s > 0. We define By . (T?) as the space of tempered distributions u such that
g llugll Lo (e %0, together with the norm inherited from B;’Oo(Td). This space contains B;’r(']l‘d)

for all r € [1,00). We will write B . for Bg’r(Td) unless the abbreviation could cause confusion.

1.3. Derivation of the Energy Budget Relation. Define E<q(s) := 3 de (p;;Q )dax,

the energy associated to scales Ay for ¢ < Q. Define U = % and put ¢ = U<q in (20), to yield

t
2E§Q(s)’g:/0 /((pu)SQ-asU-i-(pu@u)gQ:VU + pegdivl) dzds

t t
—/A/ /VuSQ:Vdeds—i-/ /(,Of)SQ'UdJIdS.
0 0

On the other hand, we can rewrite the definition of E<¢ using the weak form of the density equation:

1
—5 [ <o
0 Tdx{s}

(138)

t

0
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Then, we easily see that
Eeqls / [ (h00.0) + ()< V)V dods
- / [ (<o 0.0 + (< U) s VU) dads.
Subtracting the result from (138), we obtain the energy budget relation at scales ¢ < Q:
t
(139) E<q(t) — E<q(0) = /0 Q(s)ds —eq(t / / pfl<q-Udzds.
Here IIg(s) is the flux through scales of order @) due to the nonlinearity and the pressure:
(140) Ilg = /FQ(p7 u): VU dx + /ng div U dz;
(141) Fo(p,u) = (pu®@u)<q — U ® (pu)<q-

Also, eg and fo J(pf)<g - U dxds represent the energy dissipation due to local interactions and the

external force, respectively, at scales ¢ < Q). Now ¢ is given by

¢
t):u/ /VUSQ:VUdzds.
0

t
e(t) = ,u/ | Vul|F2 ds.
0

Also denote

We aim to show that for appropriate (p,u,p) and all t € [0,T], we have (as Q — oo) that

E<o(t) — fo g(s)ds — 0, eg(t) — &(t), and fof pf)<g - Udzds — fofpu'fd:cds.

These convergences will immediately imply that (23) holds for (p,u, p).

1.4. The Localization Kernel and Estimates on the Littlewood-Paley Projections.
Let a,b € [1,00], s € (0,1], and let f be a real-valued function. Define the following:
s—1 .
A 920

K= - a5 () =Nl fglles  Dio(f)= > K& i (f)
A q <0 g=—1

We can define these expressions analogously for the vector-valued f. Note that in view of summability

of the kernel we have

(142) limsup D o(f) ~ limsupd; ,(f)

Q—o0 q—00

where the similarity constant depends only on s.
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PropOSITION 1.1. For f € Bj ., g € Bj a,b € [1,00], s,t € (0,1), we have the following

b,00”
estimates:
e 11 1
(143) 1(f9)<q — f<qi<qllze S Ag tDa,Q(f)DE,Q(g)ﬂ P + D
(144) 1(f9)<q — f<q9<qlle S 25" Dao(H)llgllLe-,
(145) IVi<qllze S Ag °Djo(f),
(146) If>qlle <AG°D5 o(f)-

REMARK 1.2. Let us note that (144) is still meaningful when s = 1. However, in this case, the
kernel is not localized in the region ¢ > 0, which meets finitely many terms in the convolution D.
Nonetheless, uniform bounds on the convolution would be applicable under stronger summability
assumption on Littlewood-Paley components of f. For example, when a =2 and f € H' we clearly

have

D%,Q(f) <l

PROOF. Since
hg * f = f<q, /ﬁcz(y) dy =1,
we can write
(f9)<q — f<ay<q =ro(f,9) — f>@9>q

where

(147) ro(f.g) = / ha@) G =) — FO)al —v) — g()) dy.

Therefore, to prove (143) it suffices to estimate ro(f, 9), f>0, 9>¢ appropriately.

We can write

If>qllze <AGS D AG-Nillfalle = 25° Y Koo o(f) < A5°Dio(f)-
>Q >Q

This proves (146). The same reasoning yields ||gsql|rs < )\étDlt)yQ(g), and by Holder,

|l f>@o>qllze < Agf*tDi,Q (f)Di,Q(Q)

Next, we have

< lIVallze S TylAgll follza-
La

W8)  fy =)~ faO)le = H / (VI — 0y) -y do
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We use (148) for ¢ < @ in the following estimate:

1FC =) = FOllze SAG Y AG Mol =) = fallne +25° D ALl faC =) = fo( )L
q<Q >Q
SAG D AT JyINgl falle + 257 D Ao Asllfoll e
a<Q >Q
1— s S s
= )‘Q s|y| Z KQ—qd +>‘ Z KQ q
a<Q >Q

< (AQlyl + DAG D o(f)-

Clearly |lg(- —y) — 9()llze < (Nolyl + I)AétDi’Q(g), by the same argument. Now we can easily

estimate rg(f, g):

o)l < [ Fa@IIFC = o) = FOlelot = 3) = g0lzs dy
< ([ ol + 17 d0) A5 Dt (D o)
S )\EgsftDZ,Q(f)Di,Q(g)

This proves (143). The proof of (144) follows the same lines, except we apply ||gsqllr= < ||g|lze-,
and ||g(- —y) — g(-)||lz~ < 2||g||zo=. The latter results in the term (Ag|y| + 1) with power 1 inside

the hg-integral, which is also bounded uniformly in Q.

Finally, we write

IV f<qlle SAG DA IV Aallze SAG Y AG AT Mgl fall e

q<Q q<Q
__y1-—s s 1
=G Y Kb, (f) SA5°Dso(f).
Q—q>0

PROPOSITION 1.3. Let f € B ., g € Bi ., a,b€ [1,00], s € (0,1), L =L+ 1. Then

(149) IV(f9)<al

e SAG *(Di o(Nlgles + D5 @)l fllze)-

PROOF. First, notice that if p or r is greater than @ + 2 and |p — r| > 2, then the Fourier
support of f,g, lies outside the ball of radius Agy1 centered at 0. In particular, (f,g.)<g vanishes.

Therefore

(f9)<o = (f<qi29<@i2)<a+ D> (foor)<a:

max{p,r}>Q+2
[p—r|<2
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so we have

(150) [IV(f9)<qllre < [V(f<o<a)llLe + IV(fr@o<a + f<@o~a)lle + Y IV(fogr)<allLe-

p,r>Q
[p—r|<2

We estimate each of the terms on the right side of this inequality. First, we have

(151) IV(f<qy<a)lize < IVf<qlre gt Va<al ol flle SAG " (Di o (DllgllLtDs o (9)l| fllze)-

Next,

IV(i~@9<ellice S IVicellrellglie +1Va<ellre |l za

SAG (D o(Dlglle + D@ fllze),

where we note that |V fog|lza ~ /\é_SD(‘;Q(f) and use (145) in order to obtain the second inequality.

We can estimate ||V (f<gg~q)| e similarly, concluding that

(152) IV(fru<q + f<@g~a)lle S AG*(Df o(Nllglles + Di o (9)llfllze)-

By differential Bernstein’s and Holder inequalities we have

IV(fogr)<allze S Aellfpllzallgrllze

Using this we obtain

Y V(g <allee SAG° D Ao—gAillfollzellgliee < AG°Dio(N)llglze-

p,r>Q p>Q
[p—r|<2

Combining this estimate with (150), (151), and (152) immediately yields the desired statement. O

REMARK 1.4. One can also show (by a proof nearly identical to the above) that if f,g € By N Lb

with 3 + § = ¢ and a,b € [1,00], then |V(fg)<qllre < Ag *(Df o(Nllglle + D o(9)lIf|ls)-

REMARK 1.5. Recall the following result for the classical Navier-Stokes equations (i.e. (16) and

(18), with p =1, f =0): If (u,p) is a weak solution, with u € C* for some o € (0,1), then p =

s
a,00’

A7l(divdiv(u ® u)) € C*. We can generalize this result using Proposition 1.3: Assume u € B

with a € [2,00] and s € (0,1); then p € B? Indeed, we have

a/2,00°

s —(1—s . s
A lpallzerz ~ A" [ div(u @ w)gll ere S (D50 (w)?.

)

This observation motivates our integrability assumption on p in Theorem 2.1 of the Introduction.
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2. Estimates on the Flux

First, we give a decomposition of Fg(p, u) which is more conducive to estimates. In order to do so

we define, in analogy with (147), the quantity

rQ(p;u,u) = /EQ(y)[p(w —y) = plo)llu(z —y) —u(@)] @ [u(z — y) — u(z)] dy.

LEMMA 2.1. Fg(p,u) can be written as

1
Fo(p,u) =rq(p,u,u) — ——[(pu)<q — p<qu<q] @ [(pu)<q — p<qu<q] + p>qu>q ® u=q
P<Q
(153)
+ 2Sym([(pu)<q — p<qu<ql @ usq) + pl(u @ u)<g — u<q ® u<q)].

Proor. We can write

rQ(p,u,u) = (pu @ u)<q — 25ym[(pu)<q @ ul + p<u ® u — prq(u, u)
= (pu® u)<q — 2Sym[((pu)<q — P<qu<q) ® u]
+p<ou®@u—u<g@u—uu<q) — prolu, u)
= (pu® u)<q — 2Sym[((pu)<q — p<qu<q) ® U]
— P<Qu<Q O u<q + P<QU>Q ® usq — pro(u, u)
= (pu®u)<q — 25ym|((pu)<q — P<qu<q) ® U] — p<qu<q O u<q

—Pllu®u)<q — ucq ®u<ql — p>qQu>q ®usq,
where Sym denotes the symmetric part. Therefore

(pu@u)<q = rq(p,u,u) + 2Sym([(pu)<q — p<qu<q] ® u)

+pl(u®@u)<q —u<q ®u<ql] + p<u<q ® u<q + P>Qu>qQ ® U>q-

Since we also have

pu)<g ® (pu)< 1
(P)<e ® W)z _ [(pu)<q — p<qu<@] ® [(pu)<q — p<qu<q]
P<Q P<Q

+2Sym([(pu)<q — p<u<q] ® u<q) + p<qu<q ® u<q,

subtracting the right sides of the last two equations gives the desired representation. 0
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THEOREM 2.2. Assume that 0 < p < p <p < oo and that (p,u,p) satisfies

1 3
(154) pe BY? ueBl/S,pEBl/3 -+
a

a,o00? b,co b/2,00’ g

=1, be[3,x]

Then the flux Ilg defined by (140) tends to zero as Q — co.

Proor. Clearly

lrq (o, u, w)llpee S / ho@)llu(- —y) — ()7 dy,

and we can follow the proof of Proposition 1.1 to conclude ||rq(p, u,u)| o2 S Aéz/g(D;g’(u)F.

Using (144), we can estimate

— —-1/3 141/3 — —-2/3 1/3
L ST 0 DG D) $27 (D (w)?

1
H[(/)U)gcz — p<qu<q] ® [(pu)<q — p<qu<q)
P<Q
Using [|psqlL~ < 7 and (146), we get [|psqusg @ usgll e S Ag™ (D35 (u))?.
Combining (144) and (146) yields
—1/3 ~1/3 — —-1/3 ~1/3 —2/3 1/3
I[(pw)<q — p<qu=q] ® usqllz < (Mg Dy/ow)p) (Mg > Dyl () £ A2 (DY (u))?

Finally,

Ipl(u®u)<q — ucq ® u<qlllpee < A Y3(Dy/5w)? < A2/3(Dy/5(u))?.

Therefore,

—2/3 1/3
1Fq(p,w)llpers S N> (Dylg (w)?.

We also have VU = p;éV(pu)gQ - pgé(pu)gQ ® Vp<g. Write 2 + 1 = 1. Then using the two

Propositions of the previous section, we estimate:
IVU e £ IV (pu)<qlize + lpullslVoselle €A™ (Do) lulle + Dyl (w)).
Therefore
(155) [ Fato.w: U dz £ (D303 el + DG (w)
Next, we deal with the pressure term. Note that by (22), we have

/pSQ divU dx = —/Vpg@ (U - USQ) d.
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So
/Td p<@divUdz < [[Vp<qllLe2ll(pw)<q — p<qu<qliLe
SN Dy o 0) - ATED S () Dy () = DS () Dy (w)Dy/5 o (p)-
Thus

gl < Dyg ()| Dy/5w) (DS (o) lull e + D5 W) + DY/ (0)Dy)s ()|

In view of (142) and our assumptions on p, u, p, the bracketed term in each estimate is uniformly

bounded in @, while D;g’ (u) tends to zero as Q — oo. Therefore limg_,o, IIg = 0, as claimed. O

Note that we obtain Theorem 2.2 from the Introduction as a corollary: By Theorem 2.2 (from this

chapter), as well as (142) and the dominated convergence theorem, we have

Q—00

Peo(t) — E<o(0) = /0 M (s) ds 225° 0.

Now we prove Theorem 2.1 from the Introduction:
PROOF. It remains to show e (t) — £(t) and fo [(pf)<g-Udzds — fo [ pu- fdxds. Now
/Vqu VU dr = /VuSQ V(U —u<g)dz + | Vu<g||32,

and clearly
t t
/0 |Vuco(s)2 ds — / IVu(s)[22 ds.

Next

/VUSQ : V(U — USQ)dLE = _/AUSQ : ((pu)SQ — PEQ“ﬁQ)P;Q dz.

Using (144) and the remark following Proposition 1.1 we estimate

< llAucqllzrg lullllpll=p™

‘/A“<Q :((pu)<q — p<qu<q)p=g da
Then
1/2

[Aucqlirarg' < ZAq ollVugl7e
q<Q

Since the latter vanishes as Q — oo a.e. in time and is uniformly bounded by the dominant H'-norm
of u we obtain
1/2

/||AU<Q||L2A Yl o ds < ||ul| 2 g /ZAQ ollVugl3- ds — 0.
q<Q
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Finally, the convergence fot J(pf)<g-Udzds — fg J pu- fdads is rather straightforward. Indeed,

write
pf-u—(pfl<q-U=(pf — (pfl<q)u+ (pf)<q(u—1TU).

Note that u,pf € L7, hence (pf)<q — pf strongly in L7, and hence [(pf — (pf)<q)u — 0.
Similarly, u—U = i(pSQu_ (pu)<q) = i(PSQ“SQ —(pu)<q) +usq- Again, usqg — 0in L7,
while for the difference p<gu<g — (pu)<qg we can use (144) with s = 1, @ = 2 to conclude that it

also tends to zero in L7 ,. This finishes the proof. O

REMARK 2.3. Let us discuss a few extensions. First, one can see from the proof that the full strength
1/3)

b,CO

of the integrability in time assumption on u was not used. Rather, the hypothesis u € L*(0,T; B

can be replaced by the weaker assumption that

T
12“/ /3|3 ds = 0.

This is equivalent to a space-time averaged increment condition

17 b
?}%W/o /Td lu(z +y,t) — u(z,t)|” dedt = 0.

Second, time integrability in (25) can be replaced with its own exponents

;1 / 1 ! 1 1 3 1 3
peLBio, ue LB}, ,peLTB] , ~+7=1 =1
’ §,OO a

b a Ty
Finally, it appears possible to extend the results to the system with density-dependent kinematic

viscosity p = p(p) with sufficiently smooth p. We leave calculations pertaining to this case to future

research.



CHAPTER 5

Energy Equality and Well-Posedness for the Fractional Euler

Alignment Model

1. Existence of and Bounds on Regular Solutions

The proof of local-in-time existence of regular solutions of (26)—(27) follows the arguments of [54],
[56] with trivial adjustments to account for the forcing term. The proof of global-in-time existence
mostly carries over to the forced case. The only step that requires adjustment from the unforced
argument is proving L> bounds on the quantities u, p, p~!, and e that do not blow up in finite
time. Once such bounds are established, the proof of global-in-time existence again requires only
minor adjustments to the proof in the unforced case. In what follows we assume that (u,p) is a
regular solution and that e = v’ — A,p and ¢ = e/p. For the purposes of proving global existence
of regular solutions, we only need to show that (u, p) remains bounded in H* x H3+* on bounded
time intervals (or, effectively, we need to show that u, p, and e remain bounded in L* on bounded
time intervals); however, we will later construct weak solutions as limits of regular solutions, and
in order to ensure that our L*° bounds survive the limiting process, we track the dependencies of
these bounds carefully and relate each to the initial data. The limiting process we use also requires
some kind of compactness, which we satisfy by proving bounds in Holder spaces. We also derive the
energy laws (44) and (45) that are satisfied by regular solutions. These equalities in particular show
that u and p are bounded in L2H®/? on finite time intervals, with bounds depending only on the

L norms of the initial data and some other fixed quantities.

1.1. L*° Bounds on First-Order Quantities. We collect the bounds on u, p, and e together

in the following proposition.

PROPOSITION 1.1. Let (u, p) be a regular solution on the time interval [0,00), and define e and q as

above. The following bounds hold for some positive constants c;, 1 = 0,1,...,4 and for all x € T,

IThis chapter is taken from:
[36] T. M. Leslie. Weak and Strong Solutions to the Forced Fractional Euler Alignment System. ArXiv e-prints,
March 2018.
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t> 0.

(156) lu(z, )] < [luollre= + ¢ fllLee,

(157) co exp(—cit) < p(z,t) < ez exp(cqt)
(158) lg(z,t)| < coexp(ert)

(159) le(z,t)] < cacgexp((c1 + cq)t)

The constants co and co depend only on ||py *||lL=, ||qoll L=, M, and o; the constant ¢, depends only
on |[f'llrs,, M, and a; the constant c3 depends only on ||pol|ze~, c2, M, and a; and cy depends

only on ¢y and .

REMARK 1.2. Our proof of the lower bound on the density is the same in spirit of the corresponding
bound in [32] and uses a ‘breakthrough scenario’ type argument. We include the argument for our

force f in its entirety for the sake of completeness.
Throughout the proof of Proposition 1.1 (as well as in Section 4.1 below), we will tacitly make use
of the following application of the classical Rademacher Theorem:

LEMMA 1.3. Suppose g : T xRy — R is a Lipschitz function, such that for every x € T, the function
g(x,-) is differentiable on all of Ry. For each t € Ry, let x(t) and z_(t) denote points in T
where g(-,t) achieves its maximum and minimum, respectively, and define g4 (t) = g(x4(t),t) and

g—(t) = g(z_(t),t). Then
e g, (t) and g_(t) are Lipschitz, with the same Lipschitz constant as g, and
o 0ig4(t) = Og(x+(t),1) and Org—(t) = Org(x—_(t),t) for a.e. t € Ry.

For a proof of this precise statement, see for example the Appendix of [13].

PROOF OF PROPOSITION 1.1. Part 1: Bounds on u
Let 24 (t) and z_(t) denote a maximum and a minimum, respectively, for u(-,t).

We write the velocity equation as

+z)—u

Tt 2+ .

(160) up +un’ = =Ny (pu) +ubop + f = / u(
R
It is clear from the form of the integral in (160) and the nonnegativity of p that

[~ Aa(pu) + ula(p)] (@ (6),8) < 0 < [~Aa(pu) + ula(p)] (@ (), ).
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This immediately implies that

[8tu - f](x+(t)7t) <0< [atu - f](.%',(t),t),

so that

Oflu@ = < I fllrg,

from which (156) follows by integration.

Part 2: Lower Bound on p; Bounds on q
To avoid estimating p in terms of derivatives of u, we rewrite the density equation as
(161) pr+up’ = —qp” — pAap.

Evaluating at a minimum z_(t) of p(-,t), we obtain

(162) Qep(w—(t),t) = —[la(t)llz~p—(8)* + p— () Aap(z—(t),1).

Here p_(t) denotes the minimum of p at time ¢. (Below we will use the analogous notation p (¢) for
the maximum at time ¢.) We now require a bound on ¢, which is feasible because of the transport

equation (34) that it satisfies. We have

t
(163) lg(@®)llze < llgollze + Hf/HL;‘ft/O p—(s)""ds,

Now we can substitute (163) into (162) to eliminate ¢(t). We obtain

(164) Orp(e—(t),t) = — |llgoll= + Hf/HL;?t/O p—(s)7" dS} p— () + p— () Aap(z—(t),1).

In order to establish the desired lower bound on p, we use (164) and argue by contradiction. But
let us first define the constants involved. Denote ¢(r) := inf|;|<, ¢o (), where ¢, is as in (28). Note

that ¢(r) < oo for all » > 0 and that «(7) = infzer ¢ (z) > 0. Define

(165) co = %min {p(O), omrl

t(m)M } o 2 f'leee,
)+ laolle= S 71T umM

We claim that the desired lower bound on p holds for this choice of ¢y, ¢;. Indeed, suppose that
the lower bound in (157) fails; then we can define to := inf{t > 0: p_(t) = ¢pexp(—cit)}. Clearly

to > 0, since p_(0) > 2¢y by definition of ¢y. Furthermore, p_(s) > ¢oexp(—cys) for s € [0, o], so
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that

to t
lollz~ + 11 2z, / p_(s) 7 ds < lgolle + 1 1o, / ¢! exp(ers) ds
0 0

= llgollz~ + L(Wz)M [p—(to) ™ — 5]

< lqollz~ + L(W;M {P—(to) 1_ 2(27TL(7Z'()7:)FA||AQO||Loo)
UmM mu(m
2p—(to) 2me(r)

We also have

Aapla(to)to) = [ 6al2)(pla(t0) + 2 t0) = p- (1) d:
> / W) (- + 2,t0) — p_(to)) dz

= 1(m)M = 2mu(m)p—(to).

Substituting the two previous estimates into (164) then gives us

Bupla_(to).to) > — [;;f)(f:) - 2m<w>] p—(t0)? + p—(t0) s(m)M — 2mu(x)p(t0)]
_ P (to)zb(ﬂ)/\/l >0,

It follows that p_(s) < ¢ exp(—cys) for some time s < tg, contradicting our choice of ¢y. This proves

the lower bound on p.

The bound (158) on ¢ is obtained, with ¢o = «(m)M/(2¢o), by substituting the lower bound on p
into (163).

Part 3: Upper Bound on p; Bounds on e

For this bound, we exploit the singularity of the kernel, using the fact that limsup,_,,r¢(r) = co.

Recall that for z € [—m, 7|\{0}, ¢n(z) is defined as in (28), so that for r € (0, 7], we have

1 1 1
() = g+ ) a2 G
T = 2rk +71) = (2rk — 1)

Both the sums in the equation above are bounded by some constant: ¢(r) < r=17® 4+ C. Let
ro € (0,7) be such that ro_l_a = C. (This is certainly possible, because taking r = 7 in the second

sum above shows that C' > 7717%.) Then

(166) T < y(r) < 207, for r € (0,79).
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Now we define

1 2
(167) c3 = max {2||,00|Lgc,4/\/l(202)a, CMrola} O 1.
2

We claim that the desired upper bound for p holds for this choice of c3, ¢4. Suppose that the upper
bound of (157) fails; then we can define tg := inf{t > 0: p;(t) = czexp(cqt)}. Clearly to > 0, since

p+(0) < ¢3/2 by definition of cs.

Let x4 (tg) denote the z-value where the maximum of p(-,¢g) is achieved and put

r1 := min {(202 eXp(Cﬂfo)ré ,7"0} .

Then

Oep(x4(to), to) < llq(to)ll L= p+(to)” + P+(t0)/ ba(2)(p(24(to) + 2,t0) — p+(to)) dz

|z|<ry

< lq(to)ll Lo p+(to)? + t(r1)p+ (to) (M — r1p4(t0))

= [la(to)llzee = r1e(r1)]lp+(to)? + u(r1) Mpa (o).

By choice of 1, we have

rie(ry) > 17" > 2cq exp(erto).
Combining this with the upper bound in (158), we continue the estimate above:

Ap(z4(to), to) < [caexp(erto) — 2c2 exp(erto)]p+(to) + t(r1) Mp(to)

= [t(r1)M — ca exp(eito) p+ ()] p+ (o).
But then by our choices of rq, 1, c3, ¢4, and ty, we have
1 —l—«
t(ri)M <2 {min {(2@ exp(citg))” @ ,TOH - M
= 2Mmax {(202 . (262)% exp(catp), 7’0_1_0‘}
1 2
< 9 max {4/\/1 (202)2' , C./\/lro_l_o‘} exp(cato)
2
< cacgexp(ceato) = cap4(to),

which implies that

Brp( 4 (to), to) < capy(to)?[1 — exp(erto)] < 0,

contradicting the definition of ¢y. This proves the upper bound on p.
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In light of the relation e = gp, the upper bound (159) on e is obtained by multiplying the upper

bounds for ¢ and p. O

As noted above, this essentially completes the proof of the existence of a global-in-time regular

solution for any initial data (ug, pg) € H* x H3T® away from vacuum.

1.2. Energy Equality and Bounds in L2H/2, Next, we recall that regular solutions satisfy
the certain energy equalities (44), (45). Multiplying the velocity equation by p and the density

equation by u, then adding the results together, we obtain the momentum equation:

(168) (pu)s + (pu®)' = —pAa(pu) + pubap + pf.

Multiply (168) by w and add pu times the velocity equation. The result is
(169) (pu®)e + (pu®) = =2pu[Aa(pu) — ulap] + 2puf,

or, after integration,

d /pu dx——/ZpuAa(pu)—2pu2Aapdx+2/pufdx

=— / 2pul o (pu) — pu®Aap — pAa(pu?) dz + 2 / puf dx
T

_ 2
// (2) Iiﬂz' dydx—l—?/pufdm.
|x—y| T

We used the self-adjointness of A, to pass from the first to the second line. Integrating in time, we

obtain the following energy equality:

_ 2 1 t
/pu dx—i—/ // ) uﬁg' dyd:vdSZf/pOugdx—i—/ /pufdacds,
— 2 Jr o JT

which is (44). This equality also proves that u is bounded in L?(0,T; H*/?) by a constant depending

on [luo|ze, llpollze=, 05" e, lleollzoe, £l 2o, M, T, and a.

The derivation of (45) is similar. We start with the density equation, multiply by p, and integrate,

obtaining
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Symmetrizing, we get

> _ 1 > 2, P@) = p(y) _1 p(x) = p(y)|?
/Tp Aopdz = §/T/R(p @) = p" (W) T s dyde = g/T/R(p(pr(y))idydx-

|z —y|t*e |z —y|t*e

Therefore

Ap<t>2dx+;/Ot/T/R@(mp(y»Mdydxdszfqrpédx—/ot/qrefdxds,

which is (45). Thus p is also bounded in L2(0,T; H*/2) by a constant depending only on ||po| Lz,
g s, lleoll e, ||f||L?CW;,oo, M, a, and T. Finally, since L> N H*/? is an algebra, we have that
pu is bounded in L?(0,T; H*/?), with a bound that depends only on ||f|\L?OW;,oo, M, a, T, and the

L norms of ug, pg, pgl, and eg.

1.3. Bounds in Hélder Spaces. Let []c+(r) denote the Holder seminorm

lg(x) — g(y)|
[9lcv(T) = sup ————7—
™ z,y€eT |x—y|7
TFy

3

for any g € C7(T). Below we will write C7 for C7(T), with the understanding that this will always
denote the seminorm with respect to spatial variables only (not including time). As mentioned
above, our construction of weak solutions will require bounds on u and p in some Holder space. The

precise statement that we use is recorded below:

PROPOSITION 1.4. Let (u,p) be a regular solution on the time interval [0,00). There exists v > 0

such that p, m = pu, and u satisfy bounds of the form

(170) [p(D)]cr <t7/Cr, t€(0,T)
(171) [m(t)]cr <t V/Cr, te(0,T]
(172) [u(t)]cs < t7V/%Cp, te (0,T).

The constants Cr may depend on || f|| pcoyi0e, M, a, T, and the L> norms of uo, po, 0ot and eq.
CW,

The number v ultimately depends only on these same quantities.
REMARK 1.5. For the purposes of constructing a weak solution, the bounds
[’U,(t)]c*y < Cé,Ta [p(t)]cw < 057T7 te [6a T]

would suffice. (Here Cs 1 is a constant that may depend on the same quantities as Cr above, and

also may depend on 4.) However, the explicit bound (170) will be used later to control p'.
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REMARK 1.6. The main Theorem of [57] plays a key role here. In the case when o € (0,1),
the hypothesis of [57] asks for the drift u to be C}c;“ (in both time and space). However, all
that is really used in the proof there is the Holder regularity in space, uniformly in time, i.e.
L*>(0,T;C'~®). This is fortunate for us, since the latter is exactly the norm we can control for
u, by the equality e = v’ — A,p. Therefore, when we refer to the result of [57] here and below,
it should be understood that (when a € (0,1)) we consider the version of the statement with the

relaxed hypothesis u € L>(0,T; C1~%).

PROOF. The bound (172) follows from (170), (171), and the bounds from the previous subsec-
tion, since

u(y) —u(z) = py) " [m(y) — m(x)] + u(z)p(y) " p(x) — p(y)]-

As for (170) and (171), we begin by writing the density and momentum equations in parabolic form:

(173) pe +up' + pAap = —ep

(174) my +um’ + pAem = —em + pf.

The diffusion operator pA, for these equations has kernel K (x, h,t) = p(x,t)|h| 7172, so they are of
the type considered in [57]. The quantities —ep and —em + pf play the role of (bounded) forcing
terms. In order to apply the main result of [57], we split into two cases. In the first case, we assume
a € (0,1). In this case, we apply 0! to the relation ' = e + A,p, then take C1~ norms, to
conclude that u(t) is bounded in C*~% with bounds that depend only on ||f||L?oW;,oo, M, a, T,
and the L* norms of ug, po, py ! and eg. (Notice that (172) is actually trivially satisfied in this
case.) Therefore the hypothesis of the main theorem of [57] is satisfied, and we may conclude that

that there exists v > 0, depending only on |||z, r;c1-«), such that

Cr
(175) [p(t)]cr < m(”p”LOO(TX(O,T)) + llepl Loe (1% (0,1))
Cr
(176) m(t)]cr < m(”m”Lm(Tx(O,T)) + llem — pfll Lo (Tx(0,1))),

where the constant Cr here depends only on T and ||ul| (o, r;c1-«). Absorbing the L> norms
on the right hand sides of (175) and (176), and recalling that C*~* depends only on | f||  ceyyt.cc,
M, a, T, and the L> norms of ug, po, py ', and eg, we obtain (170) and (171), with the claimed

dependencies.

The situation is similar if o € [1,2). In this [57] gives us v > 0, depending only on ||ul| zee(Tx(0,7))

such that (175) and (176) continue to hold, with C7 depending only on T and ||ul| oo (1% (0,7)- Since
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ul| oo (Tx (0.7)) itself depends only on oyyioey M, @, T, and the L™ norms of ug, po, pg ', and
(Tx(0,77)) LeW, 0

o, this completes the proof of the second case. O

REMARK 1.7. In the case a € (1,2), we can apply 9, % to the relation A,p = v/ — e, then take C*~1
norms, to conclude that p is bounded in C*~!, with bounds that depend only on ||f||Lth11,oo, M,
a, T, and the L norms of ug, po, pal, and eg. In particular, the bound (170) is trivially satisfied

in this case.

1.4. Bounds on Time Derivatives.

PROPOSITION 1.8. Let (u, p) be a regular solution on the time interval [0,00) and let e = u' — Ay p.
Then for any T > 0, Osu is bounded in L?(0,T; H‘a/Q). Furthermore, O;p and O:e are bounded in
L>(0,T; H™'). In each case, the bounds depend only on ||f|| sy, M, a, T, and the L> norms

-1
Oqu; Pos Po > and €o-

PRrROOF. For ¢ € H*/?(T), we have

t
<u(t>v(P>H*“/2><H“/2 - <u(8)7‘p>H*u/2><H“/2 :/ <g(s)790>H*a/2><H“/2 ds,
s

where

(9(8); @) p-ar2xpgarz = /T —ue(s)p — Aa/2(PU)(5)Aa/2@ + f(s)pdx.

Since

19($) | zr-ar2 < Clllu(s)||lL=lle(s)llL + lpu(s)|| zarz + 1f ()] L],
the desired bound on d,u thus follows from the results of Sections 1.1 and 1.2.

For ¢ € H(T), we have

t
(p(t), o) -1xmr — (p(8): @) H-1x 1 :/ /Epu(s)ap’ dz ds.
Therefore
10ep(8) [ -1 < Cllpu(s)|| e,

so that the desired bound on J;p follows from the results of Section 1.1. The bound for d;e can be

proved in the same way. O
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2. Weak Solutions

2.1. Properties of General Weak Solutions. Let (u, p,e) be a weak solution on the time
interval [0, T associated to the initial data (ug, po, o) € L x L x L>°. The purpose of this section

is to record three simple facts about such a general weak solution, namely

e The quantity e satisfies a weak form of (33). That is, for all ¢ € C°(T x [0,77]) and a.e.

t €10,T], we have

(177) /Te(t)cp(t) dx—/Teogo(O) dx—/ot/Teatgpdde:/Ot/Tuego'—i—f'godwds.

e The solution (u, p, e) converges weak-* in L> to the initial data.
e The weak time derivative of u is a well-defined element of L2(0,7T; H~*/ 2); the weak time

derivatives of p and e are well-defined elements of L>(0,7T; H~1).

To see that the first of these is true, note first that (40) implies that for all for all ¢ € C°(T x [0, T])

and a.e. t € [0,7T], we have
/ ep(t) + ug'(t) + pAagp(t) dz = 0.
T

For any ¢ € [0, T for which the above holds and any ¢ € C*°(T x [0,T]), we have then that

[ eetyar— [ copt)as

T

_ [ /jT g (1) de — /T o (0) dx} - { /T phoip(t) dz — /T pohap(0) dx}

! t
T [/ / udyp' dzds — uep’ — puhay’ + fo' da ds] B {/ / PO Ao da ds + pul o' dzds
o Jr o Jo

t t
= —/ /u(@tgo)’ + pAy(0sp) dz ds —|—/ /ueg&’ + flpodrds
o Jr o Jr

¢ t
:/ /eatgodmder/ /ue(p'Jrf’cpda:ds.
o Jr o Jr

This proves (177), for a.e. t € [0,T] and all ¢ € C>(T x [0,T1).

To observe the weak-* convergence to the initial data, substitute any (time-independent) ¢ € C°°(T)
into the weak formulation (38), (39) or into (177). Clearly [(u(t) —ug)pdz — 0 as t — 0T, since
the right side of (38) is an integral from 0 to ¢ of an integrable quantity. Since C°°(T) is dense in
L'(T), we conclude that [.(u(t) —uo)pdz — 0 as t — 0%, for any ¢ € L}(T), i.e. u(t) = ug weak-x

in L, as t — 0%. The situation is similar for p and e.
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Finally, the statement regarding the time derivatives is proved in a manner similar to that of Section

1.4.

2.2. Construction of a Weak Solution. In this section we construct a weak solution as a
subsequential limit of regular solutions with mollified initial data, as the mollification parameter
tends to zero. The following version of the Aubin-Lions-Simon compactness Lemma ([58], c.f.
Theorem I1.5.16 in [1]) will allow us to use the bounds from Section 1 to choose an appropriate

subsequence.

LEMMA 2.1. Let X C'Y C Z be Banach spaces, where the embedding X C Y is compact and the

embedding Y C Z is continuous. Assume p,r € [1,00], and define for T > 0 the following space:

E={velP0,T:X): % € 17(0,T: 2)}.

(1) If p < oo, the embedding E C LP(0,T;Y) is compact.
(2) If p=o00 and r > 1, then the embedding E C C([0,T],Y) is compact.

Let « be as in Section 1.3. In the notation of the Aubin-Lions-Simon Lemma, we set
Xr=C", Y=C Z=H"' FEsr={vel>0T;C"):0weLl*6T;H "))}

The conclusion of the Lemma is then that the embedding Es 7 C C([6,T]; CY) is compact for any
T>6>0.

Choose (ug, po,e0) € L™ x L>® x L™, satisfying p,' € L> and the compatibility condition (37).
Let n € CX(R) be a standard mollifier ([n = 1, suppn C {|z] < 1}), and let f. denote the
convolution of f by e 'n(e™): fe(z) = e [pn(e ty)f(x —y)dy. Let (uf,p) denote the global
strong solution associated to the initial data ((ug)e, (po)e) and let e = (u€)’ — Anp°. Note that

(e0)e = (uo)l — Aa(po)e = €(0) automatically.

CrAIM 2.2. The sequences u¢ and p° are bounded in Es ¢ for any T' > § > 0.

Proor. Fix T' > 6 > 0. In order to prove the claim, one needs to prove the following two

statements:

(1) u® and p° are bounded sequences of L>(4,T;C7).
(2) Oyu¢ and 9;p¢ are bounded sequences of L?(5,T; H™1).
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We have essentially proved these statements already. We provide the remaining details for half of

the first statement only; the rest follows the same reasoning.

Section 1.3 establishes that the norm of u¢ in L*>(§,T;C7) can be bounded above by a quantity

that depends only on || f||;syp1.00, M, @, T, 8§, and the L> norms of (ug)e, (po)e, (po)c !, and (eg)e.
t x

But these L> norms are bounded by those of ug, po, pg 1 and ey, respectively, and the remaining

quantities are fixed. Therefore u¢ is a bounded sequence in L>°(§,T; C7). O

Applying the Aubin-Lions-Simon Lemma, we can now choose a subsequence {e}, tending to zero as
k — oo, such that u* and p* converge (strongly) in C([27V,2V]; C°), with N any natural number.
Using a standard diagonal argument, we obtain a further subsequence, which we continue to denote

by €, such that u* and p converge to functions u and p, respectively, in Cioe((0,00); C?).

Using the same logic as in the Claim above, we also have that e¢ is bounded in L>°(T x [0,7]) and
both u¢ and p¢ are bounded in L?(0,T; H*/?). Therefore we may choose a further subsequence (still
denoted €) such that e+ converges weak-* in L>°(T x [0, T]) to some e € L*°(T x [0, T]), and so that
u* and p* converge weakly in L?(0,T; H @/2) to u and p. Then we can use a diagonal argument
as above to send T — oo. To summarize, there exists a subsequence {e;} and a triple (u, p, e), such

that as k — oo, we have

u — u and p — p strongly in Cioe((0,00); C°);
u* — u and p — p weakly in L2 (0, c0; HY/?);

et e weak- * in LS (T x [0, 00)).

Now (u, p) is a regular solution (therefore (u®*, p, e ) is a weak solution) for each k. We can
therefore consider each term in each equation of the weak formulation and easily see that the above
convergences guarantee that (u,p,e) satisfies the weak formulation. This completes the existence
part of Theorem 2.9. The construction gives Holder continuity on compact sets of T x (0, 00). Indeed,
if v is the Holder exponent associated to the interval [0, T] as in Section 1.3, then for any 5 € (0,7),

the convergences u* — u and p — p can be taken in L*> (4, T} C;) for any fixed § > 0.

REMARK 2.3. If a # 1, slightly more information is available. If 0 < a < 1, then the above
construction can be modified slightly to give u* — u in C([0,00); C1=*7*), for any x € (0,1 — «);

if 1 < a < 2, then we can obtain p* — p in C([0,00); C“~17%) for any « € (0, — 1).
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2.3. Energy Inequality for Constructed Solutions. We now prove that the solutions con-
structed above satisfy (42) and (43). To prove these inequalities, we essentially use the fact that they
are true (with equality) for regular enough solutions, then pass to the limit £ — oo in the sequence
(us, p e from the proof of existence above. However, since the solution behaves a little better

away from time zero, we initially work on [4,¢] for some § > 0. We prove (42) first. We start with

€k _ 2€k 2 t
+/ // |u (z) u1+gy)| dydxds = 2//p6ku€’“fdx ds.
|z —y| 5JT

The first term and the forcing term are easily seen to converge to their natural limits, by uniform

the equality

(178) /pﬁ’“( s)dz

convergence of p, u on any time interval [4,7]. To deal with the second term on the left, we

write

t ust (x) — us (y)|?
a9y [ [ i@ - pwpm ™ P dydeds 0. as ko,

which is valid by uniform convergence of p away from time zero, as well as the L>H*/? bound on

u*, which is uniform in k. We also have

_ 2 Ek k 2
(180) /// |1(+(1 dydxds<hm1nf/// x)p(y) |u |x)— |1+i vl dy dzx ds,

by weak lower semicontinuity. Taking limits in (178) thus yields

(181) /pu dx+/ // )_yliS-a)F dydxds</Tpu2(5)dx+2/5t/qrpufdxds

Next, we note that

o
(182) [ @< [ dos [ g pdads

This is obtained from the energy equality for (u®*, p) on [0,¢], by dropping the enstrophy term.
We can estimate the force term on the right by C§, where C is independent of k and § (but may
depend on t), and then take k — oo. The term on the left converges to its natural limit for the
same reason as above; the initial data term converges to its natural limit by standard properties of

mollifiers. We are left with

/pu2(6)dx§/pougdx+0&
T

T

Combining this with (181), we obtain

_ 2 ¢
(183) /pu da:—|—/ // (z) yﬁiaﬂ dydxdsg/pougdx—ﬂ/ /pufdxd8+05.
T 5 JT
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And now, taking 6 — 0 yields (42).

The inequality (43) is proved in a very similar way. The only difference in approach is for the last

term, on [,t]. We write

// ) dxds—//ep dxds_// dde// )2 dur ds.

We use uniform convergence of the p on [d, t] to treat the first term and weak-* convergence of e

to treat the second. This finishes the proof of the inequalities (42), (43).

2.4. The Case of a Compactly Supported Force. If the force f is identically zero, or, more
generally, if it is compactly supported in time, then there are several implications for the solutions

we have constructed. We take a moment to collect a few of these.

(1) If f =0, then the constants ¢; and ¢4 from (157)—(159) are both zero, so that u, p, p~!,
and e can all be bounded above for all time by constants. If f is compactly supported in
time, then all these quantities are still uniformly bounded, but the constants we can use
to bound them will be larger, due to the potential growth during the time interval where
f is supported. These uniform bounds will survive the limiting process used to construct
weak solutions.

(2) As a consequence of the uniform boundedness of u, p, p~!

, and e, the quantity + from
Section 1.3 can be taken to be independent of T. Thus, the Holder regularization will
survive the limiting process (with Holder exponent v — « for any & € (0,7)).

(3) As soon as the force is turned off, we have a fast alignment of the velocity field; that is,

the velocity amplitude A(t) = max, , |u(z,t) —u(y,t)| decays exponentially fast for regular

solutions. In particular, the case of zero force gives

A(t) < A(0)e~MHm1,

where +(r) = inf ;| <, ¢a(x) and ¢, is the kernel of A, as above. See Lemma 1.1 of [55]
for the short proof of this statement. Therefore the alignment survives the limiting process
used to construct weak solutions, so that (the constructed) weak solutions also enjoy the

alignment property if the force is compactly supported.

The constructed weak solutions do not possess quite enough regularity for us to prove that they

experience flocking (which also requires convergence of the density profile) in the case of a compactly
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supported force; however, we will see that flocking occurs for strong solutions under the assumption

of compactly supported force.

3. Energy Balance for Weak Solutions

In this section, we provide conditions which guarantee that the natural energy laws hold for weak
solutions. We emphasize that the criteria we consider apply to any weak solutions, not just those

weak solutions which can be constructed as in the previous section.

To begin with, we note that it turns out to be easier to work with a momentum-based equation
when proving (44). However, due to the limited regularity of our weak solutions, we must prove
that such a formulation is valid for our solutions. In this proof and those below, we will make use of
Littlewood-Paley theory, for which we some basic notions have already been introduced in Chapter

4. Actually, we will make extensive use of the commutator estimates proved there.

3.1. The Weak Momentum Equation. For smooth functions f and g, we define

T(f,g) = _Aa(fg) - gAaf'

When (p,u,e) is a weak solution, we can make sense of the expression p7 (p,u) in a weak sense.

Define X = H*/2 N L™, and for each s > 0, let pT (p, u)(s) denote the element of X* given by

(T (00), @) x+ x = / A2 (p1) A 2 (0) + Aaya(p) et o (prip) .

PROPOSITION 3.1. Let (u,p,e) be a weak solution on the time interval [0,T]. Then for each ¢ €

C>®(T x [0,T]) and a.e. t € [0,T], we have that

pup(t) de — [ pouop(0) dr — t pudp(s) dz ds
/ / L
:/Ot/pu2<p’dxds+/ (pT (p,u), ¢ X*de+/ /pfgodxds

PROOF. Substitute the test function (p<gy)<g into the weak velocity equation. We obtain

(184)

/T p<quea(t)p(t) d - / (p0) <0 (u0)<qp(0) di — / / weo(Oupeap + peodrp) duds
(185)

=/ /—(ue)gcngw—(pU)gQAa(ng@)+ngfSQ<ded8-
T
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Then substitute (u<gy)<g into the weak density equation:

p<qu<q(t)p(t)dzr — [ (po)<q(uo)<qp(0)dr — p<@(Oru<qyp +u<qdip) drds
o I [

t
:/ /T(PU)SQ(Ungﬁp-ﬁ-Uthp')dxds.
0

Finally, project the compatibility condition onto the first ¢ modes:
(187) e<q =usq — Map<q

We use (187) to eliminate u’ o, from (186), then we add the result to (185). We obtain

t
/PSQ“SQ(t)‘P(t) dw—/(ﬂo)gQ(UO)gQw(O)dx—/ /PgngQatwdxds
T T 0 T
t t
=/ /(PU)SQUSQS@/ dxd3+/ /[(W)SQ%Q—ng(ue)gQ}wdwds
0 T 0
t
+ [ [tow<alerapce ~ Nalpzap)l deds + peofegpdads.
0

Note that we have used the product rule and the fundamental theorem of calculus to simplify the
left side of this equation. It should now be clear that each integral converges to its natural limit, so
that the equation (184) holds. O
REMARK 3.2. It seems likely that the converse direction is also true, i.e., that replacing (38) with
(184) should give an equivalent weak formulation. To try to prove this, one might try the following
strategy: Denote U := p;}g(pu)SQ and substitute (pgéfp)gQ into (184). Subtract from this equation

the result of substituting (pzégU <p) <0 into (39). After performing some manipulations, one obtains

/Uap(t) dx—/Ugo(O) dx—/ot/Uatga(t) dx

t / t
— [ [to)ca - wsqu) (£ ) avass [ [T oL = ¢T(pcqusg)dads
0 P<Q 0 P<Q
¢ 1t
+/ /—pSQUSQAaQD —u<Qe<Qy + mgp dxds + 7/ (U? - u2<Q)g0' dx ds.
0 P<Q 2 Jo -

All integrals on the left side and the last two integrals on the right side obviously converge to
the natural limits. The second term on the right side also converges to zero, though this requires
some work (involving computations similar to those of Section 3.4). However, it appears that the
first term on the right side requires some additional smoothness in order to pass to the limit; the
Omnsager-type assumption (191) below is sufficient. Therefore, we can currently claim only that the
two weak formulations are equivalent under this additional assumption. As noted below, (191) is

automatically satisfied when o > 1.



88

3.2. The Energy Budget. Let E<g(t) denote the energy associated to scales A, for ¢ < @,

and let F(t) denote the total energy:

Bol) =3 [ PG ar; B0 - ) [ ottty da.

P<Q

The energy budget relation at scales ¢ < @ has the same structure as the one for the inhomogeneous
Navier-Stokes system, which was derived in Chapter 4, Section 1.3. We do not re-derive it here;

rather we simply recall the form of the equation:

(18) E<Q<t>—E<Q<o>=/OtHQ<> s—eqlt //pf <o Udads.

As before, IIg(s) is the flux through scales of order @ due to the nonlinearity, defined by
(189) Iy = /FQ(pm)U’dx;

(190) Fo(p,u) = (pu?)<q — Ulpu)<q

The quantities eg and fo J(pf)<g - U dxds represent the change in energy due to the local interac-
tions and the external force, respectively, at scales ¢ < Q. Now € is given by a different expression

than in the inhomogeneous Navier-Stokes case:

= /t /(07(07 u))<@U dzds.
0 Jr
We also denote
/ // |37)__ lu() = w4, a
It was already shown in Chapter 4 that F<q(t) — E(t) and fo [(pf)<q-Udzxds — fo [ pu-fdzds

in all cases we are interested in. We aim to show that fo IIo(s)ds — 0 and eg(t) — (t) as well;

this will immediately imply that the energy balance relation holds.

Actually, it was already shown above that fo IIo(s)dt — 0 as Q — oo whenever
4 1 4 1
p€ L0, T;B} ), welL*(0,T;B},.)

We do not expect to improve on the smoothness parameter here, but we have a bit of additional
information now, namely the fact that ©w € L>L>. We can consequently weaken the integrability
assumptions; see below. We also claim that eg — € holds in fact for all weak solutions, since such
solutions satisfy p,u € L®L>® N L?H®/?, which is really all that is needed in order to pass to the

limit for this term. In the following two subsections, we will prove that the natural energy law (44)
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holds under the assumption that
(191) peL*0,T;B.), ueL*0,T;B,,)

Now (191) is automatically satisfied if o € [1,2), since L°L> N L2H'/? C L3By/; by interpolation.
We will prove (the more difficult half of) Theorem 2.10 over the course of the next two subsections.

The proof of the other half (actually, a more general statement) is contained in Section 3.5.

3.3. Conditional Convergence of the Nonlinear Term. We recall the following from

Chapter 4, Section 2.
LEMMA 3.3. Fg(p,u) can be written as

1
Fo(p,u) = rop,u,u) — —|[(pu)<q — p<qu<q)® + p>Qusq @ usq
(192) P<Q

+2[(pu)<q — p<qu<olusq + pl(u*)<q — ugl,
where
ra(p,u,u) = / ho@)lo(@ — 1) — p@)[u(z — v) — u(z)]? dy,

and EQ is a Schwartz function.

With these facts in hand, we are now in a position to prove that the nonlinear term vanishes under

our hypotheses.

PROPOSITION 3.4. The quantity Fg(p,u) satisfies the bound

(193) 1Fq(p, )l sz S A2 (D35 (u))?

/3

,O0

whenever u € B; and p € L°°.

This bound follows from the decomposition (192) and Proposition 1.1 from Chapter 4.

THEOREM 3.5. Suppose u € L3BY? and pE L3BY3 . Then fot Io(s)ds = 0 as Q — oo.

3,¢co 3,00

PRrROOF. First we write
1

U = @[(PU)EQ - UP/gQ]~

Since L>® N BY/? is an algebra, we have pu € L?’B;,’/ci. Therefore

3,00

2/3 3 1/3
1U”llzs < X [Dy/5 (o) + Dy/5 ()],



90
by (145). So
/0 Pt ds < / (DYDY ) + DY) ds.
By (142), the definition of Bg,/ci, and the dominated convergence theorem, we conclude that the

integral tends to zero, as needed. O

3.4. Unconditional Convergence of the Dissipation Term. In this subsection, we prove:

THEOREM 3.6. Any weak solution (p,u) satisfies eq — €, as @ — 0.

Since the dissipation term involves fractional derivatives, we introduce a modified version of the

localization kernel of Chapter 4. Define

- )\q_a/2 qg>0; ~ ~ AU
Kq= o2 dg(f) =X\ folles Dolf) =D Kq-qdg(f).
A", q <0 g=—1
Note that
(194) limsupﬁQ(f) ~ limsup@(f),
Q—o0 q—o0

where the similarity constant depends only on a.

a/2
2,007

ProrosiTION 3.7. For f € B 0 < a < 2, we have the following estimates:

(195) IAaf<qllz S A5 *Da(f),

—a/2 1
(196) I£>elle < A™*Da(f).
The proofs of (195) and (196) are similar to those of (145) and (146), respectively, and are omitted.

REMARK 3.8. We will also repeatedly use the following basic facts without comment below:

(1) 1 supp | © Bag (0), then [|Aafllzs S A1 flz2.
(2) For f € B§/2, the inequalities in (195) and (196) continue to hold when f<g and fs¢ are

oo

replaced with fg. That is, for such f, we have

IAafallz S A Do), Ilfallz < Ao *Do(f).

(3) For k € Z, we have lN?Q(f) ~ l~)Q+k(f), with the similarity constant depending only on k.
(To see this, simply note that IN(quk ~ I~(q for each ¢ € Z, with a similarity constant that

depends on k but not on q.)
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Of course, analogous properties hold when we consider first derivatives instead of fractional deriva-

tives, but the fractional case is the one which is relevant below.
To prove Theorem 3.6, we write

t
leq(t) —e(t)] < EQ(t)+/ /ngquT(ng,qu)dxds
0

t
+ ‘/ /PSQUSQT(PSQaUSQ)dl’dS+5(t) ,
0

and we show that both terms tend to zero as Q — oo. Let us take care of the (much easier) second

term presently. We write

p<q()p< L dadyds — _* LHXdedyds
[ [ [ reatoeatn'™ ()~ scotu [ ] [t 1) =0)
- / | [<ct@icats) = et S s gy

v [ ] [ peateipsonltise=0te) = tuso ~lluzo - ule) —uzo £ ) 4,

lx —y[tHe

The first term here tends to zero by the dominated convergence theorem (the dominating function

being C/|p|2 « M), while the second term is bounded above by

[z —y[TFe
t
2
[ ol uso = ull oo + ullgorsds = 0
0
which tends to zero as Q — oo. It thus remains to show that

t
t —l—/ /nguSQT(pSQ,uSQ)dxds —0, as@ — oo.
0

‘We write the relevant difference as

/PT(P7 w)U<q — p<qu<@T (p<q@,u<q) dz

= /ngquAa(Psczuscz) — (pAa(pu))<QU dx + /(PUAaP)SQU — p<quiqhap<qdr =t A+ B.

Expanding further gives
A= /[ﬂsceuscg = (pu)<qlha(p<qu<q + (pu)<q) dz + /[PSQAa(PU)SQ — (pAa(pu))<qlU dz
=: Ay + Ag;

B = /[(ﬂuAap)gQ — (pu)<@Aap<qlUdx + /P;é[(pU)SQ — p<qu<qll(pu)<q + p<qu<qlhap<q dx

=: Bl + B2.
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The terms A; and By are easy to treat:

Ay S llp<qu<q — (pu)<qllz? - |Aa(p<qu<q + (pu)<q)| 2

a/2 a/2 /2
575 () - A3 lp<qu<q + (pu)<qllzz < Dy () D55 (u);

— 2
<AQ"DSG(p)D
By < ||p=t A
s < lp<pll=ll(pw)<q — p<qu<qll2ll(pu)<q + p<qu<qllL=l[Aap<qllL2

— /2 a/2 o a/2 /2
< C A DY (p)Ds 5 (w) - C - A3 llp<qllze S Dyl (p) Dyl ().

Thus
A1+ By 5 D?g(p)DS‘g(U),

where the implied constant is independent of @ (but may depend on the L* norms of p and u).

To deal with Ay and Bj, we need to work more: Since pA,(pu) and pul,p are in general only
L?H~%/2 the commutator estimate (143) does not directly apply. To overcome this difficulty, we
decompose the commutator (fAag)<g — f<gAag<q in such a way that repeated use of (195) and
(196) (and related inequalities) becomes an adequate substitute for (143) in the treatment of As
and Bp. Actually, we state our decomposition for the more general commutator (fg)<o — f<q9<q,

with the idea that g will be replaced by A,g below.

We set the notation

fq+ = fq+1 + fq+27 fr_ = fr72 + frfl (q >-1,r> 1)-

LEMMA 3.9. The following decomposition holds:
(f9)<q — f<q9<q = Y [fa9a_ + fo_9q + fa9d<q + [fa,9<q + f<q+290.]<q
q>Q+2
— -2 9<0-2 + f<@d@-2),lor1 — [feg<a-1 + f<quqlate:

PRrROOF. Notice that if p or r is greater than Q + 2 and |p — r| > 2, then the Fourier support of

fpgr lies outside the ball of radius Ag41 centered at 0. In particular, (f,9r)<q vanishes. Therefore

(f9)<q = (f<oi29<@i2)<o+ D (fogr)<o-

max{p,r}>Q+2
[p—r|<2

So

(f9)<q — f<qy<q = [(f9)<q — (f<q+29<q+2)<q] + [(f<q+29<q+2)<q — f<@9<q]

> (fogr)<q + [f<gr29<q+2 — f<qi<ql<q — (f<i<q)>q-

max{p,r}>Q+2
lp—r|<2
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We have the somewhat more explicit representation for the sum:

(197) Z (foor)<q = Z (fa9q- + fa_9q + fa9al<q-
max{p,r}>Q+2 >Q+2
lp—r|<2

Writing f<g42 = f<g + fo. (and similarly for g<g42), then expanding f<gy29<g+2, we obtain

(198) (f<@+29<q+2)<q — (f<@9<q@)<q = [fa,9<q + f<q+290,]<q-

Finally, we note that (f,g,)q = 0 whenever max{p + 2, + 2} < ¢g. Therefore

(199) (f<@y<@)>q = [flo-2). 9<q—2 *+ f<@9@-2) Jo+1 + [fog<a-1 + f<@9qla+2

Summing up the right hand sides of (197) and (198), then subtracting the right hand side of (199),

we thus obtain the desired decomposition. g

PROPOSITION 3.10. Let (f,g) be either (p, pu) or (pu,p). Then

2 2
a o a/2 a/2
SISTNCANZ | [ Adlggl2= | + D575 (0) Dyl ()
>Q >Q

+[Dqo(fu) + Do(f) + Do(u)]Dg(g)-

‘/[(ang)gQ — f<@Mag<Q)U dx

ProOF. We replace and g with A,g in the decomposition of the Lemma, then multiply by U

and integrate.

/[(ang)SQ — f<qMag<qlUdz = /USQ Z [fahagq_ + fo_Nagq + fehage] dx
q>Q+2

+ / U<qf<q@i2Magq. dx
+ /[USQfQ+Aa9SQ —Ug41f(@-2), Nag<qg-2 — Ugtafohag<g-1]dz
- /[UQ+1f§QAa9(Q72)+ + Ug+2f<qhagql dz

=:1+II+4 11 -1V.

Note that we have moved the outermost Littlewood-Paley projections onto the U’s and regrouped

some terms.
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We estimate I and II, as well as the first term in each of III and IV. The remaining terms in III and

IV can be estimated similarly.

1 < [U<qll= Z (1 fallzzllAagq[lrz + 1fo-llz2l[Aagqllrz + [ fqllr2 [l Aagqyll 2]
q>Q+2

S D0 ol + 1 fa-allee + I fallz] - A Ulga—2ll22 + I gg—1llz2 + llgqll22]-
>Q+2

Then by Cauchy-Schwarz, we conclude that

(200) WS | DM Malza | [ D0 Aglgallz:

>Q >Q

1
2

The next term is the most troublesome. We begin by rewriting U as pzéz[(pu)SQ — p<Qu<qQ] +u<q

and splitting the integral.

II = /pgég[(/m)scz - p<qu<ql<qf<q+2Magq. dz + /(USQ)SQfSQ+2Aa9Q+ dz.
We bound the first term of II as follows:
‘/Pgé[(Pu)gQ —u<ql<qf<@+2hagq, dz| < |lp<qllL=l(pv)<q — p<@u<qllrz|lf<q+2ll=(Aagq, || L2
< C- 0N DS (D3l (w) - C - CAG < Dyl (p) Dy (w).

2,Q 2,Q

To estimate the second term, we recall that go, = (9¢,)>@—1; We can then move the projection

> () — 1 onto the other term (u<g)<qf<g+2 in the integrand:

/(USQ)SQf§Q+2Aa9Q+ dz = /[(USQ)SQfSQ+2}>Q—1Aa9Q+ dz
To see why this is useful, we need to massage the resulting expression a bit:
[(u<@)<af<qr2l>q-1 = [(u<q = (u<@)>Q)(f = f>@+2)l>01

=[(u—usq — (u>@)<Q)(f — f>q@+2)|>0-1

= (fu)sq-1 — (fs@i2u)>q-1 — [(usq + (u>Q)<q) f<q+a]>q-1-

The point is that, taking L? norms, we can now apply (196) to every term in this last expression:

I(uc@)<qf<qre)>@-1llz < (fu)sq-1llez + If>qrellzzllulle + 2lusqll L2/l 2~

< ASY2[Do(fu) + Do(f) + Do (u)]
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Thus

[tusa)<afcoulao, ds| < l(uzo)<afcoianil: Iaso, 1o
S [Da(fu) + Da(f) + Do) Do(g)-

Overall, II is bounded by

(201) 1| < D5 () Dyl (u) + [Dg(fu) + Do(f) + Do(u)|Dalg).

We estimate first term in IIT as follows:

\ [ V<ato hagsqde| < 1Wluslfo, lislAagolls

< C-ON"*Do(f) - 3/ Dal9) £ Do(f)Da(9)-
The second and third terms in IIT enjoy the same bound, which is proved the same way. Thus
(202) [111] £ Do(f)Da(9)-

Finally, the first term in IV is bounded by

’/UQ+1f§QAa9(Q—2)+ dz| = ‘/[U —u<@lot+1f<hag@-2), dz + /(“Q+1)SQfSQAa9(Q—2)+ dz

< D35 (p) D55 (u) + Dg(u)Dg(g)-

(The intermediate steps are all similar to those used for previous terms.) And the other term in IV

enjoys the same bound, so that
a/2 a/2 o o
(203) [IV] S D55 (p) D55 (u) + Do(w) Dolg).

Combining (200), (201), (202), and (203), we obtain the desired statement. O

COROLLARY 3.11. We have

’/pT(p, u)U<q — p<qu<qT (p<q@,u<q) dx‘

3 2
a/2 a/2
SIS Nlealza | | DS Asl(pugl32 | + Dsi3(p) Dy (w)
>Q >Q

+[Dq(pu) + Dq(p) + Do(u)|Dg(pu) + [Dg(pu®) + Do (u)| Do/(p).-
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Consequently, we have

(204) /0 t

PrOOF. The displayed bound follows easily from the previous Proposition and the discussion

/pT(,o, U< — p<u<qT (p<qg,u<q) dr| dt =0, as @ — oo.

at the beginning of this subsection. Indeed, recall that, in the notation from earlier,
/pT(p, w)U<q — p<u<QT (p<g,u<qg)dr = A; + Az + By + Ba.

We have already shown above that A; + By < Da/ 2( )Dgg (u). The Proposition gives us bounds

for Ay (with (f,g) = (p, pu)) and By (with (f, g) = (pu, p)):
Ay S Zkallpq\lm Z/\ 1(pu)qlI 72 +D§,g (p) D35 (w)+[Dg (pu)+Dq (p)+ D ()] Do (pu).

14>Q |>Q

1
2

Bi S Z)\QHPq”Lz ZAII pu) |22 +D“/2< ) D3/ (u)+[Daq (pu?)+Dq(pu)+Dg ()| Do (p).
K22e; | 7>Q

[N

Adding up the bounds on Ay, As, By, and B>, we obtain the displayed estimate claimed in the

Corollary.

The claimed limit then follows by the dominated convergence theorem, with dominating function

Clllol3ass + ullZa,2]- O

This completes the proof of Theorem 3.6.

3.5. Energy Balance for the p Equation. It is not difficult to show that (45) holds under

the same assumptions as we proved for (44). Actually, something slightly more general is true:

PROPOSITION 3.12. Let (u, p,€) be a weak solution on [0,T) and assume that v and p satisfy
a o b T 2 1

(205) peL*(0,T:B],), uwel'(0T:B],), ~+3=20+7=L

Then (45) holds for a.e. t € [0,T].

REMARK 3.13. As suggested above, (191) is a special case of (205). The reason the latter hypothesis
is more flexible is that our proof of Theorem 3.5 strongly depends on the fact that pu € B; 1/ . nL™
(by the algebra property of this space), whereas the argument of the present Proposition above

requires information only about p and wu.
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PROOF. Substitute (p<g)<q into the weak density equation. This gives

t t
— [ [)corqaas
0 0 T

t 1 ‘
:/O /T[(PU)SQ — p<qu<qlp<qduds — 5/0 /TIDQSQ(QSQ + Aupeg) da ds.

1
5 [#eiqds
T

The first integral vanished as ) — oo, since

t
< / D3 (p)2D} o (u) ds.

t
| [lo<0 - pqueqlpzqasds

The other terms tend to their natural limits. The only convergence requiring justification is

' 1 lp(@) = p(v)I”
2 Z —
/0 /TpSQAOfpSQ drds — 2/0 /T/R(p(:n) +p(y)) dydzds, as Q — occ.

|z —y[tte

But this follows from an argument entirely similar to that of the convergence (204) which is proved

above. We therefore omit the proof. O

4. More Bounds on Regular Solutions: Toward a Theory of Strong Solutions

In order to construct strong solutions, we use essentially the same limiting process that we did for
weak solutions. In order to carry out this procedure up one level in regularity, we also give L (and
Hoélder) bounds on v/, p’, and €’ below, and we track dependence of these bounds on the initial data

as before.

4.1. L*° Bounds on Derivatives. In this subsection, we prove L* bounds on p’, v/, and ¢’.
The density once again requires the most work. We begin by eliminating all derivatives of u from
the p’ equation. Recall that v’ = e+ A,p. Replacing u” by €’ + A,p’ does not completely eliminate

the need to estimate derivatives of u, as the €’ equation involves u’. Therefore we replace e’ with ¢’
q/
(206) ¢ =p’ (p) +qp,

and therefore
!

(207) pu" = p° <qp> +ep' + phap.

This is a more satisfactory replacement in light of the transport equation (36) satisfied by ¢'/p.

In light of the above considerations, we write the p’ equation as

/
(208) oy +up” + pAop = —p? <(i)) —3ep’ —2p' Aop.
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We multiply by p’ and evaluate at a maximum z(t) of |p(-, )], yielding

30004 0.0 =~ (L) (040, 0) =36l a2 (0,1

= 2(p" ) Aap(a4(t),t) = pp'Nap' (24 (1), 1)

IN

+3Jle()ll= o' ()~
Lo

Loz 16" ()

q/
;(t)

+2/(0")? Map(a1 (), )] = pp' Aap! (24 (1), 1).

In order to bound ||(¢'/p)(t)|| L=, we evaluate (36) at a maximum of (¢'/p)(-,t), integrate in time,

and substitute the previously obtained lower bound for p. The result is

/ / t " N}
’q(t) S‘qo _|_/ %—fg ds
P L Pollpes  Jo I P P |l Lo
_ 1Nz, 1 e, [
< llaollz=llpo *ll oo + S lexp(2at) — 1]+ —5= / exp(3c1s)|lp'(s)[| L ds.
cocl CO 0

For the present purposes, the following rougher bound will suffice:

< Cr(sup [|p'(s)]r= +1), te€l0,T].

(209) ’
L s€0,t]

Here Cr is a constant that depends on ||qo|lwt., T, Hf”Lfon’“? o, M, and the L* norms of py,
and py'. However, for the remainder of this subsection, we will use Cr to denote a constant that
can depend on ||f||L?oWz2,oo, M, a, T, ||pgt|lL=, and the W norms of ug, po, and eg. Recalling
that |p(z,t)] < Cr and |e(z,t)| < Cr, we have proved the following bound, which we pause to record

as a Lemma.

LEMMA 4.1. Let (u,p) be a reqular solution. If xy(t) is a mazimum of |p'(-,t)|, then

(210) %3t[(0’)2]($+(t),t) < Cr( sup, 1P/ ()1 200 + 1) + 21(0)* Aap(@+ (), 1)] = pp'Aap (4.(1), 1),

where Cr is a constant that may depend on || f|| pooyy2.c, M, o, T, ||pg || L, and the WH> norms
WL

of ug, po, and eg.

We now provide some bounds on the final two terms of the above inequality. We will use the notation

(211) Dag(y) ::/ng(y) |zgi(+ya+ A 4,

for functions g such that the integral makes sense.
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Before proceeding, we make note of the following facts, which will be useful later: The following

bounds hold for a maximum z of ¢’ and some absolute constant cs:

(212) 9'Aag'(z) = Dag'(z)
/ 24«
(213) D.g'(z) > CSM~
g1l

Both of these follow from the nonlinear maximum principle of [14].

The ‘bad’ term in the inequality from the Proposition above is |(p')2A,p|. In order to estimate this

term, we will use the following decomposition of the fractional Laplacian A:

LEMMA 4.2. Let ¢ € C°(R) be even, identically 1 on [—1, 1], and supported in (—2,2). The following

decomposition holds for sufficiently smooth g and any r > 0:

@14) Aagla) = [ 2o () LELEED oy [1-p(2) 4 2 (2)] 2L 0le22)

« r r ar T

Consequently, we have the following bounds:

(215) [Aag(z)] < Cr=EDog/ (2)% + Or=2|g| o=

(216) IAag(z)] < Cr'= 5 Dog(z)? + Cr7*[g)cn.

PRrROOF. Rewrite the right side of (214) as follows:

z

Ris = [ “MM I [lsa'(z)(g(m)—g<x+z>>—so(j)g'<x+z>] dz

alz|ite | r r

e () 2t

The first integral vanishes, while the second can be rewritten as

~/]R oz|§|a % {g’ (;) (g(z) — gz + z))} dz = /]RQO (;) Wdz’

after integrating by parts. Combining with the third term in (217), we obtain the usual integral

(217)

formula for A,g. This completes the proof of (214). To obtain the inequality under consideration,
use Cauchy-Schwarz on the first integral in (214) and pull out the L* norm or C? seminorm in the

second. 0

LEMMA 4.3. Let (u,p) be a regular solution on the time interval [0,T]. The following bounds holds

for a mazimum x,(t) of p'(-,t) and some constant Cr which may depend only on || f|| w200, M,
t x
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a, T, ||p51||Lao, and the W1 norms of ug, po, and eg.

@19) 1 haplas (0,01 < Colld DR + Jo- (ODar (200, 1€ (0,7
24—y
219) () Aaple 0),0)] < OT% b 3o ODufee0,0), 1 ©.T]

PROOF. We begin by putting g = p in (216). We use (170) for the first term; on the second we

use Young’s inequality, followed by (213).

(") Nap(+(8), O] < Cr7 =2l (Ol [o(D)]cr + Dap (24 (), )% - Cllp' ()| Zoer! 72

< CpprY le(t)”QOC 1 D / =1y ./ 4 2—«
< O =T+ 5= 0 Dap' (24 (1),1) + cop— () llp" (Ol L~

tv/e
ol Pl 1 / s p-(t) 24
~p_(t)D, 1), o
= t'Y/a +8p() p($+() )+8p+() || ()”
<Cr w +1p (t)Dop (4 (t),1)
t,y/a 4= a + s U
provided that we choose
1
C5p,(t)2 :| R -1
= —_— t pos
2O s
where ¢5 is the constant from (213).
The inequality (218) is established similarly, starting with (215) instead of (216). O

THEOREM 4.4. Let (u, p) be a regular solution on the time interval [0,00). For each T > 0, there
exists a constant C’g, which may depend on ||f||L?OWm2,oo7 M, a, T, ||pal||Lco, and the W1 norms

of ug, po, and ey, such that ||p'(t)||L= < C’g/, forte[0,T].

PROOF. Step 1: We find a time ¢, such that |p/(¢)| does not grow too much on the interval

[0, t.]; more specifically,

(220) o' @Ol < 2[lppllzee,  for t € [0,t.].

To this end, we apply (210), (212), (218), and (213) to conclude that we have
ellp' )17 = Ou[(0)a+ () 8) < CLllo | Zoe ruio.) + 1+ Calle OITE < Cullo' 17 0.1
on the interval ¢ € [0,1]. This implies that

N 1.1 or 0 <
||P(t)||Loo_ or 0<t<

——
1 _ Crelioplize 1%/ Cralpp|ge
2
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In particular, putting

2(1—-27¢
t* - min{(/a), 1} y
Cral|ph||

we obtain (220), as needed. Note that C; depends only on ||ug||re<, ||pollLs=, ||pal||Lw’ llgoll 2o,

| £l oo 20, @, and M, so that ¢, depends only on these quantities and ||pp]| .
CWE

Step 2: We obtain bounds on p’ for ¢ > ¢*, by using (219). The point is that in light of the reduction
of the power 2+« to 2+ a —y, we can now absorb the bad term into the dissipation. At a maximum

x4 (t) of p/, we have
]‘ / / /
FO()) @4 () 8) < Corlllp e (rxpo.y + 1+ 210 Aap(a4 (), )] = pp'Nap/ (w4 (2), 1)
a—v,—yja , 1
< Crlllp e oy + 1+ 2| Crll O + L p- () Dap (24.(2),1)

— () D (w2 (1), )

-~/ 24+a— «@
< Orllp 1 Foo oxogy + 170 ONZETT + 1] = exllp’ (1)1 75

We claim that this implies

1 1

5Cr \ ~ 2C ” /

I @l < max (20)" (2 ) st p = 0f foree 07
cr tz cr

Indeed, let to be the largest possible time in the interval [0, 7] such that [|p/(¢)||pe < Crf: for all
t € [0,t9]. Then ty > t. by Step 1 and the definition of C’:’;/. Suppose that t, < tg < T. Then

16" (t0) [ Loe = supsefo,¢o) 1P/ (B)]l e = C7, so that

1 CcT Na a— 1 CcT /
SO(0)2) (4 (0).1) < Orllplto) 3 (2~ o2 (C5)™ ) + Crllplto) 1207 s — 2 (Cp )
2 207 ty/* 20r
b) _ 1 1
< Crlloli~ (2= 3) + Crlatto)l 32 ( - W) <o,
et
contradicting the definition of ¢3. We conclude therefore that tg = T, finishing the proof. O

Now that we have this bound on p’, it is easy to establish bounds on e’. Recall the relation (206)
and the bound (209); combining these with our bounds on p’, we conclude that e’ is uniformly
bounded on T x [0,77] as well, by a constant Cr which is allowed to depend on || f1| 2.0, M, o,

T, |lpg |l L=, and the W1 norms of ug, po, and eq.
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To bound w’, we need to consider two cases, depending on the values of &. When « € (0,1), we
simply recall that v’ = e + Ay p, which we now know to be bounded on T x [0,T] by a constant Cr
which is allowed to depend on ||f||L§cW§,m7 M, o, T, ||pg |l o<, and the W norms of ug, po, and
eg. For a € [1,2), however, we do not yet have a bound on ||Ayp|lec. We argue as follows in the case
a € (1,2). (Note that we do not include v = 1.) We differentiate (174), then replace u’ by %' - qu/

and evaluate at a maximum x4 (¢) of |m/(-,t)|, to obtain

/12 /oan!
(221) oym’ + ﬂy - % +e'm+em = —p' Aom — pAom’ + 0’ f + pf’
(where we understand that all terms are evaluated at (z4(t),t). Multiplying by m’(z4(t),t), we

obtain (bracketing the lower-order terms)

1 2 (m/)3 ’o ! / /
3014 (0,6) = =2 (0,0) = o Al (0.8) = g (40,
uPl'pm/Q —e'mm’ —e|m/|>+m/o f 4+ pm/ f'| (x4 (1), 1),

so that
%3t[(m’)2](x+(t)’t) < Cr[llm' (®)[ + 1]+ [p'm Aam(z 4 (1), 8)] — pm' Agm’ (x4 (¢), 1),

with Cr depending only on the usual quantities. To estimate |p'm/A,m(z4(¢),t)|, we take r = 1 in

(215) to obtain

['m/ Aam(.(8), )] < Cllp’ (@)ool (8) | L= [Damn (2. (£),£)% + [[m]] o]

IN
o=

p—(t)Dam’ (4 (), ) + Cr[[lm |7 + 1].
Applying (212) and (213) once more, we obtain the following bound:

1
SO (m)?) (@4 (1),8) < Crllm/ )2 + 1] + [p'm Dam (@ (), 8)] = pm (24 (), ) Aarn (1. (2), )
< Orlllm Ol + 1] = erllm’ )| 7L
Since a > 1, we can conclude using similar reasoning as in the proof of the bound on ||p'(t)| L

(though the present situation is slightly simpler, since we do not have to reason differently for small

and large times). We now pause to record the obtained bounds as a Proposition:

PROPOSITION 4.5. Let (u, p) be a regular solution on the time interval [0,00). For each T > 0, there

exists a constant C’%', which may depend on || | scyy20e, M, a, T, ||p51HL:c, and the W norms
t x
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of uo, po, and ey, such that ||€/(t)||~ < C%, fort € [0,T). If a # 1, there exists a constant Ci%

depending on the same quantities, such that |[u'(t)|| L=~ < C%, fort € [0,T).

4.2. Bounds in Holder Spaces. For a # 1, we can now establish Holder bounds on u' and
P’ in the same way that we treated u and p above. We give the details only for p’. The right side
of (208) is bounded in L*°(0,T; L>°) for any T > 0. Therefore we can apply [57] to (208) now, to
conclude that for some ~; > 0, we have

(222)

/

C q C
[p'(t)]cm < ﬂl% (pl|L°°(T><(O,T)) + HP3 (p) + 3ep’ 4 2p"Aap =

= W7 te (OvT]

L°°(T><(0,T)))

Here Cr is allowed to depend on || f|| s ypy2.0s M, @, T, ||pg || o, and the W norms of the initial
t T

data. We record this, as well as the analogous bounds for m’ and «’, in the following Proposition:

PROPOSITION 4.6. Let (u, p) be a reqular solution on the time interval [0,00) and assume a # 1.

Then for any T > 0, there exists 1 > 0 such that p, m = pu, and u satisfy bounds of the form

(223) [0 ()] <t™/*Cp, te(0,T]
(224) [m/ ()] e < t™/%Cp,  te (0,T)
(225) (W' ()] < t™1/Cp, te (0,T]

The constants C may depend on ||f||Lch§,oo, M, a, T, Hpalan, and the W norms of uo, po,

and ey. The number vy ultimately depends only on these same quantities.

5. Strong Solutions

Our next goal is to prove the existence and uniqueness of global strong solutions. We accomplish
this in all cases under consideration except the case a = 1, where we prove only uniqueness. We will
proceed as follows. First, we give the proof of existence for a # 1; this follows essentially the same
outline as the proof of the existence part of Theorem 2.9. Next, we take a brief detour to clarify the
regularity of the time derivative d;u in the case when « € [1,2). This discussion does not contain
any deep facts, but it is strictly speaking necessary in order to carry out the integration-by-parts
argument in our uniqueness argument. As a byproduct of this discussion, though, we obtain a self-
contained proof of the energy equality (44) for strong solutions. Finally, our proof of uniqueness
follows a standard Gronwall-type argument. Note, however, that a bit of care is required in handling

the dissipation term.
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5.1. Existence (a # 1). We have shown above that u¢ and p¢ are bounded sequences of
L>(6,T;Ct) for each T > § > 0. Applying the Aubin-Lions-Simon Theorem as before, we can
find a subsequence of the sequence €, constructed in the proof of Theorem 2.9, which we will continue
to label €, such that u* — u and p* — p strongly in Co.((0,00); Ct). Now (e*)’ is bounded in
L>(T x [0, T)); therefore it converges weak-* (up to a subsequence) as k — oo to some g in the same

class. We claim that g = ¢’. Indeed, we have as k — oo that

T T T T
/ /(efk)’cpdxdt :/ /uekcp"+p€kAacp' da dt —>/ /ugo”+pAag0’ drdt = —/ /ego’ da dt.
o Jr o Jr o Jr o Jr

But this limit is also equal to fOT fT gy by assumption. Therefore e is weakly differentiable in space,
with weak derivative ¢/ = g. It follows that (e“*)" converges weak-* to e’. Since (u, p,e) is already
known to be a weak solution, by Theorem 2.9, this proves that (u, p,e) is in fact a strong solution.

5.2. Time Derivatives of Strong Solutions. We begin by noting a few properties of strong
solutions. Most of these are basically obvious from the definition, but we believe it is useful to have
them recorded explicitly. First, we note that the evolution equations for p and e are true pointwise
a.e., instead of merely in the weak sense; furthermore, all terms that appear in the equation belong

to L*°(0,T; L>) for any T > 0:

(226) pt + (pu) =0, a.e., and in L>(0,T; L>);

(227) e+ (ue) = f', a.e., and in L>(0,T; L™).

The same is true for the u-equation if a < 1. If & = 1, it may not be the case that A, (pu) € L,
but it will belong to (for example) L2. (This is a rather academic point at the moment, though,
since we have not proven the existence of strong solutions for o = 1.) If @ > 1, though, a pointwise

a/2

a.e. interpretation is not available. However, we can still view the equation in L2H /2, as we did

for weak solutions.

(228) us +ue = —Ao(pu) + f, a.e., and in L>(0,T; L>), if a € (0,1);
(229) uy +ue = —Ay(pu) + f, a.e., and in L?(0,T; L?), if a € (0,1];
(230) u +ue = —Ay(pu) + f, in L2(0,T; H%/%); a € (0,2).

Thus a bit of care is warranted in treating time derivatives of u. We next show that the following

formula is valid even when « € (1, 2):

(231) %8tu2 = udyu = —u(ue) — uhy(pu) +uf in LZH™/2,
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Of course, when we write (for example) ud,u, we mean the element of H~%/2 defined by

<uatua ¢>H*u/2,Hﬂ/2 = <atU7 u¢>H*a/2,Ha/2;

the latter is perfectly well defined for any « € (0,2) (but for different reasons, depending on whether

a/2

a € (0,1] or a € (1,2)). We will use this interpretation of ud;u and similar elements of H~/# below

without further comment.

Note that (231) is obvious if a € (0, 1]; therefore we assume below that o > 1. But then H*/?(T) is

an algebra, and |[ud|| a2z < C||lu|| frasz| @l gasz. Thus

[(uha(pw), @) g—a/2x gasz| = //\a/Q(PU)Aa/z(U@ dz < Cllpul| grasz|[ull gasz |]l oz

It follows that the right side of (231) belongs to L?H~%/? and is equal to ud;u in this sense. It
remains to show that this quantity is in fact equal to d;u?. To do this, we write

t

= [ uts)-u(s)oda

t
<U(5)27 ) H—a/2x fa/2

0

for some time-independent function ¢ € C*°(T) and use the weak formulation of the u-equation,
with u¢ serving as the test function. Note that since this weak formulation requires a very slight
modification in this case to allow for the rough test function u¢; to deal with this, we simply write
a duality pairing in H~%/2 x H*/? when necessary. We have

t

- / t (@u — Rap), ) s o + / [Fug — (ue)(ug)] dx) ds

<U(8)2, ¢>H*‘1/2><Ha/2
0

t
= / (uwOpu — u(ue) — ulo(pu) + fu, ) oz x sz ds
0
t
= / <2u8tu, ¢>H—o¢/2><Ho¢/2 ds.
0

This proves the claim. Now we have p,u? € L?H*', 0,p, 9;(u?) € L?H~!, so we can apply the usual

integration-by-parts formula to pu? as follows:

5 [ i) da

t

1

t
5/ (Oepu®) -1 e + (udhu, p) g1 s
0 0

t
= [ [y e+ e = o)+ fopudir-ergers ds

t
= [ = )+ pusf  (Ralpu) pu) s
0
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Then recalling the definitions of e and 7T, this yields

5 [ puis)da

t

t
/ / puf Az + (T(p, 1), pu) g grers ds

/// |3c)— |1Era)2d5”dyd3+//pufdxds

Thus we have a self-contained proof of the validity of the energy equality (44) for strong solutions.

0

One can prove (45) even more easily. The main point here, though, is the validity of the integration

by parts. We will use this below in our proof of the uniqueness.

5.3. Uniqueness. Next, we prove uniqueness. Let (u1, p1,e1) and (uz, p2, e2) be two solutions

o0 (26)—(27) with the same initial data. We assume w;, p;, e; € W1 for i = 1,2. Define

Us = Uy — U2, Ps = P1 — P2, €5 = €1 — €2, qgs = q1 — q2,

Ug = Uy + U, Po = p1+ P2, €s = €1+ €2, 4o = q1 + qo.
Then by the integration-by-parts formula (which is valid for all « € (0,2) by the discussion in the
previous subsection), we have

[ paits)da

t t
:/ <atpmu§>H*1><H1 + 2(usOus, po) -1 xm1 ds
0

0

t
= 2/ /(pu)g(u(;u:;) dz + (—(ue)s — Ao (pu)s, potis) gr-as2  pras2 ds.
0
Expanding (pu),, (ue)s and (pu)s yields

t
/poug(s) dr| =
0

t
/ /%%w(% — €5) + pauius — ozt + peuiAaps drds
0

t
*/ (Aa(pous) + Aa(pstie), potis) g-ar2x gasz ds.
0

Using the definitions of e; and 7T, then symmetrizing, we obtain

¢
/pc,u§ (s)dx
0

t
- / / (P55 — Pttt Az + (T (persus) + T (P5s e )s Ports) r—asoe rasa s
0

t " _u
= [ [isi - pmiianas =2 [ [ [ ot BAD00E 4y 0,

t
+ / <T(p57u0)7p0u6>H—a/2><Ha/2 ds.
0

For convenience, let us denote

///p ool '“‘](x)yﬁi(a)' o dyds,
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We can estimate the term [ [(T(ps, Uo ), Potis) gr—a/2x grasz| dz as follows.
/ (a2 (055110 [ e 2(08)] + [ a2 (portis) [ a2 (ps1te)|
< Cllpovous|| grarzllpsl gorz + Cllpots|| gorz | pstiol| oz

< Cllpgus|lwres |usll gorellpsl gare + Cllps wies 1usll ozl o5l oz l[uellwro

< C*llpslFrase + es(t).

Above, we have repeatedly used the fact that ||fg||ga2 < C||fllwicgllgase for f € Wh g €

H*/2. To see why this inequality holds, simply note that

f9(x
||fg||Ha/2 //| |Z‘— |1+a) dl’dy

2| f(x)|*lg(z) — g(y)| 2|f(z) = fW)I*lg(w)I?
<[ L \Ha dxdy*// ‘x, P

<20 f L llgllzare + CllA e llglize < ClFIR o 9llEa /-

Thus, for any a € (0,2), we have

t t
(232) IVarus()|2: < C / lus(s)|12» ds + C* / 108(5) 212 ds.

At this stage in the proof, the (possibly quite large) constant C* may appear worrisome. But as

we will see below, the ps equation carries a term of the form — fg llps(s) ds. Therefore, by

[
multiplying the entire ps equation by C* and adding the result to (232), we may absorb this bad

term.

We now treat the ps equation. We obtain
d 2 2p50, 1
S Py, :/ Pogeps + p20; <> dx
dt pg- po' p(r

/ ps(phus + peul + pius + psul,)
Po

< - dz + C|lps||7--

Using the fact that

1
uy = 5(@5P0 + dops) + Maps,

we write

1
/m% dr = 5/(%% + 4o ps)ps dx+/|Aa/2psl2drc-
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Therefore

dz + C|lps||7-

dH Ps

2
d - _ / ps(Pyus + potiy + Pyt + psus,)
V /00' L2 o

Po

dt

Py 1
=— /pgm; do — 5 /(Q§pa + Gops)ps Az — [[Aa)2ps 72

1 (paua)/
+§/P§de+0|\m”%2

< Cllluslzz + llpslze + lasllze] — 1Aa 20|72

So adding up, integrating in time, and multiplying by the constant C* from (232), we obtain

2 t t
Ps .
@) < C/O lus(s)[I72 + llps()1I72 + llas(s)l[72 ds — C /0 1p5(8)|37e/2 ds.
L2

Po

Adding this to (232), we obtain

(233) C*

2

t
Ps
—@)| < C/O lus(s)[172 + lps(s) 1172 + llgs(s)|72 ds.
L2

(234) IVpsus(®)z +C* N

Finally, we deal with the ¢s equation.

2f
—pos dv < Clluslz> + Cllpsllzz + Cllasz--

d
(235) — /q§ der = — /uzsq{,% + usqsqs +
p1p:

dt

Integrating and adding to (234), we obtain

Ps 2
ﬁ(t)

t
(236) [IVpous(t)l|7: +C* +llgs ()72 < C/O lus(s)II72 + llos(s)II72 + llas(s) 172 ds.

L2

This proves that us, ps, and g5 are identically zero, thus establishing uniqueness.

5.4. The Case of a Compactly Supported Force (« # 1). We finally note that, for « # 1,
the construction above gives our solution sufficient regularity so that we can prove that flocking
occurs in the special case where f = 0 (or when f is compactly supported in time). The key
observation is that the velocity field u is C! for all positive time; therefore we can apply the results
of [55] (when a > 1) and [56] (when o < 1) to show the existence of a flocking pair. (Actually,
the results of [55] are stated and proved only for the case a = 1, but trivial adjustments give the
analogous statements and proofs for & > 1.) We quote the results of intermediate steps without

proof, giving details only for the existence of a flocking state.

First, membership of u(t) in C*(T), ¢ > 0 allows us to prove the estimate

/ clu! ()P
(237) Dy (z) > W7



109

where A(t) denotes the diameter of the velocities, as before, and ¢ is some positive absolute constant.
Recall that in Section 2.4 we showed that A(t) decays exponentially quickly in time if f is compactly

supported. Thus (237) allows us to absorb powers of v’ into Dyu’ after a finite time. For a proof of

(237), see Lemma 3.3 in [55] and Lemma 2.2 in [56]. The estimate (237) is used to prove that
(238) [/ (-, )| < Ce™®,
for some ¢ > 0; see Lemma 3.4 in [55] and Lemma 2.3 in [56]. Thus the convergence of u(t) toward

the constant u (c.f. Section 1.3) occurs exponentially quickly in W rather than just in L°°.

Now, in the case where f is compactly supported in time, all of the bounds of Section 4 can be
taken to be constant bounds. Therefore, for large ¢ (say ¢t > 1), u(t) and p(¢) are uniformly bounded
in C17 for some y; > 0, and p(t) is bounded in W1 for all t. Defining p(z,t) = p(z — tu,t)
and writing the density equation in the moving reference frame, we conclude that ||p;|| =~ < Ce™%
on account of the uniform boundedness of p(t) in W1° and the estimate (238). It follows that p
converges in L™ to a limiting state po.. Defining p(x,t) = poo(x — t@), this completes the proof of

fast flocking in W1 x L toward (u, p).

We can conclude flocking in stronger spaces if we are willing to sacrifice the exponential rate of
convergence. Since u(t) and p(t) are uniformly bounded in C171| we must in fact have convergence

in C1¢ x C¢ for every € € (0,7;) by compactness and by uniqueness of the limit in W1 x L.



APPENDIX A

The Local Pressure Inequality

In this appendix, we prove Lemma 2.5 of Chapter 2, which we recall for the convenience of the

reader.

LEMMA. There exists an absolute constant c such that whenever p € L*/?(B,) and —Ap = 0;0;(u;u;)

a.e. on B,, then for any r € (0, p/2] we have

2 Jul?
0= @)l < clulsga,,y +erdr [ Kl
2r<|y|<p |yl

rintt 3 3/2 :
e /Bp|u| + Py

PROOF. We follow the proof in [44] quite closely. Let ¢ € C5°(R™) be such that 0 < ¢(z) <1

(239)

for all z, ¢(z) =1 on {|z| < 3p/4}, supp ¢ C {|z| < p}, and the derivatives satisfy |V¢| < cp~! and
10;0;¢| < cp~2. Then by the solution formula for the Poisson equation and an integration by parts,

¢p can be written

op(e) = e, [ SN

oo —yln?

e, /R (000 (uiy) — 2V Vo~ pAG](y) dy

x —y["?

/ [aa L M () dy + / [aa L ]¢> () d
= cn 10 5 | duiu;(y) dy + cn 10— | duau;(y) dy
wi<ar Ll —yln? ! s L e —y|n? !

Cn [ Tj—Yj (0:0;0)usu;(y) dy
— = 0ip)uu;(y) dy + cn/

Cn, Ti — Yi pA¢(y)
- — - p@i dy + Cn/ dy.

2 | eyt T

We write the end result as ¢p = p1.1 + p1,2 + P21 + P22 + P31 + P32 (with terms appearing in the
same order as before). Clearly it suffices to estimate ||p; j — (pi,j)r|l13/2(p,) for each i, j. Henceforth

we drop the notation for the dependence of our constant on n.
By the Calderén-Zygmund Theorem,

C
p11llze(B,) = H [@@‘W} * QUUGX By,

< CH(buiquBzr
L3/2(R71)

L3/2(Rn) < CHUH%L‘(Bzv)’
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and therefore

(240) P11 — (1)l per2em,y < 2C||ullZs(p,,)-

The other terms are bounded by estimating gradients and using the Mean Value Theorem. We will

use the estimate

2 2
g = (@rllzarzs,) < ers™lg — (@)rlloe < er3™VgllLe(s,)

repeatedly, without further comment. To bound p; 2, we write

2d 2
IVpra(z)| < C/ %ﬂl < ol / |l:z|+1 d
ly|>2r |'T - y‘ 2r<|y|<p |y|
Thus
2
(241) P12 = (pr.2) lposa,y < erdnt? ELi
1,2 —\P1,2)llL3/2(B,) = nt1 4Y-
2r<|yl<p |y|

Next, noting that 0;¢ = 0 in Bs,/4, we have for |z| <7 < p/2 that
dig)uiu| cp”Hul?
[Vpai(z)] <c / Z7dy§c ———dy
Z |x_y|n %”Slylﬁp (p/4)n

<lyl<p
2/3
< cp7"+1/ lul® dy .
B

Jul? dy < p= 3! /
B

P P

Thus

2/3
2n41
r3
(242) P21 — (P2,1) | L3r2(,) < Cp%i“ (/B |u3dy> .

n

Essentially the same argument gives a bound of the same order for p; ». Similarly, ps 1 and ps 2 can

be bounded by

2/3
2p41
73
(243) lp3.i — (p3,i)||L3/2(BT) < C[J%T—H (/B |P\3/2 dy> .

Combining all these bounds yields the desired statement.
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