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GLOBAL EXISTENCE AND LIMITING BEHAVIOR OF UNIDIRECTIONAL
FLOCKS FOR THE FRACTIONAL EULER ALIGNMENT SYSTEM

DANIEL LEAR

ABSTRACT. In this note we continue our study of unidirectional solutions to hydrodynamic Euler
alignment systems with strongly singular communication kernels ¢(z) := |z|~"*%) for a € (0,2).
Here, we consider the critical case o = 1 and establish a couple of global existence results of smooth
solutions, together with a full description of their long time dynamics. The first one is obtained via
Schauder-type estimates under a null initial entropy condition and the other is a small data result.
In fact, using Duhamel’s approach we get that any solution is almost Lipschitz-continuous in space.
We extend the notion of weak solution for a € [1,2) and prove the existence of global Leray-Hopf
solutions. Furthermore, we give an anisotropic Onsager-type criteria for the validity of the natural
energy law for weak solutions of the system. Finally, we provide a series of quantitative estimates
that show how far the density of the limiting flock is from a uniform distribution depending solely
on the size of the initial entropy.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

In this note we consider the following hydrodynamic Euler alignment system (EAS) for density
p(z,t) and velocity u(z,t) = (u!(z,t),...,u"(x,t)) :

dp+ V- (pu) =0,
1 t) e R" xRT
(1) (z,8) € R” du+u-Vu=Ly(pu) — Ly(p)u,

subject to initial condition
(lo('v t)v u('v t)) |t=0 = (1007 uO)‘

This system represents a multi-dimensional hydrodynamic version of the celebrated Cucker-Smale
flocking model introduced in [7, 8], with a huge number of applications ranging from biology or
robotics to social sciences, see [4, 29, 21] for recent surveys and references therein. The system (1)
is designed to describe the interaction between agents governed by laws of self-organization with
communication protocol encoded into the kernel ¢.

In many realistic situations and applications, the communication among agents takes place in
local neighborhoods induced by short-range kernels. Particularly interesting is the case of singular
communication kernels. Clearly, singularity at the origin strongly emphasizes local communication.

For models with singular kernels given by ¢(z) := |z|~("*®) for 0 < o < 2 the operator Ly = L,
becomes the (negative of) classical fractional Laplacian:
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The alignment term on the right hand side of the velocity equation in (1) is then given by the
following singular integral operator:

o « « _ u(y) - u(a:)
(2) Caltt, p) = —A%(pua) + A°(p)u = p.v. /R T et)
In view of no-vacuum condition (py > 0) necessary to develop a well-posedness theory (c.f. [1],[28]),
we consider the periodic domain T”, where a uniform lower bound on the density is compatible
with finite mass. When dealing with the n-dimensional torus, the term (2) can be expressed in
terms of the periodized kernel

¢a(2)222; O<a<?2

S5 |2+ 2wk

In the rest of the manuscript, we assume that u(-,¢)|t» and p(-, t)|pn are extended periodically onto
the whole space R™. Taking into account the above, the alignment term (2) becomes a fractional
elliptic operator:

Ca(u, p) =p.v. / (u(z + 2) —u(x)) p(x + 2)Pa(z) dz,

mn

with the density controlling uniform ellipticity. Written in this form, system (1) bear resemblance
to the prototypical fractional Burgers equation with non-local and non-homogeneous dissipation.

1.1. A “naive” overview of EAS in 1D. In the sequel of papers [23, 24, 25] Tadmor and
Shvydkoy proved global existence of smooth solutions for the one-dimensional system (1) with
alignment term given by (2) in the full range 0 < a < 2. At the same time, Do et. al. in [10]
treated the range 0 < @ < 1, where they proved global existence of smooth solutions by applying the
method of modulus of continuity as in Kiselev et. al. [13]. In both approaches the problem requires
refined and moderns tools from regularity theory of fractional parabolic equations, and reduces the
problem to verification of a continuation criterion either in terms of u, € L' ([0, Tp); L), [23], or
in terms of p, € L' ([0,Tp); L*°), [10].

In addition, about the long time behavior of the solution, Tadmor and Shvydkoy proved in [24]
that all global and smooth solution converges exponentially fast to a flocking state, by which we
understand alignment to a constant velocity © — @, and stabilization of density to a traveling wave

(3) p(x,) = poo(x — t10).

Here the average velocity u, is determined by the conserved mass and momentum. That is, we have
_ P
EEVE

where

M= /Po(l’) dz, P:= /(Pouo)(l’) dz.

Note that although the limiting velocity u is prescribed from the initial condition, the shape of the
limiting density profile po, is a quantity that emerge from the dynamics of the system. In order to
gain insight about the limiting shape of p, Leslie and Shvydkoy apply in [17] the Csiszar-Kullback
inequality to determine how far p. is from the uniform distribution m = %M in the L(T) metric.

Global well-posedness theory for these singular models has been mainly developed only in 1D
due to presence of an additional conserved quantity
(4) e = uz — A%(p), er + (eu), = 0.

Due to this relation, one can compare the regularity of v and p and, using the compactness of
the 1D torus, obtain a uniform in time positive lower bound on the density, thanks to which the
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alignment term on the right-hand side of (2) does not disappear. That nice relation unfortunately
fails in higher dimension. In multi-dimensional settings the corresponding quantity is given by

e:=V-u—A%p),
and satisfies
e+ V- (ue) = (V-u)? — Tr[(Vu)?.
Lack of control on e in this setting is part of the reason why in multiple dimensions the model has
no developed a full regularity theory and only partial answers are known.

1.2. Our new results for EAS in multi-D. Global existence of smooth solutions for Euler
alignment system in dimension 2 and higher is an open problem. The three exceptions are:

e [22] For the full range 0 < o < 2. A small initial data result for nearly aligned flocks with
small initial velocity variations relative to its higher order norms.

e [9] For the range 1 < a < 2. A small initial data result where the deviation of the initial
density from a constant is sufficiently small with smallness formulated in Besov spaces.

e [14] For the range 1 < a < 2. A non-small initial data result taking advantage of the nice
structure of unidirectional flocks. See below (5) for a precise definition of this type of flows.

Remark: Here, we emphasize that the previous result [14] is only available in the subcritical case
and it does not apply neither for the critical case nor for the supercritical case. One of the main
reasons behind these possible different behaviors depending on subcritical, critical and supercriti-
cal regimes is the required assumptions in order to apply Holder regularization for drift-diffusion
equation via Silvestre’s result [26]. In the case a > 1, the velocity vector field is required to belong
to the scale invariant class Ly°LS°. However, in the case o < 1, the velocity vector field is required
to belong to the scale invariant class LCL=%,

In this note, we will focus on the setting of unidirectional flows for the particular case o = 1.
Recall that unidirectional flows are given by

(5) u(z,t) =u(z,t)d, desS" ' u:R"xRT = R.
The key point of this type of flows is that the same conservation law (4) holds for the entropy
e:=d-Vu—A(p), ore +d - V(ue) =0,

although in this case the entropy does not control the full gradient of the velocity. For simplicity,
in view of rotational invariance of the EAS, we can postulate that d points in the direction of the
xr1-axis. So, we can assume without loss of generality that

u(z,t) = (u(z,t),0,...,0) for uw:R" xRt = R.

Note that the non-trivial component u(z,t) may depend on all coordinates. So, unidirectional
solutions exhibit features of a 1D flow, yet being on R"™ represent solutions of a multi-dimensional
system of scalar conservation laws:

Op + O (pu) =0,
dyu+ 301 (u*) = —A(pu) + A(p)u.

As in [23, 24, 25], our first result is based on the fact that density and momentum equations
of (6) fall under a general class of forced parabolic drift-diffusion equations with (a priori) rough
coefficients. Our methodology will be to reduce the forceless problem, which correspond with null
initial entropy ey = 0, to a known Schauder estimate together with the propagation of higher order
regularity following the spirit of [27]. However, this argument does not provide a good quantitative
estimate to conclude flocking. We can bypass this difficulty using an adaptation of the non-linear
maximum principle as in Constantin and Vicol’s proof for the critical SQG [6], that allows us to
completely describe the long time behavior.

(6) (z,t) € R" x R* {
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The first result summarized in the following theorem covers the global regularity and flocking
behavior for the critical case (v = 1) under null initial entropy ey = 0.

Theorem 1.1 (Global existence of classical solution with null initial entropy). Suppose m > 3 and
let (ug,po) € H™H(T™) x H™TYT™) with po(z) > 0 and eg(x) = 0 for all x € T". Then there
exists a unique non-vacuous global in time solution to (6) in the class

(1) we Cy([0,00); H™(T™) N L*([0, 00); H™ (™)), p € Cu([0,00); H™(T™)).
Moreover, the solution obeys uniform bounds on the density
(8) pm < plat) <pt, 20,
and strongly flocks, meaning Ipso € H™T' such that
u(t) = Bllwzeo pey + [10(11) = poo(- — )|y < Ce™™, t>0, (0<vy<1).

For general initial entropy, based on Duhamel’s principle for a fractional parabolic equation, we
can prove that density and velocity are almost Lipschitz in space (i.e. C7(T") for all 0 < v < 1).
This makes it rather natural to ask under what conditions does one has a global existence result. In
this direction, we establish a small initial data result where smallness is expressed only in terms of
the initial amplitude of the solution. To be precise, let us introduce some notation and terminology.
We define the amplitude by
9) A(t) :== max |u(x,t) —u(y,t)|.

z,yeTn
Theorem 1.2 (Global existence of classical solution with small initial amplitude). Suppose m > 3
and let (ug, pg) € H™H(T™) x H™(T™) with po(z) > 0 for all x € T". There exists a universal
positive constant e* < 1 (small enough) such that if Ay < £*, then there exists a unique non-vacuous
global in time solution to (6) in the class (7) which aligns and flocks exponentially fast.

The above result is an improvement of [22] for the critical case, where the author required
small initial amplitude relative to its higher order norms. Now, in the absence of a full answer
to the question of global existence of classical solutions, one may wonder whether the critical
Euler alignment system (6) at least possesses global weak solutions for generic initial data in
L>(T")—spaces. To do that, we follow the steps and ideas introduced in [15] for 1D, where
Leslie construct global weak solutions as limits of regular ones. The main difference with our
multidimensional setting is that we do not have global classical solutions in the critical case, but
we will be able to extend the result using the avaible global regularity for the subcritical regime.

Theorem 1.3 (Global existence of weak solutions for o € [1,2)). Let (po,uo, eo) € (L*(T™))> with
po > 0 a.e. on T™ satisfying the compatibility condition (37). Then there exists a global-in-time
Leray-Hopf weak solution (p,u,e) associated to the initial data (po,ug,eq).

The limiting process we use to construct weak solutions exploits what it is know as a compactness
argument. A fundamental step is the proof of certain “compactness” (which we satisfy by proving
bounds in Holder spaces) that allows to get strong convergence in suitable norms. As a consequence
of the available uniform bounds of u, p, p~! and e, the Holder regularization will survive the limiting
process (with Holder exponent v — ¢ for any € € (0,7) and v € (0,1)). Therefore, the constructed
global weak solution becomes instantaneously almost Lipschitz in space for strictly positive time.
However, whether there is unique weak solution remains unknown and this is left for future research.

Furthermore, we give an anisotropic Onsager-type criteria for the validity of the natural energy
law for weak solutions of the system. We emphasize that the criteria we consider apply to any weak
solutions, not just those weak solutions which can be constructed as limit of regular ones.
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Theorem 1.4 (Energy equality for weak solutions). For dimension n =1,2,3 or 4 and a € [1,2)
any weak solution satisfies the natural energy laws (34) and (35). For dimension 5 < n < 9 we
have an unconditional result only if o € [(n + 2)/6,2). Otherwise, the energy equalities hold under
the additional anisotropic condition:

pe L3(0,T:By2(T"),  we L¥0,T: By (T").

3,co

A more precise description of the anisotropic spaces mentioned above can be found below in (50).
But for clarity and brevity we can understand B, ,(T") as the set of periodic functions in L3(T™)
and classical Besov regularity B, ,.(T) in the direction of the flow.

Finally, for any global (weak or classical) solution, we can obtain quantitative estimates of the
long time behavior of the density in terms of the initial entropy |eg|oo. Following [17], the thrust
of our result is to show that the latter is the parameter that controls deviation from the uniform
flock for any LP(T™)—metric.

Theorem 1.5 (Limiting flock in LP(T") with 1 < p < oo for a € [1,2)). Let (p,u) be a global weak
or classical solution to the system (6) given by one of the above results. Then we have a bound for
the difference between the limiting flock poo and the uniform distribution m = (2w)~" M given by

|p00 - m|p S |€0|oo-

In particular, if eg = 0, then we have an exponential relaxation towards the uniform state:
p(t) —mlp < lpo —mlpe™.

Although the conclusion of the above theorem and the main result of [17] share some similarities.
It will be important to mention that their hypotheses are quite different. In first place, the result
of [17] works for local and global kernels (smooth or singular) but only in the L!(T)—metric. In
contrast, our previous result works only for global kernels (smooth or singular) as we required a
lower bound on the density but in our favor it works for any LP(T"™)—metric with 1 < p < co.

Notation: For convenience, to avoid clutter in computations, function arguments (time and space)
will be omitted whenever they are obvious from context. Moreover, we use the notation f < g
when there exists a constant C' > 0 independent of the parameters of interest such that f < Cg.
We also use |- |r» or |- |, to denote the classical LP-norms, and || - || x to denote all other norms.

Organization: In Section 2 we prove a global existence result for the critical Euler alignment system
via fractional Schauder estimates under a null initial entropy condition, and provide higher order
control estimates on solutions to prove a strong flocking result. In Section 3, as a direct application
of the computations obtained in [14], we get a global existence result under a small initial amplitude.
We develop the theory of weak solutions for unidirectional flocks with « € [1,2) in Section 4 and
we study the limiting behavior of any global (weak or classical) solution in Section 5.

2. GLOBAL WELL-POSEDNESS AND STRONG FLOCKING WITH NULL ENTROPY

According to [14, Theorem 1.1] we already have a local solution (u,p) on time interval [0,Tp).
In order to obtain a global classical solution for the critical case & = 1, we proceed in several steps.
We start collecting the uniform bounds on the density for any 0 < o < 2. Here, with an explicit
dependence on the initial conditions, which will be important in the rest of the paper.

Next, we invoke results from the theory of fractional parabolic equations to conclude that our
solution gains Holder regularity after a short period of time, and the Holder exponent as well as
the bound on the Holder norm depend on the L* bound of the solution.
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This result was a key point to prove global existence of classical solutions and strong floking for
the subcritical case 1 < a < 2 (see [14, Theorem 1.2]). However, this idea is not enough for the criti-
cal case o = 1, where we need to use fractional Schauder estimates to obtain higher order regularity.
To sum up, Schauder estimates are just a good quick way of obtaining global well-posendess and
regularization, but not a good way to obtain long time estimates. To do that, we will need to come
back to our pedestrian estimates proved in [14] in order to obtain strong flocking to a uniform state.

STEP 1: BOUNDS ON THE DENSITY (0 < o < 2). We start by establishing uniform bounds on the
density which depend only on the initial conditions. First, recall that the ratio q := e/p satisfies the
transport equation ¢ + ug; = 0. Starting from sufficiently smooth initial condition with pg away
from vacuum we can assume that
(10) g(t)|oc = |g0oc < 0.
So, we can write the continuity equation as

pr+upy = —qp* — pA%(p).
Let us evaluate at a point 27 (¢) where the maximum of p(-,t), denoted by p™(t) := p(z™(t),t), is
reached. We obtain

G0 = 0l 0.0 (0*0) = 070 [ (00— ol 0+ 50) i
<k (570 =222 [ 70—l 2,0) 2
2 pr(t)

< laole (o) = 21 (Vumyot (1)~ M)
where V,,(r) denotes the n-dimensional volume of a ball of radius r. As V,,(r) = C(n)r", we get

%p*(t) < [|QO|w - C;f)} (o*(1))? + Tn%,o*(t).

Let us pick r small enough so that % > |g0]co + 1. Then
n+ao
d 2 |QO|oo +1) o
11 —pt(t) < —(pT(¢ = Tt
1) T 0 <~ () e M (M) T ),

which establishes the upper bound by integration.
As to the lower bound we argue similarly. Let p~(¢) be the minimum value of p(-,t) and x~(t)
a point where such value is achieved. We have

GO =~a®.0 (@)~ @) [ (07O~ pla™ (1) + 20) 6a(2)

ke (77(0) = 62570 [ (70 = pla™(0) +2.0) d:

“Jaoloo (0~ (1)) = p p~(t) ((21)"p™ (1) — M)

Note that at this point the global communication of the model is crucial: ¢ := inf,cn ¢ (2) > 0.
Then

(12)

v

v

d _ _ D R
77 ()= = (laoleo + ¢ (2m)") (o7 (1)) + 6o Mp™ (®),

which establishes the lower bound by integration.

Up to this point, we have proved uniform lower and upper bounds for the density. That is, there
exists a couple of strictily positive constants p* > 0 such that p~ < p(t) < pT for all ¢t > 0. Now,
we are going to see how this constants depends explicitly of the initial data (pg,up). To do that,
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we use the logistic equation X (t) = AX(t)[B — X(t)], where A and B are positive constants and
X(t) is a positive function, then
BX(0)

X = X0 7 B - x5

Consequently, writting (11) and (12) as a logistic differential inequality we obtain

+ nta
+ Clpo ‘qo’oo + 1 «
t) < L =M ,
= po +(c1 = pg e ' ( C(n)

and
0 oM
() > ——20 L = Pal ;
po + (c2 — pg )ecs |q0]oc + Pa (270)"
By the above, it is simple to check that

n+ao
+ + + ‘60’00 + p(; ¢
p" < max{p],c1} < max< p ,M(i_ )
0 0 C(n)py

C3 = ¢;M

and

po PaM }
|60|oo + pang(Zﬂ')n
STEP 2: BOUNDS ON THE ENTROPY (0 < a < 2). As an immediate consequence of the uniform

bound on the density and (10) we have a uniform global bound on the entropy |e(t)|o < 00. More
specifically, we have

p~ > min{p;,c2} > min {pg,

ot
(13) le(t)|oo < p—_leoloo-

STEP 3: HOLDER REGULARIZATION (1 < «a < 2). The parabolic nature of the density and
momentum equation is an essential structural feature of the system that has been used in all of the
preceding works. Using the condition u; = e + A%(p) we can write

(14) pe +upy + ep = —pA=(p).
Similarly, one can write the equation for the momentum m = pu:
(15) m¢ + umy + em = —pA%(m).

Note that in both cases the drift « is bounded a priori due to the maximum principle for each scalar
velocity component. Hence, density and momemtum equations (14), (15) falls under the general
class of fractional parabolic equations with bounded drift and force:

(16)  witu-Vu+f=Low),  La(w)(et) ;:/ K(z, 2, 1) (w(z + 2, ) — w(z, 1)) dz,

n

with a diffusion operator associated with the singular kernel K(z, z,t) := p(x,t)|z|~ "+ which is

even with respect to z. The bounds on the density provide uniform ellipticity bounds on the kernel:

A

2 — _
( a) ‘Z’n-l—oc

W <K(z,2,t) < (2-0a)

The most common assumption in the literature is that for all  and ¢, the kernel K is comparable
pointwise in terms of z to the kernel of the fractional Laplacian.



8 DANIEL LEAR

Regularity of these equations has been the subject of active research in recent years. In particular,
the result of Silvestre [26], see also Schwab-Silvestre [19], which provides Hélder regularization
bound for some v > 0 given by

(17) ol rnx(r2,1)) S 1plLoe (rrx(o,7)) + Pl Loo (Tm x[0,1))5
Imllcrrnx 2y S 1mlpemnxjo,r)) + M€l Loo (Tr x[0,7))

and

(18) ullcr(mnxry2,ry) < C (1ol poe(mnxio,r)s [Ul Lo (mnx0,1)) »

where the latter inequality follows from (17) since p is bounded below. Since the right hand side of
(17) and (18) is uniformly bounded on time we have obtained uniform bound on C7-norm starting,
by rescaling, from any positive time.

Remark: Note that the solutions u and p are Holder continuous on compact sets of T™ x (0, 00).
As a consequence of the uniform boundedness of u, p,p~" and e, the Holder exponent v can be
taken to be independent of T'. Up to this point, we only know that solution is Cz » with v > 0.

STEP 4: SCHAUDER ESTIMATES. For simplicity, in the rest of the section, we will focus only on
the critical case a = 1 where the result of [14] does not apply. The key point is to note that if we
initially assume that ey = 0, it will remain zero as long as the solution exists, and things get much
simpler. Notice that this translate in the forceless case of (16) with Holder coefficients, due to the
apriori estimates (17) and (18). Now, following the spirit of Silvestre [27], we are in position to
apply the recent result of Dong-Jin-Zhang [11, Theorem 1.4.] to obtain that the solution becomes
immediately differentiable with Holder continuous derivatives. That is, we have

(19) ol crtv (orxzryary) S lollcrrnx ey S 1olLee (e x(o,1))5
Imllcreonxzr/ary) S Imlley @ xir/e,ry) S mlpemxio,r)),

and

(20) lullgrx (rnxzramyy < C (llplcren xiramys uller i xir2ry))
< C (Ipl s (mnxjo,1y) Ul Loe (Tm x[0,7))) »

where, as before, the latter inequality follows from (19) since p is bounded below. Since the right
hand side of (19) and (20) is uniformly bounded on time we have obtained uniform bound on
Ct17 iy—norm starting, by rescaling, from any positive time.

This immediately translates into the fact that the solution fulfills the continuation criterion and

the proof of global existence is complete for & = 1 under condition ey = 0.

After this, a natural question is to understand what happens in the case of general initial entropy.
Here, there is a noticeable difference between 1D and the multi-D setting. In 1D, since p is C7(T)
and bounded away from zero this implies that e € C7(T) (see [23, Remark 6.1]). With this in mind,
we have density and momemtum equation with drift and force in C7(T), that will be enough to
apply the result of Dong-Jin-Zhang [11, Theorem 1.4.] and obtain a different and shorther proof of
global existence for a« = 1 in 1D. However, in multi-D we can not apply that result because we get
that regularity only in the direction of the flow, that is e € CZ, (T™).

In the general case (eg(z) # 0 at some point € T™) we can prove that the solution is almost
Lipschitz in space (i.e. C7(T™) for all 0 < v < 1). To do that, we interpret the forced case as a
perturbation of the forceless case through Duhamel’s formula. Let w be the solution of

(21) wy +u-Vw = Ly(w), (z,t) € T" x [0,T7,
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with Holder coefficient given by (17) and (18). Note that if w is a solution to (21) on time interval
[0,T] then so is wy(x,t) = w(Azx,\t) on time interval [0,7/A] with uy(z,t) := u(Az, A\t) and
Ki(z, z,t) := K(\z, z, At). Stating the Holder bound for w) we readily obtain, for any v < 1, that

C
(22) [wller () (t) < —lwlpe oy,  t€[T/2,T].
7

Let us rewrite (22) in operator form. The equation (21) generates an strongly continuous evolution
family {W(t, s)}+>s, where W(t, s)w(s) give us the solution at time ¢ > s with initial condition
w(s) at time t = s. According to (22) we have

C
(23) [W(t, s)w(s)llovr) £ 7=z wlps@axsry),  T/2<s<t<T.
(t—s)

Let us now go back to the original forced equation (16) and treat the force as a source term. The
solution to (16) by Duhamel’s Principle can be written as

w(t) = W(t, 0)wy —I—/O W(t,s)f(s)ds.
In view of (23),

c | fl (ot
(24) lo(®)lloxam < 5 lwoloe +C /0 Wlexisimy g

(t—s)
C C t
tj\wo\m + :H’f’LM(T"X[O,T]y

IN

and consequently we get

C
(25) lwller (@) < 5 (woloo +1flzoenxiory) ¢ € [T/2,T]

Note that the constant C' (which can change at each line) deteriores as v — 1~. Therefore, coming
back to our original problem, this provides almost Lipschitz regularity in space for all 0 < v < 1
and all ¢ € [T'/2,T') given by

(26) o) llcv(ny S 1plLoe (T x(o,1)) + [P€lLoo (17 x[0,7)) 5
[m(t)lev () S 1Ml poo(n xjo,r)) + [M€] Loo (Tn x[0,1Y)5

and

(27) [u(®)||cvrny < C (1ol Lo (rnxjo,1))s [l Loo (Tn x[0,7)))

where the latter inequality follows, as before, from (26) since p is bounded below. Since the right
hand side of (26) and (27) is uniformly bounded on time we have obtained uniform bound on
C7-norm starting, by rescaling, from any positive time.

STEP 5: STRONG FLOCKING. Recall that we have proved above for the case eg = 0 that the
following holds for all T" > 0:

ol crv (nx3/a,1)) S 1PlLoo (T x[0,7))

lullcr (rnxzryamy) S (10lLe(mnx (o)), [Ul Lo (mmxjo.1))) -

Since the right hand sides are uniformly bounded on the entire line we have obtained uniform
bounds on C'*7(T")-norm starting from time ¢t = 37'/4. Since we are concerned with long time
dynamics let us reset initial time to ¢ = 37/4, and allow ourselves to assume that C''*7(T")-norms
are bounded from time ¢ = 0. Then the following uniform bound holds:

(28) sup |Vpleo < 00, sup |Vu|e < 0.
>0 >0
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STEP 5.1: CONTROL OVER |Vu|s. In order to complete the proof of Theorem 1.1, we proceed
to establish strong flocking for the velocity. We already know from the previous step that |Vu|s
remains uniformly bounded. However, this argument does not provide a good quantitative estimate
to conclude flocking. We will seek more precise estimates with the fact that now we already know
that |Vu|s remains uniformly bounded. So, we go back to equation (35) of [14]:

[Vl
Alt)

0| Vulk, £ CVul3 (IVplos +[Vulso) +€[Vpl3 + e — (1 =€) D(Vu)(zi) — (1 —¢)

where
IVu(z, + 2) — Vu(zy)|?
|z|n+1

D(Vu)(e) = [ az,

with z, = z4(¢), the maximal point of Vu(-,¢). That is, a point such that Vu(z.(t),t) = |Vu(t)|so-
Now, using the uniform bound on |Vp|y from (28) we obtain the bound

n

[Vul3
Alt)

Now, to take advantage of dissipation, we apply an improvement on a nonlinear maximum principle
bound of [6] in the case of small amplitudes, which appear originally on [24, Lemma 3.4]:

o |Vul’ < C|Vul’, + C |Vul2, + C. — (1 — &) D(Vu)(z,) — (1 —¢)

Lemma 2.1. There is an absolute constant ¢ > 0 such that for all B > 0 one has
D(Vu)(z) > B|Vu(z)|? — cB3A%(1).

In view of the above lemma, we have

3
H|Vul>, < — (B(1—¢) — C)|Vul2, — (1 —e — CA(1)) |Jv41(b7|5§° +C. + (1 —€)eB3A%(t).
Moreover, using the uniform bounf of |Vu|s we have
Vull, | -
< .
Ce<e A0 + C.A(t)

Putting all together and taking B > 1 and ¢ > 1 such that B(1—¢)—C > 0and 1-2¢—CA(t) > 0
we have proved

| VulZ, < —|VulZ, + A(t).

In particular, it implies exponential rate of convergence to zero as times goes to infinity. Finally,
. . 2 . . . . .

proving exponential decay of |V“u|s follows similar estimates, and will be omitted here for the

sake of brevity. We will refer to [24] for full details in 1D.

STEP 5.2: STRONG FLOCKING FOR THE DENSITY. Now, to establish strong flocking for the density,

we pass to the moving frame x — @t and write the continuity equation dyp + 91(pu) = 0 in the new

coordinates. Then, p(z,t) := p(x1 + tu,z_,t) where x = (z1,x_) satisfies

8tﬁ(x7t) + [)(l‘,t) alu(xl + tﬂ,ﬂj‘_,t) + alﬁ($7t)(u($1 + tﬂ,ﬂj‘_,t) - ’L_L) = 0.

According to the previously established strong flocking for the velocity we have that |0;p|e0 = E(1),
where F(t) denotes an exponential decaying quantity. This shows that p(-,¢) is Cauchy in time,
which proves that there exists a unique limiting state poo(-) such that |p(-,t) — poo(-)|ec = E(1).
Hence, returning to our original coordinates, this can be written in terms of p(z,t) and p(z,t) :=
Poo(x1 —tu,x_,t) as |p(-,t) — p(*)|eo = E(t). Since Vp is uniformly bounded, this also shows that
p is Lipschitz. Finally, convergence in C7 for any 0 < v < 1 follows by interpolation.
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3. GLOBAL WELL-POSEDNESS AND STRONG FLOCKING WITH SMALL INITIAL AMPLITUDE

For any initial entropy eg, the only available global existence result of classical solutions in the
multi-dimensional critical case (o = 1) is due to Shvydkoy [22], under a small condition on the
initial amplitude relative to its higher order norms of the initial data.

The main goal of this section is to obtain a new global existence result of classical solutions
under a weaker condition on the initial amplitude. Something in the spirit of there exist a universal
positive constant *, with ¢* <« 1 small enough, such that the solutions of (6) is global in time if
the initial amplitude is smaller that *. We will refer to the statement of Theorem 1.2 for a more
precise description of the result. Lastly, note that one disadvantage of our result, in comparison
with [22], is that does not work for the supercritical case.

The starting point will be the equations (24) and (35) of [14]:

(29) X Vo2 S C(IVplool Vel + [Vl Vol2) — Da(Vp)(z*) — Vol

[Vul3,
Alt)

(30) & |Vul3 S C|Vuls (IVploo + [Vuloo) + €[ Volds + e — (1 =€) D(Vu)(z,) — (1 —¢)

In order to complete the proof, we combine (29) and (30) to obtain that

B 3 [Vl + Vull] S C (IVhlso| Veloo + V2| Voloo + [Vtloo| Vol2 + [Vull) + ¢
[Vl
At)
— (1 =e)D(Vu)(zx) — D(Vp)(z").

—(1-¢) —(1=9)|Vpl%

The above expression (31) emphasizes the fact that the point at which each D-term is evaluated is
different. Without losing generality, we can discard the last two terms of the previous expression
and focus our attention on the cubic terms. Only by interpolation we get:

Va3
A(t)
[Vul3
A(t)

Consequently, all the cubic terms can be bounded above by

Vul3|Vpleo < € + e VoIS A%(1),

Vuloo|Vpl3, < € e Vp 2 AV (1),

[Vul3
A(t)

(32) IVl Voloo + [Vl ValZ, + [ Vull, < (26 + A(t) +2c. AV ()| Vol

So, putting (32) into (31) we arrive at

0¢ [IVpls + IVul3] < ClVpl| Vel + e
[Vul%,
A(t)

Now, due to the maximum principle for the velocity, we have that A(t) < Ay and taking Ay < 1
small enough such that the following bounds hold

— (1= 85— A() = — (1 =2 — . A1) |Vl

1-3c—Ap>0, and 1-c—c.A/?>>0,

we have proved
Oy [|V,0|20 + |Vu|go] < C|VpleolVelso + ce.
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To close the argument, we recall that [Ve(t)|loo < |Vp(t)lec + [Vl which forces to have an
apriori control in time for the gradient of the velocity. We bypass this obstacle taking into account
the fact that the ratio q := e/p satisfies the transport equation ¢; + ug; = 0. Consequently, we get

(33) 0: [|[Vpl2e + [Vulse +[Val3] S ClIVple| Vel + [ Vuloo| Valo] + -

In addition, by the definition of ¢ and the uniform bounds previously proved for density and
entropy, we trivially have that |Ve|oo < |Vploo +|V¢|oo. Therefore, the quadratic term of (33) can
be bounded directly as

VhloolVeloo + [Vuloo|Valoo S [Vols + [Vul, + Va3

Then, we have obtained uniform bound for p,u,q € L*([0,Tp); Wl’oo) by integration. This fulfills
the continuation criterion of [14, Theorem 1.1] and the proof of global existence in time of classical
solutions of (6) for the critical case (o = 1) is complete.

Next, we complement this result by a strong flocking statement. We already know from the pre-
vious step that |Vp|e and |Vu|s remains uniformly bounded for all time. However, this argument
does not provide a good quantitative estimate on |Vu|s to conclude flocking. We will seek more
precise estimates with the fact that now we already know that |Vp| remains uniformly bounded.
So, we go back to STEP 5 of Section 2 to conlude that, under the uniform bounds (28), the same
result follows.

4. GLOBAL EXISTENCE OF WEAK SOLUTIONS

Given the difficulty of obtaining a general result for classical solutions (without any extra initial
condition) for the case of critical alignment. Now, we develop a weak formulation theory for v = 1.
Once a reasonable definition of weak solution is given, to prove global existence one usually exploits
what it is know as a compactness argument, which consists mainly in the following two steps:

(1) proving the existence of a sequence of relatively smooth approximating solutions satisfying
appropriate uniform estimates;

(2) proving that limits of these approximating solutions are effectively weak solution of the
problem under consideration.

For the interested reader, we refer to [15], where Leslie construct weak solutions as limits of global
classical solutions in 1D. The main difference with our result in multi-D is that there is no a full
developed theory of global existence for classical solutions, only the results mentioned above. We
bypass this difficulty and construct weak solutions as limits of classical solutions for the subcriti-
cal regime. In fact, we extend and develop the weak theroy of unidirectional flows for any « € [1, 2).

In order to obtain a reasonable notion of weak solution, we start checking some of the conditions
satisfied for the classical ones. We recall that classical solutions satisfy the energy equalities:
(34)

1t _ 2 t
/ p(t)zder—/ / (p(w)+p(y))%dydwds=/ pgdx—/ / ep? dz ds,
n 2 Jo Jroxre |z — y Tn 0 Jrn

and

¢ w(z) — u(y)|?
(35) % /11% pu’(t) dz —I—/O /’]I‘"XR" p(x)p(y)M dydrds = %/n poug dzx.

|z — y|nte

Under non-vacuum condition 0 < p~ < p(t) < pt, using Sobolev—Slobodeckij spaces, the above
equalities prove that p,u are bounded in L?(0,7T; H a/2 (T™)) by a constant depending only on M,
T, and the L* norms of ug, po, py ! and ey. Finally, since L>(T")NH a/ 2(T™) is an algebra, we
have that pu is also bounded in L?(0,T; H*/?(T™)).
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DEFINITION OF WEAK SOLUTION. 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 the following system:

Orp + O1(pu) = 0,
(36) {(%u +ue = —A%pu).

Definition 4.1. Let a € [1,2) and (po, uo, o) € (L>°(T™))? with pg > 0 a.e. on T” satisfying the
compatibility condition:

(37) / e + updi1p + poA*(p)dz =0 for all ¢ e C*°(T").

We will say that (p,u,e) is a weak solution on the interval [0, 7] with initial data (pg,uo, €g), if
e u, p, p~ !, and e all belong to L>(0,T; L>(T")).
e u and p belong to L?(0,T; H/?(T™)).
o (u,p,e) satisfies the weak form of (36), for all ¢ € C*°(T" x [0,7]) and a.e. t € [0,T:

(38) /n u(t)e(t) dx—/Tn uop(0) dx—/ot /n udppdrds = — /Ot/n ue+A"%(pu) A2 (o) dz ds,

(39) /n p(t)p(t)dx — /T" pop(0)dx — /Ot /n pOrpdxds = /Ot /n pudipdxds.

e The compatibility condition (37) propagates in time, in the sense that
T
(40) / / ep +udp + pA“(p)deds =0, for all ¢ € C°(T" x [0,T)).
0 n

Note that weak formulations (38), (39), (40) work for ¢ € C* (0, T;C%, (T™) N L>(T™) N Ha/2(']I‘”)).

Definition 4.2. A weak solution (p,u,e) on T" x [0, T'] is a Leray-Hopf weak solution if the following
inequalities hold for almost every s € (0,7") and every t € (s,T):

(41)
¢ 2 2 t
[y [ [ e+ B2t qyasds< [ oar- [ [ etavas,
and
| t ju(z) — uy)P? |
(42) 3 /]1‘” pu?(t) dz +/S /ann p(:n)p(y)W dydxds < 5 /n pu’(s) dz.

PROPERTIES OF WEAK SOLUTION. Let (u,p,e) be a weak solution on the time interval [0, T
associated to the initial data (ug, po, eg) € (L°°(T™))3. The purpose of the following list is to collect
some simple facts about general weak solution, namely

e The quantity e satisfies a weak form of d,e+0;(ue) = 0. That is, for all p € C*>°(T" x [0,T])
and a.e. t € [0,T], we have

(43) /ne(t)gp(t) dx—/w eogo(O)dx—/Ot/n e@tgpdznds:/ot/n wedyp da ds.

e The solution (u, p,e) converges weak-+ in L>(T") to the initial data.

e The weak time derivative of u is a well-defined element of L?(0,T; H~%/?(T")); the weak
time derivatives of p and e are well-defined elements of L°(0,T; H~(T")).

e The weak solution (u, p) belongs to C(0,T, L2(T™)).

As its proof is analog to 1D, we skip it and refer the interested reader to [15] for more details.

CONSTRUCTION OF A WEAK SOLUTION. In this section, for any a € [1,2), we construct a global
weak solution as a subsequential limit of a global classical solution for a regularized (subcritical
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a~ a+ ¢ > 1) system with mollified initial data, as the mollification parameter ¢ tends to zero,
by using the Aubin-Lions’s compactness lemma.

I3

Lemma 4.3 (Aubin-Lions’s compactness lemma, [2]). Let X,Y,Z be three Banach spaces with
X CY C Z. Suppose 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={vel?0,T;X):00elL"(0,T;2)}.
(1) If p < oo, then the embedding E C LP(0,T;Y) is compact.
(2) If p= o0 and r > 1, then the embedding E C C([0,T],Y) is compact.
In the notation of the Aubin-Lions’s compactness lemma, we set
Xr=C"(T"), Y =C(T"), Z=H '(T"),
where v € (0, 1) is the Holder exponent and
Esr = {v € L>®(6,T;C7(T") : g € L*(6,T; H*(T™))}.
The conclusion is then that the embedding Es7r C C([6,T]; C(T")) is compact for any T' > ¢ > 0.
Choose (pg,uo,ep) € (L°°(T™))? satisfying py > 0 a.e. on T™ and the compatibility condition
(37) and « € [1,2). For that, we regularize the initial data (pg,ug) as
P = T * Po;
UG = Me * U,

where 7.(z) := e In(ze™t) with n € C*®(R") is a standard mollifier supported in |z| < 1. Let
(p°,u®) denote solution associated to the subcritical system

Oep® + 01 (p°u®) = 0,
O + J0n () = AH (o) — A (),
with 1 < a + € < 2, subject to initial condition
(pa('v t)v U’E('7 t)) ‘t=0 = (pgv ug)
As pp > 0 a.e. on T, the regularized initial data p{ satisfies the no-vacuum condition p§(x) > 0 for
all z € T™ and consequently we have proved, using [14, Theorem 1.2], that there exists a unique non-

vacuous global in time classical solution of (44) for all 0 < ¢ < 1. Notice that e® := dyu® — A%(p®)
satisfies that e = €°(0) automatically.

(44)

Claim: The sequences p° and u® are bounded in Ejsr for any 7> § > 0.

Proof. Fix T > § > 0. In order to prove the claim, one needs to prove the following two statements:

(1) p® and u® are e—uniformly bounded sequences of L>°(d,T; C7(T™)).
(2) 9;p° and dpuf are e—uniformly bounded sequences of L2(§,T; H1(T™)).

Proof of (1). We have proved on Section 2 via fractional parabolic regularity that p® and u® are
~v—Haélder continuous on compact sets of T™ x (0,00). Precisely, we have

0% llcv e xsry) S Co,r (106005 €6]00) 5
1wl (rn xs,r)) S Csr (1] oos [46]00) -

As usual, [|7:||1(gn) = 1 and using Young’s convolution inequality we finally get
p°[lcv (e xis.1)) S Cs.1 (IP0loos [€0loo) 5

and
[ullcr e xis)) S Cs.r (1p0]oos [tio]oo) -
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Therefore {pf, u®}.~0 are e—uniformly bounded sequences in L (4, T; C7(T™)).

Proof of (2). As we have seen this result for weak solutions, it also applies to classical solutions and
consequently we have that 9;p° € L®(0,T; H='(T")) and dyuf € L*(0,T; H=(*+)/2(T")). More
specifically, we have

|8tP€|L°°(O,T;H*1(T”)) S |P€U€|L°°(0,T;Loo(1rn)),
|8tu€|L2(07T;H*(a+5)/2(11‘n)) S |U€€€|Lo<>(0,T;L°°(T")) + |p€u€|L2(0,T;H(Q+5)/2(T"))'

By the bounds proved in Section 2 we get that the Ly°L3° norms can be bounded above by a
quantity that depends only on the L>°(T") norms of pf, ] and ef. But these L>°(T") norms are
bounded by those of pg,up and eq.

For the L?Hg(ca+€)/ 2 norm, using that solution p°, u® satisfy the energy equalities (34),(35) with
o~ o+ ¢, we get that p°, u are bounded in L?(0,T; H(®t€)/2(T")) by a constant depending only
on |p§li, T, and the L>°(T™) norms of u§, p§ and ef. Finally, since L(T™) N H1+2)/2(T") is an
algebra, we have that p*u® is also bounded in L?(0, T; H(*)/2(T™)) by a constant independent of .

Besides, as H—(@+2)/2(T") ¢ H~1(T™) we get that both sequences {9;p°, dju}.~¢ are e—uniform
bounded in L%(0,T; H=*(T")). O

Now, as the above holds for any T > 0 > 0, applying the Aubin-Lions-Simon compactness
lemma, we can now choose a subsequence {e}r>1, tending to zero as kK — oo, such that u® and
p°* converge (strongly) in C([27V,2N];C(T")), with N any natural number. Using a standard
diagonal argument, we obtain a further subsequence, which we continue to denote by &g, such that
u®k and p°* converge to functions u and p, respectively, in Cioc((0,00); C(T™)).

Notice that we have proved that e® is bounded in L>(T" x [0, 7]) and both u® and p° are bounded
in L2(0,T; H@+)/2(T™)) c L?(0,T; H*?(T™)). Therefore, as a consequence of the Banach-Alaoglu
theorem (see [18]), each of these sequences has a subsequence (still denoted &) that converges
weakly to some limit. That is, e®* converges weak-x in L (T" x [0,T]) to some e € L*>(T" x [0,T1]),
and u®* and p°* converge weakly in L2(0,T; H a/2 (T™)) to w and p. Then we can use a diagonal
argument as above to send T — oco. To summarize, there exists a subsequence {¢;} and a triple
(u, p, e), such that as k — oo, we have

u* — w and p* — p strongly in Cloc((0,00); C(T™));
u® — u and p* — p weakly in LZ _((0,00); H*/2(T™));

e* X e weak- * in LS. (T™ x [0, 00)).

Now (u®*, p°*) is a classical solution (therefore (uck, p°k, ek ) 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 1.3. The construction gives Holder continuity on compact sets of T" x (0, 00).
Indeed, if «y is the Holder exponent associated to the interval [0,7] as in Section 2, then for any
7 € (0,7), the convergences u®* — u and p°* — p can be taken in L>(8,T; C7(T")) for any § > 0.

ENERGY INEQUALITY FOR CONSTRUCTED SOLUTIONS. We have that the solutions constructed
above satisfy (41) and (42), then there exists a Leray-Hopf type global weak solution to the system.
The energy inequalities follows from the energy equalities for regular enough solutions, then we
pass to the limit & — oo in the sequence (u®*, p°k, k) from the proof of existence above. For the
sake of brevity, as the argument follows mutatis mutandis with straightforward modifications, we
refer the reader to [15] for further details in 1D about the proof of inequalities (41), (42).
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ENERGY EQUALITY FOR WEAK SOLUTIONS. Now, we give conditions which guarantee that the
energy equalities (34) and (35) hold for weak solutions. Here, we emphasize that the criteria apply
to any weak solution, not just those weak solutions constructed as limit of regular ones.

Before starting, we note that it turns out to be easier to work with the momentum equation when
proving (35). But, due to the limited regularity, first we must check that such a formulation is valid.

When (p, u, ) is a weak solution, we can make sense of the expression pCq(p,u) in a weak sense.
Define X, := H®/?(T™) N L>°(T"), and denote by pCq(p, ) the element of the dual X} given by

(45) (PCalpy ), 0) x5, %0 = / —A(pu) A2 (pp) + A2 () A (pup) da.
Recall that if (p,u,e) is a weak solution on the interval [0, 7], by definition we have that p and u
belongs to L2(0,T; H*/?(T™)) and L>°(0,T; L>°(T™)). So, in particular both belongs to L2(0, T; X,,).
Now, by the algebra property of this space X, the above expression (45) is well-defined.

Lemma 4.4. Let (u, p,e) be a weak solution on the time interval [0, T]. Then for each test function
p € C®(T" x [0,T]) and a.e. t € [0,T], we have that

t
/ pup(t) de — / pouop(0) de — / / pudpp(s) dx ds
mn mn 0 mn
t t
= / / puldy dr ds + / (PCalp,u), ©) xx x, ds.
o Jn 0

Before proving this result, we need to take into account another not entirely trivial step by
checking that we can substitute a mollified in space weak solution into the weak formulations of
density (39) and velocity (38) as a test function. This fact is not straightforward since a priori
weak solutions may not have enough time regularity. By an approximation argument (see [20]) one
can show that for any weak solution, the relationships (39) and (38) hold for all test funciton ¢
that are smooth and localized in space, but only weakly Lipschitz in time. As we have seen before
that weak solutions belongs to C(0,7T'; L?(T")), we can apply Littlewood-Paley projections of weak
solutions as test functions.

(46)

Next we present the classical Littlewood-Paley theory which plays an important role in the proof
of our result. For a more detailed description on this theory we refer readers to the books [3], [12].
Define length scales A, := 2q. Let us fix a nonnegative radial function xy € C§°(B(0,1)) such that

1 for [¢] < 3/4,
x(8) = {0 for [€] > 1.
Let us define a dyadic partition of unity given by ¢(§) := x(£/2) — x(§) and
e(nt) for ¢ > 0,
D(€) = {x@f otz

Now, for a given tempered (periodic) distribution f we consider the Littlewood-Paley projections
in the following way

(47) Ayf = ]:_1(%(5)]:]0),

and

Q
Sof = > Agf = F (XA 9F 1),

g=-1
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where F and F~! denote the Fourier transform and inverse Fourier transform for T":
FHE) = /T fl@)e ™ dz,  Fl(g)(x) =) g(§)e™ <.
Eezn

So, we have f = limg_~ Sqf in the sense of distributions. Let us recall the definition of Besov
spaces. The Besov space B;T(']I‘”) (s € R,1 < p,r < c0) is the space of tempered distributions
whose corresponding norm, defined by

(48) 1F 1|y, crny = [|Ag1 A f
if finite. We also define B?

psco

oo
(T™) to be the space of tempered distributions such that
lim sup A7 |A, f], = 0,

q—0o0

together with the norm inherited from B, ., (T"). See [3] for the standard properties of these spaces.

Now we have all the ingredients to prove the above lemma. We refer to [15] for the proof in 1D.
We include the sketch of the analogous proof in multi-D for completeness.

Proof of Lemma 4.4. Substitute the test function Sq(Sg(p)¢) into the weak velocity equation (38)
and substitute the test function Sg(Sg(u)y) into the weak density equation (39). Finally, using
the compatibility condition

Sqe = SQOiu — A% (Sqp),

to eliminate Sgd;u from the weak density equation we arrive (after some manipulations) to (46). O

In [15], it was shown that if u € L3(0,T}; Bg/j’) (T)) and p € L3(0, T} B;f;(’]I‘)) is a weak solution
to the 1D Euler alignment system, then the solution conserves energy. That is, (34) and (35) hold.
We follow a similar program in this section to obtain an anisotropic Onsager class condition for
unidirectional flows in multi-D.

In order to do that, we define an anisotropic Besov space via an anisotropic Littlewood-Paley
projection adapted to the unidirectional flow. Without lost of generality, in view of rotational
invariance of the system, we will continue assuming that the flow moves in the z;—direction. So,
we define

(49) AP f o= FH¢q(&)FS),
which is the Littlewood-Paley projection with dyadic bloc in the horizontal Fourier variable and
Q
SEf = > AP =F (x(\gh&)Fh).
q=-—1

We define an auxiliary anisotropic Besov space B;T(']T") (s e R,1 < p,r < o0). That is the space
of tempered distribution whose norm, defined by

”f|’z§;7r(1rn) = H)‘Z’Aglﬂp

r )
éq

is finite. We also define B¢

5 o (T™) to be the space of tempered distributions such that

limsup A\;|AZ" flp = 0,
q—00
together with the norm inherited from l’;’;m(T"). Now, we have all the ingredients to define the
anisotropic space Bj .(T") adapted to the problem with s € R, 1 < p,r < oo:
(50) B (T") := BS,.(T") N L*(T").
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This is just the set of periodic functions in L3(T") and Besov regularity B, ,(T) in the zi-variable.

Next, we derive an energy budget relation associated to the x;—unidirectional Euler alignment
system (6), in the spirit of [5] and [16] for the Euler and Navier-Stokes equations respectively.
Remark: Notice that C;l (T™) N X4 (T™) regularity in space will be enough to apply integration
by parts in the weak formulation.

Let Eg(t) denote the energy associated to scales A, for ¢ < @ in the x;—direction of the flow,
and let E(t) denote the total energy:

1 1
Eq(t) := —/ Eg (v—,t)dv_, E(t) := —/ E" (x_,t)dz_,

2 ’]Tnfl 2 Tn—1

where 571 (pu)ST
U U
EZ (z_,t) ::/ < ,Om)l Qv )dxl, and E* (x_,t) ::/pu2 dzq,
T SQ (p) T

with 2_ := (z2,...,7,) € T" ! and dz_ := dxy... dz,. Defining the auxiliary function

e 5q (pu)
Ut (x,t) == W(m,t),

and putting ¢ = S5 U € C(0,T;C5(T") N Xo(T")) as test function into the weak formulation
of the momentum equation (46), we obtain that

(51) ZEQ(S)‘; - /Ot /n S (pw)O U™ da ds

t t
= SE (pu)O U™ dzz ds + SEH(pCo(p,w)) U dx ds.

On the other hand, we can rewrite the definition of Eg(t) using the weak formulation of the density
equation (39) as follows

/ns )(U™)? ( :%/ pSE ((U™)?) dx‘t

// pSG' O (U™)?) dwds + = // puSg' (91( (U™)?) dads

= SE (pu)o U™ dads + So (pu)U™ U™ dz ds.
o Jo ¢ Tn

0
Subtracting the above from (51), we obtain the energy budget relation at scales ¢ < @ :
¢
(52) Polt) = Fo(0) = [ Ta(s)ds —q(0).

Here IIg(s) is the flux through scales of order ) due to the nonlinearity, defined by
Ig(s) := / I (z—, s)dz_,
Trn—1

where
I (z—, ) := /T <Sg?1 (pu?) — Un sy (,ou)) o U* dxy,

and €¢g(t) represent the change in energy due to the alignment term given by

eq(t) == eg (v—,t)dz_, where g5 (z—,1) : S u))Ut day ds.
Tn—1
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Finally, we also denote

e(t) :== /Tnl e x_,t)dx_,

_ 2
o : / / (:E)—u(ﬁmdydxl ds.
RoxT' |z — y[rre

We aim to show that for appropriate (p,u) and all ¢ € (0,7, we have (as @ — oo) that

where

(53) Eolt) — E(t), /0 Mo(s)ds — 0, eq(t) — &(t).

These convergences will immediately imply that the energy balance relation (35) holds for (p,u).
Instead of prove the above, we will check that

t
(54) Eg (v—,t) = E™ (1), /0 I (2, s)ds — 0, eg (v, t) = ™ (z_, 1),

which clearly implies (53) and consequently the energy balance. Now, it was already shown in [15]
that (54) holds (taking z_ € T"! as a frozen parameter) under the assumption that

p(a_,) € (0,7 By2(T)),  u(z_,-) € L*(0,T; B2 (T)).

3,¢co
So, the claimed limit then follows by the dominated convergence theorem taking
p(t.ey,z_) € L3(0,T; By/2 (T) x LX(T™Y),  u(t,z1,2-) € L3(0,T; By (T) x L3(T"Y)).
To sum up, we have reduced our unidirectional setting to a well-understood problem in 1D.
Recalling definition (50) and the fact that Bl ,(T") C L*(T") if a > 1, we have proved that the

pu?—energy relation (35) holds under the assumption that

pe L0, T;BY2(T™),  we L30,T; By (T™).

3,¢co
In order to obtain the p—energy relation (34), taking ¢ = S!Sl p € C(0,T; O (T") N Xa(T")) as
test function into the weak formulation of the density equation (39), we obtain (using integration
by parts in the time variable) that

1 1 t
ST — / SEpg dx:/ ST pu)SE Oy p da ds.
3 [ sgorar—g [ sgara= [ [ sgewsgo

Manipulating the right-hand side we get

1 z t t . . . . 1 [t N i
2 /andp)z da| = /0 / (88 (ou) = S5 pSG ) SG drpdads — 5 /0 | 55 onu(sg o)
Now, taking ¢ = S§' ¢ with ¢ € C°°(T" x [0,77) on (40), we arrive to the compatibility condition
SQ e = SQ alu - AaSQ p,

which allow us to eliminate Sg0iu from the last term. Then, we obtain
/ (lep dx / / Sml (pu) SgpSgu) So Opdxds

1 t X o QT X
—5/0 / <SQ16+A 5Q1p> (5% p)* de ds.

We aim to show that for appropriate (p,u) and all ¢ € (0,T"), we have (as Q — o0) that

(55) // S SEpSE! )Sgalpdxds—)O,
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and

' 1/ lo(z) — p(y)I?
56 / A*SHp Sm1p2dazds—>—/ / p(x) + ply)) —————dy dzds,
6o | [ Asgeisge) 5 [ (el o) B
because the other terms tend to their natural limits. These convergences will immediately imply
that the energy balance relation (34) holds for (p,u). Instead of proving the above, we will check

t
(57) | [ (5500 - 55 os5u) 85010001 ds 0,
0o JT

and
(58) /t / A“SE p(SE p)? day ds — 1 /t/ (p(z) + p(y)) lo(x) — p(y)” dydz ds
o Jr @U@ 2 Jo Jrxre |z — y[rte 7
which clearly implies (55), (56) and consequently the energy balance. Now, it was already shown
in [15, Proposition 4.13] that (57) and (58) hold under the assumption that
2 1

p('7$—7 ) € La(()’T; Bg,oo(’]r))’ ’LL(-,$_, ) € Lb(O,T; B;CO(T))’ E + g =20+717=1

As before, we have reduced our unidirectional setting to a well-understood problem in 1D. In
particular, recalling definition (50), we have proved that the p—energy relation (34) holds under
the same assumption as before.

To sum up, our result provides a sufficient regularity condition on (p,u) to guarantee that energy
equailities (34), (35) hold under the anisotropic condition:
(59) pe L30T BL(T"), e L30, T3 Bylg (T").

3,c0

Since any weak solution belongs to L(0,T; L>®(T™)) N L?(0,T, H*/?(T™)), by interpolation (see
[3, Proposition 2.71]) we have that (p,u) belongs to

L3(0,T; By, ™ (T™).

Now (59) is automatically satisfied if o € [1,2) and dimension n = 1,2,3 or 4 because the following
chain of inclusions hold:

B, / (T") C B34 / (T") C Bg,/?, (T") 83,/3 (T") C 83,/00(T ) C 53,/CO(T )-
Notice that for higher dimension 5 < n < 9 we have an unconditional result if o € [(n + 2)/6,2).
Otherwise, the energy equalities hold under the anisotropic condition (59).

5. ON THE STRUCTURE OF LIMITING FLOCKS

In this section we focus on the study of the long-time behavior of solutions in the range o € [1, 2).
For the subcritical case (o > 1) we have unconditional global existence of classical solutions and
strong flocking. As we have seen, for the critical case (o« = 1) we have conditional global existence of
classical solutions under some extra condition and unconditional global existence of weak solutions.

In any case, the long time behavior is characterized by convergence to a flocking state, by which
we understand alignment to a constant velocity © — @, and stabilization of density to a traveling
wave p(x,t) = poo(x —tu). Although the limiting velocity @ is prescribed from the initial condition,
the shape of the limiting density profile p is an emergent quantity. In general, try to establish
the exact shape of the limiting density can be a very challenging problem. To overcome this, a first
try could be to quantify how far the limiting density deviates from a uniform distribution.

In 1D, the authors of [17] provide a series of estimates that show how far the limiting density
Poo is from the uniform distribution m = (27) "' M in the L*(T) metric. Note that the same proof
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works line by line for unidirectional flows in the multi-dimensional setting. Then, in terms of the
LY(T™) metric, we have for free that:

(eg =0) lp(t) —ml|1 < |po —m|i e, for all t > 0,
and

(0 #0)  |pooc —ml1 S |eo]oo-

The result of [17] works for local and global kernels. However, the rest of this section just apply to
global kernels (smooth or singular) due to the fact that a key point in our proof will be a uniform
lower bound for the density. To sum up, the main result of this sections is an improvement of the
above result to any LP(T™) metric with 1 < p < co. That is,

(eg =0) lp(t) —mly, < lpo — mlpe™, for all t > 0,

and
(0 #0)  |poo —mlp < [€0]oo-

Remark: Notice that the main result of this section works even for the critical case (o = 1)
because all the estimates survive the limiting procedure we use to construct weak solutions.

The main tool in establishing results of this section is the use of energy estimates for the shifted
density r(-,t) :== p(-,t) —m. As p; = —01(up), the equaiton for the new variable is given by

(60) ry = —01(ur) — mou.

Let p > 2, multiplying (60) by p|r[P~2r we have:

d
_Ttp:p/ rlP=2rr, dz
dt’ ( )’p Tn’ | t
= —p/ |7‘|p_2r (01(ur) + moyu) dzx

=p | o(rfP%r)urdz — pm |7|P~2rdu d.

T Tn

Assuming that p is an even number. That is, let p = 2¢ for any ¢ € N, we have (applying integration
by parts) that

1d
g dl r(t)|§g = /11‘” O (T Hurdz —m - r207 19 u da
=(2¢—1) / 2 yde —m [ r*ouda
Tn T
29 —1
S / r2991udz — m 20719 0 da
2(] n Tn

2q -1
= —/ oiu <_q r? 4 mrQq_1> dz.
n 2q

Replace O1u = e + A%p, here A%p = A%r is understood in the difference form. Then

1d 2 2¢—1, 2g—1 / 2g -1 , 21
1 ——|r®)5? = — e q dx — — 7 4 A%rdz.
(61) T 7(t)l3 /Tne< 5 r 4+ mr x i 5% r + mr rdx
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Symmetrizing in the last term we obtain

2/ <?T2q(x) + mrzq_l(x)> A%rdx
n q

= [ [ (i@ metn @) = (B 4 mett )| 00 -r)onta—p) dyde

= [, e i) = )60t — ) dyd,

where

2 1 () ) ) i)
2q [r(z) —r(y)* [r(x) = r(y))*"™

Notice that for ¢ = 1, this expression (as 7(-) = p(-) — m) reduces to

‘Ijl(x,y):w—l—mzw >

\Ilq(‘rvy) =

In the case ¢ = 2, using as before that r(-) = p(-) — m and taking p(z), p(y) as frozen parameters,
we can interpret Wo(z,y) = Wa(m) as a quadratic equation in terms of m. Then, evaluating at the
minimum, we get the following uniform lower bound

A similar type of bound can be obtained for any ¢ € N. To do that, we define the auxiliary functions
X :=r(z) and Y := r(y). Then, since r(-) = p(-) —m € [p~ —m, p™ — m], the above expression
U, (x,y) can be written as

2¢—1 X% Y% N X?2a-1 _y2e-1
2¢ X -—v) 1 "X —y) 1

with p” —=m < XY < pt —m.
Corollary 5.1. Let g € N, there exist a positive constant C(q) > 0 such that the following holds:

2¢—1 X2 Y2 X2l _y2¢-1
+m
2 (X —Y)2-1

X v = Clg)p™

(62) fo(X)Y) =

Note that C(q) — 0 as long as ¢ — oo.

Proof. As we are working with a continuous function on a bounded domain, it is enough to prove
that f,(X,Y) is strictly positive to obtain our result. That is, condition

(63) fo(X,Y) >0,

give us that there exists a strictily positive constant C; > 0 (small enough and depending of ¢)
such that f;(X,Y) > C; > 0. So, finally taking C(q) := C,;/p~ we have proved our goal (62).

Let me start with the case X > Y. Under this extra condition, it is clear that (X —Y)24=1 >0
and to obtain condition (63) is equivalent to check that the following bounds hold:

2g—1

(64) S

(X2 —Y20) 4 (X201 —y2h) > 0.

In addition, we distinguish between the following three cases:
e Case X >Y > 0: This case follows trivially because X27 > Y27 and X2~ > Y?2a—1,
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e Case 0 > X > Y: In this case we only have that X2¢=! > Y24=1 So, inequality (64) can
be written in a more convenient way as

_1(2q— 1 (29—
X2q 1 X Y2q 1
(65) ( 5 + ) > 5

Now, using that X, Y > p~ — m we get for all ¢ € N that

Y—l—m)

29— 1 20 — 1 29— 1
min { 22 X +m, q Y+m,> 4 I +—>p .
2q 2q 2q 2q

Consequently, combining the above with the fact that X291 > Y24~! we have proved (65).
e Case X > 0 > Y: Using that X > 0, it is clear that inequality (64) is obtained if the

following bound holds
2
—y%4<q Y + >>o
2q

Now, we study each term separately. The first one is clearly positive because Y < 0. For
the other, we only need to use, as before, that Y > p~ — m. So, it is clear that both terms
are positive and consequently we have proved our goal.

The proofs is completly similar for the case X < Y. We omit the details for the sake of brevity. [

Then the last term of (61) becomes uniformly dissipative regardless of any bounds on the density.
With this in mind, we have

1d B 2 -1 5, 21 _ _ 2 _
OB < = [ (Pt ) do e [ 10w - r)Poute - )y,

with

ey :=C(q)p
At this point the global communication of the model is crucial. Recall that ¢, := inf,cn ¢ (2) > 0,
then we get

L 1) = (@) Pu(o = y) dydo > calr(0)3
where

cs = 2(2m)" ¢, .
The proof of the above is an inmediate consequence of the following couple of results.

Lemma 5.2. Let f € (L* N L*)(T") with zero average, i.e. [, f(x)dz =0. Then, we have that

L 106@) = £ P dy do > 200" 11
Proof. Taking X := f(x), Y := f(y) and applying directly inequality (66) we obtain that

/ (@) — ()2 dyde > / F@) 2+ | £(y) dy dar — / Py(f(2). f(4)) dy d.
T2n T2n

T2n

The result follows because the last integral vanishes due to the fact that f has zero average. O

Corollary 5.3. Let X,Y € [—[,l] with 0 <l < oo and q € N. Then, we have that

(66) (X -Y)% > X% 1Y% - P(X,Y),
where
2XY =1
PII(X7Y) = 2¢—1 2¢—1 I ’
2q(Xq_Y—|-XYq_) q>2.



24 DANIEL LEAR

Proof. Applying directly the binomial theorem we get
2q

(X o Y)2q _ Z(_l)k <2kQ> x2a-kyk

k=0
In addition, we clearly have that the above can be written as

(X —Y)? = X214 Y% — P(X,Y) + Ry(X,Y),

where
0 q= 17
R,(X,Y):=(6X2%Y? q=2,
(= 1)k () x2ahy q>3.

It is clear that Ry(X,Y) > 0 for ¢ = 1,2. Our next step is to prove that R,(X,Y) > 0 for all ¢ € N.
To do that, focusing only on the non-trivial case ¢ > 3, we rewrite the above expression in a more
convenient way as follows:

Ry(X,)Y) = (X —Y)¥ — X% - Y 4 2¢ (X% 'Y + XYy? 1) XY € [-1,1].

Note that Ry(X,Y) = R,(Y, X). So, by simmetry, it will be enough to study the abosolute minimum
of the above expression on the region [ > X > Y > —[. We start with the derivatives of Rq(X YY)

OHRy(X,Y)= 29(X —Y)* ! —2¢X%7 " +2¢((2g — )X*72Y + Y271,
DRRY(X,Y) = —2¢(X — V)21 —2gY27! 4 2¢ (X297 4 (2¢ — 1)XV?7%)
Let us start computing the critical points. That is, points such that 01 R;(X,Y) = 0 = 02 R¢(X,Y).
Adding both expression we get the necessary condition:
2q(2¢ — 1) (X*7?Y + XY?7%) = 0.
The unique possible solutions of the above in the region X > Y are X =Y =0 or X = —Y with
X # 0. The origin (0,0) is clearly a critical point but the other possibililty X = —Y gives us
MR (X, —X) = 2q(2°7 ' —2¢—1)Xx%7 1,
DR (X, —X) = —2q(227 ! —2¢ — 1) X271,
As 22471 _ 925 —1 > 0 for ¢ > 2 we have that the only critical point and consequently a candidate to
be the absolute minimum is the origin. To finish, we study the value of R,(X,Y’) on the boundary.
e Case X =Y In this case, it is clear that
R (X, X) = 4¢X247Y > 0.
e Case X =1 and -] <Y < I: To handle the vertical line, we define the auxiliary function
VoY) := Ry(1,Y), which derivative is given by
(67) VIY)=2¢[-(1—-Y)* !t =yt 4 271 4 (2g — 1)Y27?].

By the above expression, it is trivial to check that V,/(0) = 0. To conclude that (I,0) is a
candidate to be an aboslute minimum we show that sgn(V,(Y)) = sgn(Y) for -1 <Y <.
To do that, we have to distinguish between the following two cases:

¢ Case 0 <Y < [: In this case, it is clear that

l2q—1 > (l _ Y)2q—1’
1(2¢ —1)Y%72 > (2¢ — 1)Y2~1 > y2a- L,
Consequently, we have proved that V;(Y) > 0if 0 <Y <.
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o Case = <Y < 0: Using the binomial theorem, we get that (67) can be written as
2q—3

Vi = o Y (ke

k=1
By the above expression, we finally get that V() < 0if -1 <Y <0.

e Case Y = —[ and —I < X < [: Similarly, to handle the horizontal line, we define the

auxiliary function Hy(X) := Ry(X, —I), which derivative is given by

Hi(X) =2q [(X + )% — X271 — 27! —(2g — 1)X%772] .
Proceeding as before, it is not difficult to check that sgn(H, (X)) = sgn(X) for -1 < X <.
Consequently, H;(0) = 0 and the point (0, —1) is a candidate to be an absolute minimum.
Therefore, we have 5 possible candidates to be an absolute minimum of R,(X,Y) on X,Y € [—[,1].
Evaluating we get R,(£l,0) = R, (0, £l) = R,4(0,0) = 0. So, we finaly obtain that R,(X,Y) >0. O
Therefore, for any ¢ € N we have proved that

1d 2q —1
O <_q2q e mr%—l) dr—cy [ 1r(e) = r)6ue — ) dyda

2qg—1
< —/ e <q2—r2q + mr2q_1> dz — C4C5|’r’(t)|§g.
n q

We can now perform Duhamel analysis on the size of initial eg which is conserved in time. Indeed,
if eg = 0, then the first term in the above expression drops out completely and we get

|p(t) = ml2q < |po — m|2q e
For general eg, we have
1d, o _2¢g—1 2 291 2
2—qa|r|23 S leloo|7[5g + mleloolrlag—1 — cacs|rlag
2g -1 m
< lele ({14 m) 221+ S om ) — cuclrl

where in the last step we have used Young’s inequality. Now, applying (13) we finally get

1d 2 2¢ —1p* 2, M p*

——|r(t)5L < — -1 — o + —(2m)"— .

5 il < = (exes = o m) 2 el ) I + 52 ol
By Gronwall’s lemma we obtain the bound

Y
2 2 — _
(68) [r(®)lzg < Irolge ™ + 5 (1= e%0),
with
2 —1p*
X i=cyc5 — (1 +m) 5 —eoloos
+
m P
Y ZZ(%)H—JGO\M

By (68), it is clear that we have control for all time over |p(t) — m|z, depending only on the inial
data if X > 0. So, a natural question is: under what condtions is X > 07 Note that X > 0 if

2g p~ p”
2¢—1pT1+m

le0loc < C(q) 2(27)" ¢q,

where C(1) = 1,C(2) = %ﬁ—; and C(q) decreases to zero as long as ¢ increases their value.
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In that case, taking (pg,up) such that

2 p~ p~ -
= — 2(2m)"
|60|00 € (Q)Zq_ 1,0+ 1+m ( 7T) gba ’
with 0 < € < 1 we finally obtain that
1 € m
—mf3l < 27)"
Poo =1l < 5T T2 T 27

Finally, in order to extend the above result to LP(T™) for all 1 < p < oo we simply use interpolation.
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