UNIDIRECTIONAL FLOCKS IN HYDRODYNAMIC EULER ALIGNMENT
SYSTEM II: SINGULAR MODELS.

DANIEL LEAR AND ROMAN SHVYDKOY

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).
The solutions describe unidirectional parallel motion of agents governing multi-dimensional collec-
tive behavior of flocks. Here, we consider the range 1 < a < 2 and establish the global regularity
of smooth solutions, together with a full description of their long time dynamics. Specifically, we
develop the flocking theory of these solutions and show long time convergence to traveling wave
with rapidly aligned velocity field.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS
We consider the following hydrodynamic Euler Alignment System for density p(x,t) and velocity
u(z,t) = (ul(z,t),...,u"(z,t)) :
1 z,t) e R" x RT
S (@) { ou+u-Vu=Ly(pu) — Ly(p)u,

subject to initial condition
(p(-2); (-, 1)) [e=0 = (po, wo).

The system (1) arises as a macroscopic realization of the Cucker-Smale agent-based dynamics
[4, 5], which describes collective motion of N agents adjusting their directions to a weighted average
of velocities of its neighbors:

X; = Vi,
o _ 1N
Vi = 5 2m 0% — x5 (v — i)

We refer to [9, 8, 10] for full details and rigorous derivations. Typical assumptions on ¢(r)

include monotonic decay at infinity and non-degeneracy, ¢(r) > 0, thus reflecting the intuition that

alignment becomes weaker, yet persistent, as the distance becomes larger. When communication
remains sufficiently strong at infinity, expressed by the “fat tail” condition

2) / " 4 dr = oo,

the system (1) (as well as its discrete counterpart) exhibits alignment dynamics, that is for any
global strong solution,

A(t) =

(Xi,Vi) cR" xR" {

max u(x,t) —u(y,t)] =0 as t— oo
{m,y}ESuppp(ut)’ (z1) (@)l

exponentially fast, and the diameter of the flock remains globally bounded:

D(t) <D< where D(t) := max |z —y).
{z,y}eSupp p(-,t)
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For models with singular kernels given by ¢(z) = |z|~("+®) for 0 < o < 2 the operator Ly= Ly
becomes the (negative of) classical fractional Laplacian:

— f(x
Lo(f)(x) = =Ao(f)(z) = p.v. A Jm dy Ay = (=A)/2, 0<a<2.
The corresponding alignment term on the right hand side of the momentum equation in (1) is then
given by the following singular integral:

Q Calu.p) = ~Aalp) + Aalppu=pv. [ D=2 ) ay

In view of no-vacuum condition (pg > 0) necessary to develop a well-posedness theory 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 (3) can be expressed in terms of the
periodized kernel
1
QSQ(Z)Z:ZW, 0<Oé<27
kezn

which preserve the essential long range but less dominant interactions. In the rest of the paper,
we assume that u(-,¢)|r» and likewise p(-,t)|Tn are extended periodically onto the whole space R™.
The alignment term (3) then becomes a fractional elliptic operator:

Ca(u,p) = p-V-/

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

n

(@ + ) = u(e) plo +2) s = v [ (ulo+2) (@) pla+ 2)0n(2) d

In [16, 17, 18] Tadmor and the second author proved global existence of smooth solutions for
the one-dimensional system (1) with alignment term given by (3) in the full range 0 < a < 2,
with focus on the most difficult critical case o = 1. In addition, the authors proved in [17] that all
regular solutions converge exponentially fast to a so called flocking state, consisting of a traveling
wave, p(z,t) = poo(x — tu), with a fixed speed 4,

oo _ P
fu(,t) —alx +[p(- 1) = p(, 1)y 50, we=
0

Here the average velocity, w, is dictated by the conserved mass and momentum,

Mo = /T po(x)dz, Po = /T (poo) () da.

Parallel to these works, Do et.al. in [7] treated the case 0 < o < 1, where they proved global exis-
tence with the use of the modulus of continuity method as in Kiselev et. al. [11]. In either approach
the problem requires utilization of refined tools from regularity theory of fractional parabolic equa-
tions, and reduces to verification of a continuation criterion either in terms of u, € L' ([0, Tp); L),
[16], or in terms of p, € L ([0, Ty); L*), [7].

Global well-posedness theory for these singular models has been developed only in 1D mainly
due to presence of an additional conserved quantity

(4) e:=uy — Aa(p), et + (eu)y =0,

Thanks to these relations, one can compare the regularity of v and p and, using the compactness
of the 1D torus, obtain a global-in-time positive lower bound on the density, thanks to which the
“good” term on the right-hand side of (3) does not disappear. That method unfortunately fails in
higher dimension. In multi-dimensional settings the corresponding quantity is given by

e:=V-u—»A4(p)
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and satisfies
e+ V- (ue) = (V-u)? — Tr[(Vu)?].

Lack of control on e in this case is part of the reason why in multiple dimensions the model has no
developed regularity theory. The two exceptions are small initial data results proved in [15] and [6].
Although in 1D local existence for singular models appeared in the first papers by Shvydkoy,
Tadmor [16] for a > 1, and Do et. al. [7] for 0 < a < 1, it was not properly addressed in higher
dimensions, with a proper continuation criterion. We fill this gap with the following result.

Theorem 1.1 (Local existence of classical solutions). Suppose m > 5 +1, 0 < a <2, and
(9, po) € H™HL(T™) x H™+(T"),

with po(xz) > 0 for all x € T™. Then there exists time Ty > 0 and a unique non-vacuous solution to
(1) on time interval [0,Ty) in the class

u € Cu([0, To); H™ 1) N L2([0, To); H™ /%), p e Cu([0, To); H™ ).
Moreover, any such solution satisfying

(5) sup ([Vp(t)|oo + [Vu(t)[e) < 00
te[0,7o)

can be extended beyond Ty.

One class of solutions that behaves like 1D is the class of
unidirectional oriented flows introduced in [12] for the case
of smooth kernels. These are given by

u(r,t) =u(r,t)d, deS" ! u:R*"xR" = R.
The same conservation law (4) holds for the entropy
e:=d-Vu—Ay(p), oe+d-V(ue) =0,

although in this case the entropy does not control the full
gradient of the velocity. Let us make a couple of remarks
about the unidirectional ansatz itself. First, by the maxi-
mum principle of the velocity field applied in any direction perpendicular to d one can see that
the ansatz is preserved in time. Second, in view of rotational invariance of the Euler Alignment
System, we can postulate that d points in the direction of the x;-axis. So, we can assume

u(z,t) = (u(x,t),0,...,0) for w:R™ xRt = R.

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

Op+ 01(pu) =0,

(6) (z,8) €R™ x R {atu + 301(u?) = Ca(u, p)-

In this paper we will continue the study of unidirectional solutions initiated in [12], now in the
context of singular models. As in [16, 17, 18], our methodology will be to extract quantitative
enhancement estimates for the dissipation term, using an adaptation of the non-linear maximum
principle as in Constantin and Vicol’s proof for the critical SQG [2], that yields global existence
and, moreover, allows us to completely describe the long time behavior — exponential convergence
towards a flocking state. The main result summarized in the following theorem covers the global
regularity and flocking behavior for singular kernels in the range 1 < a < 2.
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Theorem 1.2. Suppose m > 3 and 1 < o < 2. Let (ug,po) € H™TH(T™) x H™ *(T") with
po(x) >0 for all x € T™. Then there exists a unique non-vacuous global in time solution to (6) in
the class

u € Cy([0,00); H™) N L2([0, 00); H™H1H/2) - p e €, ([0, 00); H™H).
Moreover, the solution obeys uniform bounds on the density
(7) co < p(x,t) < Cy, t>0,
and strong flocking: 3p € H™Y such that

lu(t) = @llwee + [lp(-,t) = (- —at)|cr < Ce™, t>0, (0<y<1).

As before, the limiting velocity @ is determined from the initial conditions due to conservation
of mass and momentum.

There does not seem to be a rule in either 1D or our situation on how to determine the limiting
density distribution of the flock p — this appears to be an emerging quantity of the dynamics.
However, the entropy estimates done in [13] show that, at least on the periodic domain the size of
e directly controls how far p is from the uniform distribution.

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 |- |, 1 < p < 00, to denote the classical LP-norms, and || - || x to denote all other norms.

Organization: In Section 2 we prove a local existence and a continuation criterion result in Sobolev
spaces with minimal requirements needed for what follows. In Section 3, as a direct application
of the continuation criterion, we obtain a global existence result for unidirectional parallel motion,
and provide higher order control estimates on solutions to prove a strong flocking result.

2. LOCAL WELL-POSEDNESS AND CONTINUATION CRITERIA

We will be casting our regularity theory for singular models on the periodic domain T™ and
for non-vacuous solutions only. This is motivated by technical reasons rather than applications,
although one can argue that periodic conditions are suitable for studying flocks in the bulk. The
primary reason is that we require uniform parabolicity of the commutator (3) for estimates to go
through. Such parabolicity depends on the pointwise bound p > ¢g > 0, which is consistent with
finite mass of the flock only on bounded domains.

Necessity of the no-vacuum condition can be easily seen by the following example in 1D. Let us
consider a local kernel for simplicity, supp ¢ C B1(0). Let initial density supp pg C B:(0), while
ug = 1 on B1p(0), up = 0 on R\ Byg+(0) and smooth in between. Then the density will remain in
Bs(0) for a time period of at least t < 1, due to u < 1. During this time the momentum equation
will remain pure Burgers, hence the solution will evolve into a shock at a time t ~ ¢ < 1. A more
subtle blowup can be constructed even for a global singular kernel on the periodic domain when
the density vanishes at just one point [1]. Earlier [21] demonstrated growth of ||p|/c1 as t — oo for
a similar density configuration.

Performing energy estimates in the same fashion as for smooth models [12] will inevitably create
a derivative overload on the density. Instead we consider another “almost conserved” quantity

e=V-u—Ay(p),
which satisfies the equation

(8) et + V- (ue) = (V-u)? — Tr(Vu)?
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Let us derive it in general for the sake of completeness. Since ¢, is a convolution kernel, we have

(9) Ao (p) + V- Ay(pu) = 0.

Taking the divergence of the velocity equation, we obtain

(10) H(V-u)+ V- -[u-Vul=V-[uli(p)]—V-Ays(pu)
with

V- [0Aa(p)] = Aa(p)V - u+ - VAL(p)
and
V-[u-Vu] =Tr(Vu)? +u-V(V-u).
On one hand, combining (9) and (10), we obtain that
dre — Ao(p)V -u+u- Ve + Tr(Vu)? = 0.

Adding and subtracting now (V -u)? produces (8). It is clear that in 1D the right hand side of (8)
vanishes, and one obtains a perfect continuity law.

From the order of terms that enter into the formula for e, it is clear that the natural correspon-
dence in regularity for state variables involved is (u € H™) ~ (p € H™*®). The grand quantity
to be estimated is

Yo = |[ul|Fmer + [lellFm + leloo + ol + 107 oo,

which is equivalent t0 Yy, ~ [[u|%/,11 + ||l 3msa + [0 oo thanks to the coercivity estimate for Aq:

(11) cill fll ga — calflz < [Aafl2 < csll fll o — calfl2

Our strategy will be very similar to the smooth case [12], where we obtain local solutions via
viscous regularization, and prove a continuation criterion via a priori estimates on Y.

To actually produce local solutions we consider viscous regularization of the system (1) and we
assume throughout that m > 5 +1and 0 < a < 2.

{atp +V - (pu) = elp,

12
(12) du+u-Vu=_Cy(u,p)+ecAu.

So, let us start with (12) and consider the mild formulation

t
plt) = &0 — / I . (up)(s) ds
0

t t
u(t) = e*%ug — / =98y . Vu(s) ds + / U=, (u, p)(s) ds.
0 0
Let us denote by Z = (p,u) the state variable of our system and by T[Z](t) the right hand side of
the mild formulation. In order to apply the standard fixed point argument we have to show that
T leaves the set C([0,T5s.); Bs(Zp)) invariant, where Bs(Zy) is the ball of radius ¢ around initial
condition Zy, and that it is a contraction. We limit ourselves to showing details for invariance as
the estimates involved in proving Lipschitzness are similar.
First we assume that p has no vacuum: po(z) > c¢o > 0. Since the metric we are using for
p € H™® controls L* norm, if § > 0 is small enough then for any ||p — pol|| gm+e < & one obtains
1
> —Cg.
p(z) 200
So, let us assume that Z € C([0,T); Bs(Zy)). Tt is clear that ||e**®Zy — Z|| < % provided time t is
short enough. The Z has some bound [|Z|| < C. Using that let us estimate the norms under the
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EtAHL? 1

integrals. First, recall that ||Ae 12 S e In the case @ > 1, we have

t
lﬁmAa/ = IAY . (up)(s) ds
0

t
1 m
5/0 m\a Hup)(s)|2ds
2

t
1 2:1—a/2 1)
< [ el ol ds < 20002 <

provided T' = T'(4,¢) is small enough. In the case @ < 1, we combine instead one full derivatives

with the heat semigroup, and the rest 9™ gets applied to up, which produces a similar bound.
Moving on to the u-equation, we have

t
’8’”“/ S~y . Vu(s) ds
0

2 S /o (t—ls)lﬂ‘am(u -Vu)(s)[2ds

t
: 2,1/ _ 0
= /0 W”““HmHHUHHM ds < C%Y/2 < T

As to the commutator form, for o < 1 the computation is very similar: we combine one derivative
with the heat semigroup and for the rest we use (11):

0" Ca(u, p)l2 S Nullmrallpllma < C2,

and the rest follows as before. When o > 1 we combine a derivatives with the semigroup, and the
rest follows as before.

We have proved that ||T'[Z](t)—Zo|| < d, for a short time and hence, T leaves C([0,7(d,¢)); Bs(Z))
invariant. The obtained interval of existence of course depends on € as it enters into all the es-
timates of the integrals. In order to conclude the local existence argument we still have to show
that our apriori bound is independent of €. This would allow us to extend 7. s to a time dependent
on the initial condition only. Then the classical compactness argument would apply to pass to the
limit as € — 0 in the same state space C([0,T); H™T® x H™*1),

Now let us make a priori estimates for viscous solutions independent of €. Note that the dissi-
pation terms in all the following computations are negative and as such will be ignored.

First, evaluating the continuity equation at a point of minimum x_ and denoting p = min p we
readily obtain B

d
wl= —pVu+eAp(z_) > —p|Vus.
Hence,
d —1
Furthermore,
d
(13) —lelee < [VU|xle|oo + |vu|go < |Vuloo Y.

dt
Let us continue with estimates on the e-quantity. We have (dropping integral signs)

d
I lel|%,, < 0Meu-Va™e+0me[0™(u-Ve) —u-Va"e] +0Med™(eV -u) + 0™e[(V - u)? — Tr(Vu)?]
In the first term we integrate by part and estimate
|0™eu - VO™e| < HeH%MVu\OO.
For the next term we use the classical commutator estimate

(14) 0% (£9) = F8%9l2 < |V floollgll s + 11 £1] el 9loc
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to obtain that
0™ e[0™(u-Ve) —u- V™ el < [le]|%,. [Vuloo + llell gm0l g Vel o

Using Gagliardo-Nirenberg inequality we estimate the latter term as

0 1-6 0 1-6
el g 1l g [Veloo < llefl grm Tl [Vales™ el lelos ™,
where 01 = % and 0y = 2m2_n. The two exponents add up to 1, so by the generalized Young
inequality,

lell g l[all g [Veloo < (el + [l Fmen) (el + [Vuloo) < (leloo + [Vua]oo) Yin
Next term in the e-equation is estimated by the product formula

0" (f9)l2 < [Ifllzmgloo + [ floollgllzrm-

So, we have
0" ed™ (eV - w)| < el 7, [Vuloo + llell g lefoslll s < (Je]oo + [Vtt]oo) Yon-
Finally,
0" e[(V - u)? = Te(Vu)?]| < [lel] g [0ll gt | Voo < [VU|oo Yo
Thus,
d 2
5\\€H rm < (l€loo + Vo) Y.
Next perform the main technical estimate on the velocity equation. We have
01t||u|]%mJrl = -9 (u-Vu) 9" a4+ 9mC,(u, p) - 0™
The transport term is estimated using the classical commutator estimate
O (u-vu) - 0™ u = u- V(0™ u) - 0" a + [0 u]Va - 0™
Then

1
u- V(@) 0™ a = —§(V u)|om ) < |Vu]OOHuH§-{m+1,

and using (14) we obtain
[0, u]Vu - 0" | < [Vl a3
Thus,

Ol < [Vl + 0™ Co(u, p) - 0.

Let us expand the commutator

m—+1
— _ m—+ 1
™ Co(u,p) = ) ( |

)Ca(alu7 aerlflp).
=0

One end-point case, | = m 4+ 1, gives rise to a dissipative term:

Cal@™ ) - 0™ ude = —= [ 6u(2)]5.0™ u(@)|2p(x + 2) dz da

Tn 2 T2n

- % bu(2)6,0™ M u(x)0" M u(z)d,p(x) dz da.
T2n

The first term is bounded by

—p [ ¢a(2)[8:0" u(z)]® dzda ~ —pllul?

. e
r Hm+1+ 5
T2n
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which is the main dissipation term. The second is estimated as follows. Let us pick an € > 0 so
small that 1+ § > a +e&. Then

b (2)0,0™ u(z)0™  u(x)d.p(x) dz dz
T2n

0™ 5. u(z)| |0 T u(z)]
< ‘VP‘OO/T% ’z‘n/2+a—1+€ |z’n/2—6 dzdz

1 _
< Vol lul|gmerl[all gmvare < Vplos|[ullgmer[[all gmsrvaz < §£HUH§W+1M/2 +p Vo2 Yom,
where the first term is absorbed into dissipation. So,
Coz(aerlua 10) ’ 8m+111dx S.z —BHUHZ S +B71‘vp‘goym

Hm+l+§
Tn

Let us consider first the other end-point case of [ = 0. In this case the density suffers a derivative
overload. We apply the following “easing” technique:

Colu, 0™ p) . 0" ude = ba(2)0,u(2)0™  p(z + 2)0™ M u(z) dz da.
Tn T2n

Observe that
I p(a + 2) = .00 pl + 2) = D.(I pla + 2) — I pla)) = D.5.9™ ().

Let us now integrate by parts in z:

/ Colu, 0™ p) . 0" ude = 0,¢0a(2)0u(x)8,0™p(2)0™ u(x) dz dx +
n T2n

+ bo(2)0u( + 2)8,0" p(x)0™ u(x) dz da == Jy + Jo.
T2n
Let us start with the Js first. By symmetrization,

Jy = 5,0u(x)8,0™p(x)0™  u(x)pa(2) dz da — ou(x)s,0™p(2)0,0™  u(x)pe(z) dz da
T2n T2n
= J2,1 + JQ,Q.

Term Jp; will appear in a series of similar terms that we will estimate systematically below. The
bound for J; o is rather elementary:

Jo2 < [Vulsollull gosirars + ol gmsar < epllalfpmiria + o7 VUl Yin.

Similar computation can be made for J;. Indeed, using that 0,¢.(z) is odd, by symmetrization,
we have

1
=3 / 0:¢a(2)0:u(2)8:0™ p(2)8.0™ u(w) dz dz.
T2n

Replacing |6,u(z)| < |z||ufso, the rest of the term is estimated exactly as Ja .
To summarize, we have obtained the bound

1 1 2 -1 2
C(,(<u7 omt P) oM lude < 5£Hu”Hm+1+a/2 +B ‘Vu’OOYm.
Tn
Let us now examine the rest of the commutators Cu(0'u, 0™ lp) for I = 1,...,m. After
symmetrization we obtain

Co (0, 0™ 1) . g™ Hude = 1 6.0(x)0,0m  p(2)0™ () po(2) dz da+
Tn T2n
+ % 6.0 (x)0m M p(2)8,0m M u(2)po(2) dzda := Jy + Jo.
T2n
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Estimates on the new terms, Ji, Jy are a little more sophisticated as we seek to optimize distribution
of LP-norms inside their components. Notice that the case [ = 1 corresponds to the previously
appeared term Jo 1.

So, let us assume that [ = 1,...,m. We will distribute the parameters in J; as follows
5.0 (z) §,0mH11 omtlu 1
Jl = / Zﬁ+g(f2)5 z ny p(x) ﬁ,((;r) n_g dz dmv
T2 |2]P 2 2] 4 2270 |7

where § > 0 is a small parameter to be determined later, and (2,p,q,r) is a Hoélder quadruple
defined by

m+ 5 -1 1 1 1 1
p:272a’ q:2Laa, 1 _Z_Z )
I—1+5 m—1+3 r 2 p q
The existence of finite r is warranted by the strict inequality which is verified directly:
1 1 1
- +-+-<1
2 p q

By the Holder inequality,

Ji < ||u||Wl+%+257pHp||Wm+1fl+%,q [all g

Let us apply the following Gagliardo-Nirenberg inequalities to all the terms

2m
Jall s < Il 275 o [Vl < 2757, [Vl B
6
||u||Wl+ +28,p S ||u||Hm+1+a |Vu|1 !
0
1ol yyms1-48 .0 < ol Gmsa Volo
where
I=1+5—-3+20 m—l+5 -4
L m+%—% ’ 2_m+a—1—%'
The exponents satisfy the necessary requirements
I—1+5+26 -1+ %
12912#’ 1292:m7+27
m+ 5 m+a—1
and in fact,
I—14¢
by = ——5= + 0(6).
m+ 5
Now, we have
237,+o¢ 2m+o¢+ _91 1792
Ji <l g ol i [ VulZ Voloo ™.

By generalized Young,

- 6 e 101 —0
N <60||U||Hm+1+a/2+,0 Yol %29 (V& e ¥ V| %)@

where (@ is the conjugate to 2 = +01. We have 6,Q < 2 as long as

2m
2m+ o

We in fact have even stronger inequality, 61 + 62 < 1 provided ¢ is small enough. So, we arrived at

01+ 60 <2 —

J1 < 58”11”1251m+1+a/2 +B71PN(|VP|<>07 IVUoo) Yin,

for some polynomial py.
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Finally, moving on to Jo, we distribute the exponents as follows

J2</ [6:0"a(2)] |07+ p(2)] 00" u(z)| 1
- T2n |

N N P Ea el b G SR it

Here we choose (r,p, q,d) as follows
m—i—a—l’ pZQL%a, 1:1_1_1_17
I—=1+35" 7 2 p q

and § is small. With these choices we proceed with the Gagliardo-Nirenberg inequalities

=2
9 m — [

0 —0
||u”Wl+26+%,p < Hu||$m+1+%|vu|<l>o !
2] —0
pllyimsi—ra < 0172, 0 Vol
where N N
91:Z—1+§+25:l—1+§+0(5) 6y = m — |
m+5 -5 m+ S ’ m+a—1

Now to achieve the bound
Jo < epllull i + 0 EN(IVDloos [VU]o0) Vi,

we have to make sure that 61 + 6 < 1, which is true for small §.
We have proved the following a priori bound on u:

1 _
8t||u”§'{m+1 < _§B‘|u|’ém+1+a/2 +p 1PN(‘VP‘O<>7 Vo) Yo

Together with the previously established bounds we obtain

d 1 _
&Ym < _§£Hu‘|12qm+1+a/2 +p 1pN(’vP’007 ’vu‘om le‘oo)ym‘
This of course implies a Riccati inequality, provided m > 5 + 1:
d
3 im < cyly,

and provides a priori bound independent of the viscosity coefficient. Thus, we can extend it to
an interval independent of € as well. By the compactness argument similar to the smooth kernel
case, we obtain a local solution in the same class as initial data and u € L2([0, Tp); H™+1+%/2). In
addition, we obtain a continuation criterion — as long as |Vp|eo, |VU|so, |€|oc remain bounded on
[0,T)) the solutions can be extended beyond Ty. However everything is reduced to a control over
the first two quantities, because |e|o remains bounded as long as |Vu| is in view of (13).

It is clear from the proof that (5) can be replaced with an integrability condition with some high
power depending on m, n, c.

3. GLOBAL WELL-POSEDNESS AND STRONG FLOCKING

According to our local well-posedness Theorem 1.1 we already have a local solution (u, p) on time
interval [0,7p). We proceed in several steps. First, we establish uniform bounds (7) on the density
which depend only on the initial conditions. So, such bounds hold uniformly on the available time
interval [0,7p). Next, we invoke results from the theory fractional parabolic equations to conclude
that our solution gains Holder regularity after a short period of time, and the Hdélder exponent
as well as the bound on the Holder norm depend on the L bound of the solution. Finally, we
establish a continuation criterion much weaker than that of Theorem 1.1 — claiming that any Holder
regularity of the density propels higher order norms beyond Tj.
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Paired with the density equation we find that the ratio ¢ := e/p satisfies the transport equation

15 —q = uqy = 0.

(15) D;d = @+ um

Starting from sufficiently smooth initial condition with py away from vacuum we can assume that
(16) 9(t) [0 = [0loo < 0.

STEP 1: BOUNDS ON THE DENSITY. We start by establishing uniform bounds (7) on the density
which depend only on the initial conditions. First, recall that ¢ is transported (15), and hence is
bounded for all time with its initial value |gp|o. So, we can write the continuity equation as

pr+upy = —qp® — pAa(p).

Let us evaluate at a point z™(¢) where the maximum of p(-,t), denoted by p™(t) := p(z™(t),t), is
reached. We obtain

G0 = —aat 0.0 (0 0) =00 [ (00 = ol 0 +2.0) i
<k (77 0) = 252 [0 ol 0+ 5.0) 05

< laolee (0% (0)* = 22 (Vi) 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) < {!qa\oo — C:f)} (0" (1) + %p*(t).

Let us pick r small enough so that % > 1goloo + 1. Then

ST < = (7 0) + cop* ()

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 =~ (¢)
a point where such value is achieved. We have

%p‘ (t) = —q(z~(t),t) (0~ (£))* — p~ (1) /n (P~ () = p(x™ () + 2,1)) Palz) dz

> ~lale (1) = 0377 (0) [ (70 = pla™ () + 1)) a2

~Jaolso (0 ()% = da o™ (&) ((2m)"p™ () — M) .

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

V

v

&p_(t) > —c (p_(t))2 +cop™ (1)

which establishes the lower bound by integration.

STEP 2: BOUNDS ON THE ENTROPY. As an immediate consequence of the uniform bound on the
density and (16) we have a uniform global bound on the entropy |e(t)|oc < co. This argument can
be iterated to higher derivatives as follows. Let us start with one observation in the x-direction.
Note that if a quantity ¢ is transported (15), then the same transport equation governs q1/p

5 (2)-(3), (),



12 DANIEL LEAR AND ROMAN SHVYDKOY

Consequently, if |g1]/p is bounded at initial time ¢ = 0 it will remain bounded at later time ¢ > 0.
Unraveling the formulas, we obtain the bound

le1(t)]oo S 1P1(8) oo

For the rest of derivatives of the entropy e; with ¢ = 2,...,n, we have that

D g\ pDwi —qDip  (4qi Q1
(17) = (L) S P G () ()
Dt \ p p P P

The proof is just a combination of the following two facts. On one hand, as ¢ satisfies the transport
equation (15), the first material derivative reduces to D;q; = (Dyq); — wiq1 = —u;q1. On the other

hand, the second material derivative is just Dyp = p;+ (up)1 — u1p = —uyp thanks to the continuity
equation of the density. Consequently, applying Gronwall’s inequality in (17) give us the bound
(18) IVe(t)loo S IVP(B)|oo + [Vulpi e,

using that ¢y /p is preseved in time. Let us note that in order to make pointwise evaluation possible in
(18) one has to assume regularity Ve € H™!(T") C C(T") which guaranteed provided m > % +1.

STEP 3: HOLDER REGULARIZATION. The parabolic nature of the density equation is an essential
structural feature of the system that has been used in all of the preceding works in 1D. Using the
e-quantity we can write

(19) pt +up1 +ep = —pAa(p).
Similarly, one can write the equation for the momentum m = pu:
(20) my +umy + em = —pAy(m).

Note that in both cases the drift u and the forcing ep or em are bounded a priori due to the
maximum principle stated above. Hence, the density and momemtum equations (19), (20) falls
under the general class of forced fractional parabolic equations with bounded drift and force:

wy +u-Vw = Ly(w) + f, Lo(w)(z,t) := / K(z,z,t) (w(x + z,t) —w(z,t)) dz

n

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

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

A

|Z|n+a

2-«a)

e <K(z,z,t) < (2—-a)
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 for the fractional Laplacian.

Regularity of these equations has been the subject of active research in recent years. In particular,
the result of Silvestre [19], see also Schwab and Silvestre [14], which provides Holder regularization
bound for some v > 0 given by

(21) Iollcv(rnx(T/2,m)) S 1ol (Tnxo,1)) + |P€lLoo (T x[0,1))s
Mo (rnxr/2,my) S 1ML rnxjo ) + [me] Lo (Tnx(o,r)):

and

(22) lulle(rnxrya,ry) < C (Io|Loe(rmxio,))s [l oo (onxio,r))) »

where the latter inequality follows from (21) since p is bounded below. Since the right hand side of
(21) and (22) is uniformly bounded on time we have obtained uniform bound on C7-norm starting,
by rescaling, from any positive time. These results apply in our case when 1 < a < 2 since in this
case we only need bounded drift and force. Due to futher limitations that will come later we will
only proceed with 1 < a < 2, however, this initial regularization technically holds even for o = 1.
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We now proceed to establishing that the solution fulfills the above continuation criterion (5):
|Vploo + | V| € L°([0,Tp)), where [0,Tp) is a given local interval of existence.
STEP 4.1: CONTROL OVER |Vp|s. So, let us start with dp = p; for i € {1,...,n}. Then, we have

0:0p + 001 (up) = 0,
or expanding the non-linear part in higher and lower order terms, we arrive at
Orpi + (puri + up1i) + (uip1 +u1p;) = 0.
Evaluating at the maximum of |p;| and multiplying by p; again (we use the classical Rademacher
theorem here to justify the time derivative) we obtain
Alpil® + ppsur; + (uipr + wipi)p;i = 0.
Using the entropy e = u1 — Ay p, we write the remaining higher order term in a more convenient way.
Olpil® + ppiei + (uip1 +u1pi)pi = —ppila(ps).

In consequence, summing over indexes ¢ € {1,...,n} and using the upper and lower uniform bounds
previously proved for the density, we obtain that the following estimate holds:

0|V L2 < pT (1) Vploo| Veloo + 2| Vuloo| VL2 — p~ () Vp(a*) - Aa(Vp) (2).
Next, in view of the pointwise identity [3], we have

V(@) Aa(V)(@) = 5Aa(IV ) (@) + §Da(Vf)(z)
where
IV f(z+2) = V()P

’Z|n+oz

dz.

Da(VH)@) = [
In additon, using the non-linear bounds from [2] the following pointwise bound holds

23) Du(vf)(w) 2 T,

The above non-local maximum principle yields the following bound at the maximal point * = z*(¢):

n

1 &
Vp(z") - Aa(Vp)(a") 2 7 Da(Vp)(2") + e Vpl3de.
Due to the uniform bound from below on p, we arrive at
(24) 0 Vpl% S O (IVhlolVeloo + [Vuloo|Vols) = Da(Vp)(x*) — [V oI35
STEP 4.2: CONTROL OVER |Vu|s. We continue with du = u; for i € {1,...,n}.

0 0u + O(udiu) = ICy(u, p)
where

Cal ) = FAale) = Aalfo) = pov. [ T 0(o + )

We can rewrite the above expression as

Opui + ujur + vwui; = Co(ui, p) + Col(u, p;).

Evaluating at the maximum of |u;| and multiplying by u; again (we use the classical Rademacher
theorem here to justify the time derivative) we obtain

AOluil® + |uil*ur = wiCalus, p) + uiCalu, p;).
In consequence, summing over indexes i € {1,...,n}, we obtain that the following estimate holds:

Ol Vuld, < [Vull + Vu(z.) - Ca(Vu, p)(24) + Vu(z,) - Calu, V) ().
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The dissipation term is bounded, as before by
0, Vu(x, _
Vu(zy) - Co(Vu, p)(zs) = Vu(z,) - / Wia)p(l’* +2)dz < —p~ (t) Do (Vu)(z4).

In addition, it obeys another non-local maximum principle similar to (23) where instead of Vu we
replace it with V(u — @), thus the denominator contain the amplitude A(¢) rather than |ul:

| V|2t
D, > S
(Vo) 2 g
As before, due to the uniform bound from below on p, we arrive at
2+«
(25) | Vul%, S C (IVull + Vu(w,) - Calu, Vo) (@4)) = Da(Vu) () - 'ifi'(o?) '

Note that the remaining higher order term can be write as

0z
Vu - Cuo(u,Vp) = Vu- / |Z|I:L(fo? Vo(z + z)dz.
Rn

To handle it, we split the integral into two parts:

(26) / 0:u(z) Vp(z +2)dz = / 0-u(r) Vp(x+z)dz + / 0:u(z) Vp(x 4+ z)dz,

re |2["F z]<1 |2 251 |2

where we use the alignment in the large scale part

(27) /| OU0)G o+ 2)dz S AWVl

z|>1 ‘Z|n+a

To handle the small scale part, we fix a scale parameter 1 > r > 0 to be determined later, and split
the integral into two different parts: small-small scale and small-middle scale.

du(x) B du(x) ot 2)ds du(x) ot ) ds
/Z Vp(x—i—z)dz—/ V(e +2)d +/ V(e + 2) dz.

<1 |2]"te l2<r |2 r<lzl<1 2T

If we add and subtract Vu(z) - z in the small-small scale part, we obtain

/| 0:u(z) Vp(z +z)dz = / 0:ulz) = Vu(z) - 2] Vo(x + z)dz + / O:u(z) Vp(z + 2)dz

z|<1 ‘Z|n+o¢ lz|<r ‘Z‘n—i—a r<|z|<1 ’Z‘n—I—a

+ Vu(a:) . /| |Z|n+av52p( )dZ =11 +1y +13.
|z|<r

Then, we will study each term separately:

7Z;-TERM: The most singular part of (26) has to be handled in a way that utilizes dissipation. First,
let us use the analogue of spherical coordinates in n-dimension to write the dissipation term in the
following form:

nld
(28) D)@ = [ of@P i = [ [ Ihas P sy

where dgn-1V = sin® 2(01)sin"3(6s) ... sin(6,,_2)df1dbs . ..d6,_; is the volume element of S"~ 1,
which is the generalization of the ordinary sphere to spaces of arbitrary dimension. In the rest, we
will use the notation

Do) (,0) := /0 b |5r9f<:c>|2vﬁia

to denote the inner radial integral of (28). Then, the dissipation can be write as

D(F)@) = [ Dalf)laB)dsn-sV.
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Let us estimate a Taylor expansion in terms of D, (V f)(x). First, using the identity

1
5. f(w) = /0 Vf(x+s2) - 2ds,

we have that
1 z
5. f(x) — Vf(z) -2 = /0 Vf(z+s52) — V()] - 2 ds = /0 Vf(z+w)— V@) dw

where the last integral is over the straight radial segment [0, 2] C R™. Then, after make the change
of variables, we obtain for § = 0(z) € S"! that

|2l

5. f(x) — Vf(z) -2 = /0 5oV i) dw= [ 6,V f(z)dr

0
and Holder inequality give us that

0. f(x) — Vf(z)- 2| < \/Da(Vf)(x,0)|2|2+)/2,

After this, the small-small scale part can be handled using dissipation as follows

0, - . _a
@) m= [ EHOEREEC ) b S VDT
|z|<r
Zo-TERM: In the small-middle scale part we use the available Holder regularity for o € (1,2).
52’“’(3’.) —«
(30) I, = e Vo +2)dz S [Vploollullcrr?™.
r<|z|<1 ’Z’

Z3-TERM: Finally, the remaining term can be rewrite as

Vu(z) - /|z<r ’Z‘nﬁXV(SZP( z)dz = Vu(z) - [/ ’Z‘n+aV5zP( z)dz /|z|>r |z[n e g Vozp(z) dz

z

— Vu(@)Aa(p)(z) — Vu(z) / Vo) s

where the full integral over R” is nothing other (by integration by parts and the fact that |z|~(t®) ~
V - (2|z|~(*®))) than the integral representation of the fractional Laplacian.

In order to handle the remaining residual term, we introduce the usual even cut-off function
P € C° with ¢¥(z) = 1 for |z] < 1 and 9(z) = 0 for |z|] > 2. Denote ¥,(z) = 9(z/r), and
decompose

/|Z> |Z|n+av5zp( )dz=/n(1—¢r(z))| |n+av52p( )dz+/

r<|z|<2r

wr(z)M%V(szp(x) dz.

After apply integration by parts and use the available Holder regularity, we obtain
| e 5042 5 Vol + e~
|z|>r ’Z ‘

Finally, by the uniform L°° bound previously proved for the entropy and the expression e = u; —A,p
we arrive at

(31) Iy =Vulz)- /| | |Z,n+awzp< ) dz S [VulZ + [Vuloo| Vploo + [Vtloollpllcrr? ™.
z|I<r
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Combining (29), (30) and (31) we have proved that the following estimate holds:

(32) / 5ZI:L(+xa) V(e + 2) dz < [Vplooy/Da( Vi) @) ™2 + ([Vploo + [Vtloo) 177

z|<1 |Z

+ [Viloo (Voo + [Vploo) -
The competition occurs only between the small and middle range terms. Optimizing over r we set
1
& (Da(Vu)(@) "7

unless such expression is > 1, in which case we have an absolute bound on the dissipation and the
proof proceeds trivially. With the established bounds we obtain the following pointwise estimate

(SZ oy
[ RS 2 £ (Vo + [Tul) [(Da(Tu)(@) 55 + [Tl
|z]<1

Consequently, combining (32) and (27) into (26) we have proved the following estimate:

(3 Vu(e) - Ca(u, Vp)(2) £ [Vl +[VolZ) (Da(Vur) () o0
+ | VulS (IVuls +[Vploo) -

Note that for a € (0,2) and v > 0 we have that % < 344+ So, we can use the generalized

Young inequality to obtain
2
[Vul3o®

B (Vul +I92) (Da(Va) @) 75 S e e (Va2 + s

+ Da(Vu)(x)> .

At this point, adding (34) to (33), we obtain

Vu(z,) - Ca(u, Vp)(2:) < CIVulS (IVploo + [Vulso) + c2

[Vulzse
+e (|Vp|§j"‘ + T(t) + Da(Vu)(x*)

and plugging this into (25) we arrive at
(35) 0| VulZ, S O |Vuld (IVploo + Vo) + e Vo35 +ce
|[Vulse
Ax(t)
STEP 4.3: CONTROL OVER |Vp|oo + |Vu|s. In order to complete the proof of Theorem 1.2, we
combine (24) and (35) to obtain that

(36) O [IVoli + IVuls] £ C (IVpleolVelos + [VulZ|Vplos + [Vula| Vpl3 + [Vull,) + ce
[Vul3®
Ax(t)
— (1 =€) Da(Vu)(zs) = Da(Vp)(z7).

The above expression emphasizes the fact that the point at which each D-term is evaluated is
different. Notice that for a > 1, we can absorb the cubic terms in (36) simply by interpolation:

Vuf2ie
A%(1)
Vu‘2+a

2 < | 00
Vule Vol < ¢ (s
Vuf2ie
(1)

— (1 =¢€)Do(Vu)(zy) — (1 —¢)

—(1-¢) ~ (1 =)|VplZe

Va2 Vol < € ( ; szia) AR (1),

n Vpiia) )

(37) Vul2, <e + ch%(t).
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Therefore, we arrive at

O [[Vol% + [Vul%] < CIVplso| Vel + Bec AT (1)
[Vul3®

- (- 45)T(t) — (1= 3¢)|Vpl2d® — (1 =€) Da(Vu)(2:) — Da(Vp)(z*).

To close the argument, we recall cf. (18) that [Ve(t)|o S [Vp(t)|ec + [Vu|pipee 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 ¢ = e/p satisfies the transport equation (15). Consequently, we get

(38) 0, [IVol% + IVulZ, + [Val2] < ClVplo| Veloo + |Vuloo| Valoo] + 3c2 AT (1)
Vul2e
A (1)
— (1 = e)Da(Vu)(z4) — Da(Vp)(z7).

— (1 —4e) — (1= 3¢)| Vo™

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 (38) can
be bounded directly as

Vploo| Veloo + [Vtuloo|Valoo S [VoI% + [Vul3, + [Vl

Then, we have obtained uniform bound for p,u,q € L*>([0,Tp); Wl’oo) by integration. This fulfills
the continuation criterion (5) and the proof of global existence of (6) for 1 < a < 2 is complete.
STEP 4.4: STRONG FLOCKING. By the general result in multi-D proved in [20], we have exponential
alignment and flocking for any fat tail communication (2):

D(t) <D < where D(t) := max |z — y|
{z,y}€Supp p(-t)

A(t) < Age .

Next, we complement this general result by a strong flocking statement of Theorem 1.2. This has
so far been a 1D specific result, see [17, 18], but we can extend it to the general multidimensional
oriented flows and the use of the same entropy conservation. See our companion paper [12] for a
similar resut in the smooth kernel case. The technical issue in applying the 1D strategy is that,
again, e only controls dyu and our goal is to extend such control to the full gradient and Hessian.

We already know from the previous step that |Vu|s remains uniformly bounded. 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|c remains uniformly
bounded. So, we go back to STEP 4.2 to improve our estimate and finally get

[Vl

2 < 3 [ _ _ LS 1

We absorb the cubic term simply by interpolation (37), which again gets absorbed by cost of adding
3a
another A=-1(¢). In the end, we arrive at
[Vulde
A (t)
and the result follows. In particular, it implies exponential rate of convergence to zero as t — oo.

Lastly, showing exponential decay of |V?u| follows similar estimates on the evolution of the norm
|V2u|?,, and will not be presented here for the sake of brevity. We refer to [17] for full details in 1D.

Oy |Vul|?, < —c¢ + CAP(t), B>0,
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Now to establish strong flocking for the density we have that the velocity alignment goes to its
natural limit ¢ = P/M. To do it, we pass to the moving frame z — 4t and write the continuity
equation in new coordinates. Then, p(z,t) := p(x1 + tu, z2,. .., x,,t) satisfies

Op(z,t) + p(x,t) Oyu(xy + tu, z2,. .., Ty, t) + O1p(x, t)(u(xy + tu, xa, ..., xn,t) — u) = 0.

According to the established bounds we have that |0;5|~c = E(t), where in what follows E(t) denotes
a generic exponential decaying quantity. This shows that p(-,¢) is Cauchy in ¢ in the metric of L.
Hence, there exists a unique limiting state poo(-) such that |5(-,t) — poo(-)|ec = E(t). Shifting x; this
can be expressed in terms of p(z,t) and p(z,t) := poo(x1—tU, T2, ..., Tn,t) as [p(-, 1) —p()|ec = E(t).

Since Vp is uniformly bounded, this also shows that p is Lipschitz. Convergence in C7 with
0 < v < 1 follows by interpolation.
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