TOPOLOGICALLY-BASED FRACTIONAL DIFFUSION AND
EMERGENT DYNAMICS WITH SHORT-RANGE INTERACTIONS

ROMAN SHVYDKOY AND EITAN TADMOR

ABSTRACT. We introduce a new class of models for emergent dynamics. It is based on a new
communication protocol which incorporates two main features: short-range kernels which
restrict the communication to local metric balls, and anisotropic communication kernels,
adapted to the local density in these balls, which form topological neighborhoods. We prove
flocking behavior — the emergence of global alignment for regular, non-vacuous solutions
of the n-dimensional models based on short-range topological communication. Moreover,
global regularity (and hence unconditional flocking) of the one-dimensional model is proved
via an application of a De Giorgi-type method. To handle the non-symmetric singular
kernels that arise with our topological communication, we develop a new analysis for local
fractional elliptic operators, interesting for its own sake, encountered in the construction of
our class of models.
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1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

1.1. Emergent dynamics — long-range and short-range kernels. A fascinating aspect
of collective dynamics is self-organization, in which higher order patterns emerge from an
underlying dynamics driven by short-range interactions. This type of collective dynamics is
found in a wide variety of biological, social, and technological contexts. We investigate this
phenomena in the context of canonical models for flocking and swarming. A key feature in
these models is alignment, where a crowd described as a continuum with density p(t,x) :
R, x R™ — R, aligns its macroscopic velocity, u(t,x) : Ry x R" — R" over the local
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neighborhoods 4/ (x),
pt+ Vx - (pu) =0,

1.1
(1.1) w +u-Vyu= / " o(x,y)(u(t,y) —u(t,x))p(t,y) dy.

N (x
The dynamics is subject to prescribed initial conditions, (pg,ug), with two main configu-
rations: either compactly supported density diam {supp po} < Dy in R™, or over the torus
T™. System (1.1) corresponds to the large-crowd description of discrete crowd, consisting of
N > 1 agents (of birds, insects, fish, robots, etc.) which align their microscopic velocities,

{vil)}L, e R",
(1.2) Vi= Y o(x(t), %) (vi(t) = vi(t),  Ki=
JEN (x5)

Different models distinguish themselves with different choices of communication kernels,
®(+,-) = 0, which dictate the neighborhoods /' (x) := {y | ¢(x,y) > 0}. The most notable
examples found in the literature, [36, 1, 46, 58, 3, 22, 23, 40], employ radial kernels depending
on the metric distance

(1.3) o(x,y) = ¢(|x —yl),

that is, communication is taking place in balls, /' (x) = Bg,(x), where Ry is the diameter of
supp ¥,

pr+ V- (pu> =0,

U+ Vyu = / (% — yD)(ut,y) — u(t, x)p(t, y) dy.

BRO (X)

(1.4)

The communication kernels are in general unknown: their approximate shape is either
derived empirically [18, 2, 17, 16, 21, 11], or learned from the data [8, 38], or postulated based
on phenomenological arguments, [59, 5, 4]. Since the precise form of the communication
kernel is in general not known, it is therefore imperative to understand how general ¢’s
affect the large-time, large-crowd dynamics. It is here that we make a distinction between
long-range and short-range interactions.

Long-range interactions. Here, the support of ¢ is large enough, Ry > 1, so that every
part of the crowd is in direct communication with every other part. In particular, if ¢
satisfies

(1.5) a ‘fat tail’ condition : / (r)dr = oo,

then supp p(t,-) remains within a finite diameter D, < 0o, and consequently, the alignment
dynamics (1.4) enforces the the crowd to ‘aggregate’ around a limiting velocity, u,, € R™.
The flocking behavior in this case of long-range interactions is captured by the statement
“smooth solutions must flock”, [55, 32], namely — if (p(t, ), u(t,-)) € L>® x Wb is a global
strong solution of (1.4),(1.5) subject to compactly supported initial data (pg, ug), then, there
exists n > 0 (depending on D) such that u(t,-) flocks towards a limiting velocity u.,

Py

(16)  maxfultod) —uel Se 0w =t (MoPy) i /(1,u0)p0(x) dx.
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The unconditional flocking asserted in (1.6) is rooted in the corresponding statement for the
discrete dynamics (1.2), with long-range interactions (1.3),(1.5), [22, 23, 30, 29, 28, 41].

The conditional statement for long range interactions shifts the burden of proving their
flocking behavior to the regularity theory. Here we make a further distinction between
bounded and singular ¢’s.

For bounded kernels, global regularity in dimension n = 1, 2 holds if the initial configuration
satisfies a certain threshold conditions, [55, 14, 32]. Global regularity (and hence flocking
behavior) of (1.4) for any dimension but for small data in higher order Sobolev spaces,
|lal| s+ < eo(||pol|ms) was proved in [27]. The regularity and flocking behavior of (1.4) with
singular kernels o(r) = r=" was studied in [45] for weakly singular kernels, 0 < 3 < n, and
in [53, 51, 52, 25] for strongly singular kernels, 5 =n + «, 0 < a < 2. In the latter case,
the system (1.4) is endowed with a fractional parabolic diffusion structure which enabled
to prove, at least in the one-dimensional case, unconditional flocking behavior, independent
of any initial threshold. We quote here our main result of [53, 52] which will be echoed
in the statements of this present paper: for the system (1.4) with strongly singular kernel,
o(r) =7~ 0 < a < 2, on T, any non-vacuous initial data gives rise to a unique global
solution, (p,u) € L=([0,00); H**® x H*t!) s > 3, which converges to a flocking traveling
wave,

lu(t, ) — o] -1 S et > 0, Upy = ——.

e+ p(t, ) = poo(- — tuco)]

The question of regularity (and hence flocking) for strongly singular kernels ¢(r) = r~ "+
in dimensions n > 1 is open, with the exceptions of recent small initial data results in [50]
for Holder spaces, [ug — Usoloo S (14 [[pollwse + ||tgllwse) ™™ with 2/3 < o < 3/2, and in
[24] for small Besov data ||| g2-o + [|po — ][ g2, < & with a € (1,2).

Short range interactions. The class of singular kernels ¢(r) = r=° offers a communi-
cation framework which emphasizes short-range interactions over long-range interactions,
yet their global support still reflects global communication. In particular, strongly singular
kernels, n < 8 < n + 2, demonstrates hydrodynamic flocking for thinner tails than those
sought in (1.5), yet their infinite support still maintain global direct communication over all
supp p(t, -).

This brings us back to the original question alluded to at the beginning, namely — un-
derstanding self-organization driven by a purely local communication protocol. This is the
question we address in our present work, in the context of general alignment (1.1) with
short-range singular communication kernels'

Lix—y<r Lix—y|<2r
(1.7) Wg(b(x,y)g#, 0<a<2.
It provides a first fundamental step in our understanding of emergent phenomena in collective
dynamics driven by short-range communication kernels.
It has been an open question whether the emergence of hydrodynamic flocking survives the
cut-off localization in (1.7). The situation is analogous to the scenario of discrete crowd with
short range communication, (1.2), which may fail to flock due to finite-time loss of graph
connectivity associated with the time-dependent adjacency matrix {¢(x;(¢), x,(t))}, [41, sec.

'Here and throughout 1 denote the characteristic function of a set S, and A < B means A/B < C where
C is a fixed constant.
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2.2]. At the level of hydrodynamic description (1.1), lack of connectivity manifests itself as
‘thinning’ of crowd density inside supp p(t, -), and eventually creating vacuous sub-regions in
which the flow does not exert any alignment on its neighborhood. In this case, the dynamics
(1.1) is reduced to inviscid Burgers-type blowup [56], thereby demonstrating necessity of
the no-vacuum assumption. This brings us to our first main result, asserting that smooth
non-vacuous solutions of alignment dynamics associated with a general class of short-range
singular kernels, (1.7), must flock.

Theorem 1.1 (Smooth solutions must flock — singular symmetric kernels).
Let (p(t,-),u(t,)) be a global strong solution of the alignment dynamics (1.1) with short-
range symmetric kernel (1.7), over the torus T". Assume that

t
(1.8) n(t) := / P2 (s) ds == o0, p_(t) := mxinp(t,x).
. . : . Py
Then there is convergence towards flocking (with the average velocity u,, = M>
0
1
1.9 t,X) — Uso|*p(t,x) dx < ),
(1.9 [ttt — s Poltx) dx < e

Note that any positive lower bound on the density is impossible in the open space if finite
mass is assumed. So, periodic conditions are more natural for the settings. Compactness is
also important for the proof which is presented in section 3 below. Theorem 1.1 provides
a general framework for the flocking of alignment dynamics driven by short-range singular
communication kernels, under the assumption that the global solution is non-vacuous. Here,
the precise decay rate of the density min p(t, -) is at the heart of matter: according to theorem
1.1 unconditional flocking is achieved under the lower bound

1
>
The difficulty is that verification of such apriori lower bound seems out of reach. To ad-
dress this difficulty, we now introduce a new topological short-range communication protocol
which tames the required decay rate of the density by adapting itself to sub-regions with
thinner densities. Moreover, the new protocol fits to be more realistic in various behavioral
experiments than the purely metric one as we will elaborate in the next section.

1.2. A new paradigm for collective dynamics — topological kernels. We introduce a
new communication protocol based on the principle that information between agents spreads
faster in regions of lower density. To realize this principle we consider communication kernel
of the form

(1.11a) o(x,y) = o(lx —y|) x :

dy(x, y)’
which depends on two main features:
(i) Metric distances. ¢(r) reflects the dependence on metric distance in R™ (and re-

spectively in T"), r(x,y) = |x — y|. For the metric part of the communication, we use the
short-range singular kernel

(111b) QO(T) = , ]1T<Ro 5 h(?”) S; ]lr<2R07 0<a<?2.
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The smooth cut-off ~(r) guarantees that communication is localized in balls of radius < 2R.

(ii) Topological distances. For any two parts of the crowd at two different locations
X,y € supp p(t,-), we fix an intermediate region of communication Q(x,y) C R" (or C T").
In the one-dimensional case, it is taken simply as the closed interval Q(z,y) = [z,y]; in the
multi-dimensional case, we choose a conical region outlined in section 2.1. Then, d,(x,y)
reflects the dependence on the "mass” as a topological measure of a distance between the
crowd at x and y — specifically,

n

(1.11c) d,(x,y) = [/Q( )p(t,z) dz} with Q(x,y) given in (2.3).

Remark 1.2 (Why topological distances?). To motivate the so-called topological dis-
tances (1.11c) we refer to the underlying discrete setup (1.2). The discrete configuration
of N agents is captured by the empirical distribution p(x, v) = % Y, O t)(X) ® dyyr) (V).
Then 1 (€(x;,%;)) amounts to counting the (discrete) crowd in the region of communication
Q(x;,x;), and we set the discrete distance to be

A (Ht(Q(Xi’Xj)))% _ (#{xk\Xk ]EVQ(Xi,Xj)}>n‘

The dependence of the communication kernel (1.11a) on d"(x;, ) indicates that agent at x;
places a strong preference of communication with its nearest agents, {x; | dy(x;,x;) ~ N —n I
over the increased interference in communication with agents farther away, {x; | dy(x;,x;) <
1}. The net effect of probing low density neighborhoods using such singular kernels is
communication dictated by the number of nearest agents rather than geometric proximity,
[31, 6, 7]. Letting N — oo recovers the topological distance (1.11¢) in the continuum setup,

dn(x,y) Mg d,(x,y). Thus, the corresponding alignment dynamics (1.1),(1.11) is a con-
tinuum realization of the same paradigm, namely — enhancing communication in regions of
low density by invoking the ‘density of closest neighbors’ as the proper continuum substi-
tute for the ‘number of closest neighbors’. Accordingly, we refer to d,(x;,x;) as topological
(quasi-)distance. This is consistent with the established terminology in experimental litera-
ture, which refers to such topological communication in flocking birds [18, 2, 17, 16] and in
human interaction in pedestrian dynamics [48].

Noting that d,(x,y) 2 c(p)|x — y|, it follows that ¢(x,y) is singular of order n + «,
(%,¥) S Ljxyj<2ry|x — y|7*®). Thus, the topological kernel (1.11) belongs to the general
class short-range kernels (1.7). It reflects short-range communication (of diameter < 2Ry),
maintaining finite amplitude {y | ¢(x,y) = 1} within active topological neighborhoods

N (x) =1y € By, (x) | dp(x,¥) < co},

where ¢y is an empirical constant indicating perception ability of the agents. The ker-
nel is non-convolutive, and though ¢ is symmetric ¢(x,y) = ¢(y,x), the full kernel that
appears in the alignment term, K(x,y,t) := ¢(x,y)p(y), is not. The proper notion of
the non-symmetric (strongly) singular alignment action on the right of (1.1), G,(p, f) =
[ o(x,y)(f(y)— f(x))p(y)dy, is discussed in section 2.2. This brings us to our second main
result.

Theorem 1.3 (Flocking of short-range topological kernels). Let (p,u) be a global
smooth solution of the topological model (1.1), (1.11) on T™. Assume that the density p(t,-)
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satisfies,

1.12 t,x) > ——.

(112) pt.%) > T

Then the solution aligns with us, with at least a root-logarithmic rate
(1.13) at) — taloo < —

\/lnt'

The proof of theorem 1.3 — given in section 3.2 below, traces the propagation of informa-
tion between the extreme values of (the components of) u(t,-), which are most susceptible
to breakup since they can no longer rely on distant communication. Instead, we introduce
a new method of sliding averages, in which we measure how far u(t,x) deviates from its
average over the local balls B(x,7), 7 < Ry, using a density-weighted Campanato class. For
some algebraic sequence of times t, — oo, these deviations are proved to be small. At the
same time, we show that overwhelmingly, u(t,x) stays close to its extreme values near the
critical points where these values are attained. To achieve this, we estimate the conditional
probability of an unlikely event of u being far from its extremes, in terms of the mass-measure
dzz; = pdx: it is here that the topological-based alignment in (1.11a) plays a key role. We
end up with a (finite) overlapping chain of non-vacuous balls to connect any two points and
by chain estimates, the fluctuations of u(t,-) are shown to decay uniformly in time. This
explains the emergence of global alignment from short-range interactions which, to the best
of our knowledge, is the first result of its kind.

In closing this section, a couple of remarks are in order.

Remark 1.4. (A comparison with Motsch-Tadmor scaling). It is instructive to compare
the topological kernel (1.11) which we rewrite as

1
P(x,y) =p(Ix=y[) X —5—— mtﬁzz/pt,zdz,
ey) = llx -y x g m(@) = [ ta)
with the Motsch-Tadmor scaling [40] with local ¢(r) = 1,<g,,
1

6(x.¥) = plx ~ yl) x —t .
74(B, (X))

In the former, the pairwise interaction between two “agents” depends on the density in an
intermediate region of communication; in the latter, the communication of each “agent”
depends on how thin is the crowd in its own metric neighborhood.

1.3. Global regularity: drift-diffusion beyond symmetric kernels. As in the case of
long-range communication, theorem 1.3 shifts the ‘burden’ of proving flocking with short-
range topological kernels to the question of existence: do (1.1),(1.11) admit global smooth
solutions with lower-bounded density p(¢,-) 2 (1 +¢)~'? In section 4 which is at the heart
of matter and occupies the bulk of this paper, we provide an affirmative answer for the
one-dimensional model over T, thus providing a first example of unconditional flocking. The
question of non-vacuous global regularity in dimension n > 1 remains open.

To elaborate further on the required regularity of (p,u), we note that both density and
momentum equations in (1.1) fall under a general class of parabolic drift-diffusion equations,

w4+ b Vo = / K(x,y, 1)(u(y) — u(x) dy + f,
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with (a priori) rough coefficients, b, and with a proper singular local kernels

]lx y|<Ro ]lx y|<2Rp

§?75<K@%>~§—ﬁm-
Regularity theory for equations of this type had a rapid development in recent years due
to breakthroughs in understanding of the non-local structure of the fractional Laplacian,
see Caffarelli et al [9, 10], Silverstre et al [54, 49], Mikulevicius and Pragarauskas [39], and
local jump processes in Chen et. al. [19] and the references therein. Any of these regularity
results requires, however, the symmetry of the kernel K(-,-,t) which we lack in the present
framework: thus, the velocity u in our topological model (1.1) is governed by drift-diffusion
associated with kernel K (x,y) = ¢(x,y)p(y): while ¢(-,-) is symmetric, K is not. Similarly,
the same dynamics expressed in terms of the momentum, m := pu or the density, consult
(4.10) and respectively (4.9), encounters the non-symmetric kernel K(x,y) = ¢(x,y)p(x).

Lack of symmetry in the K- kernels associated with the topological communication (1.11)

poses a fundamental difficulty which prevents us from using the known results about the reg-
ularizing effect in such transport-diffusion. Instead, we adapt the De Giorgi method to settle
the Holder regularity of p(t,-) in the critical case o = 1 (sec. 4.4.2), and employ fractional
Schauder estimates to address the o > 1 case (sec. 4.4.1). Together with the propagation
of higher order regularity proved in sec. 4.3, we arrive at our third main regularity result
stated below.

Theorem 1.5 (Global regularity of 1D topological model).
Consider the one-dimensional system (1.1) on T with short-range topological kernel (1.11)
and singularity of order 1 < a < 2. Any non-vacuous initial data (po,ug) € H¥T™ x H5,
s > 3, admits a unique global in time solution, (p,u), in the class

p € CulRY; HH) (1 L3 (RF; H*178)

w € CylRY; H) (1 L2, (R*; HOHIH),
which flocks |u(t, ) — too|oo — 0.

Here, C,, designates the space of weakly continuous function. Let us note that the density—

enstrophy is expected to persist in a more natural, stronger regularity space L2H ety with
a > 1, yet proving this would involve rather technical fractional energy estimates directly in
H $+a, which we will postpone to future work.

Remark 1.6. What distinguishes the 1D setup is a conservation law, e; + (ue), = 0, of the
first-order quantity e = u, + / o(z,y)(p(y) — p(x)) dz: while this is known for the metric

kernels, ¢ = ¢(|z — y|), [14, 51, 25], it is remarkable that the same conservation law still
survives for the anisotropic topological kernels ¢(|z — y|)d,(z,y). In section 4.1 we show
that it enforces the parabolic character of the 1D mass equation p; + (up), = 0 and in sec.
4.2, that it implies the lower-bound p(t,-) 2 (14 ¢)~' sought in (1.12).

1.4. Notation. The following notation is used throughout the text: |f|, stand for the clas-
sical LP-norm, 1 < p < oo, ||f|lx stands for all other norms such as H*, etc, and [f],,
0 < v < 1 stand for the Hoélder semi-norm. The use of the following brackets is adopted:

<f7 g) - - f(X>g(X) an <f7 g>p = - f(X)g(X)p(X) dx.



8 ROMAN SHVYDKOY AND EITAN TADMOR

We denote 0,f(x) = f(x +2z) — f(x). For Sobolev spaces of fractional order, H*(T"),
0 < s <1, we always adopt the Gagliardo definition which states

(1.14) 1A l17 = . 10.f (%) ¢5(2) dz,
where .
JOEDY 2+ 2k
kezn

Considering f periodically extended to R™ the above is the same as

dz
2 2
I = | 10 OOP

We sometimes may use the latter for the benefit of a more explicity defined kernel.

2. THE NEW PROTOCOL: SHORT-RANGE TOPOLOGICAL DIFFUSION

In what follows we restrict ourselves to the periodic domain T"™. This choice is motivated
by the fact that the density in (1.1) quantifies parabolicity of the equation. With finite
mass M < oo such parabolicity cannot be controlled uniformly on the open space. In this
section we elaborate on the basic ingredients which are involved in the short-range, singular
topological alignment model (1.1), (1.11),

pt—l—V-(pu)ZO,

(2.1a) wt e Vi = |l y)(uy) - u(x)p(y) dy,

where ¢ is the topological kernel given by

_ hx—yl]) 1
(2.1Db) o(x,y) = x—yl* < Ty)

Here, the first component of the kernel is quantified in terms of metric distance |x — y|, the
second involves the topological “distance” d,(x,y) between x and y, defined by the mass
located in the intermediate region of communication 2(x,y)

d,(x,y) = [ /Q el dz}

The region of communication enclosed between x and y is outlined in 2.1 below. Observe
that in absence of pressure each component u of u satisfies the maximum principle, min uy <
u(t,-) < maxug, and that for all global regular solutions, u € L} W the density remains
non-vacuous, po(x) > 0~ p(t,x) > 0 for all ¢ > 0; hence we may assume that the density p

is a non-vacuous kinematic quantity satisfying

(2.2) 0<ec(t) <plt,x) <O(t) <o, xeT"

]17’<R0 5 h(’r) SJ ]lr<2R07 0<a<?

n

Note that although the distance function d, is not a proper metric (except for the one-
dimensional case where it accumulates the mass along the interval [z,y]), it defines an
equivalent topology on T™ such that d,(x,y) > ¢|x—y]|, and all the distances are bounded by
the total mass M. Moreover, since )(x,y) = Q(y, x), the topological distance is symmetric

d,0<X7 Y) = dﬂ(Y: X)'
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N

o

F1GURE 1. Communication domains between agents

2.1. Region of communication. The topological distance d,(x,y) requires us to specify a
domain of communication, Q(x,y), which is probed by agents located at x and y. In the one-
dimensional case, it is simply the closed interval, Q(z,y) = [z,y]. In the multi-dimensional
case, it is reasonably argued that the ‘intermediate environment’ between agents could be
an n-dimensional region inside the ball enclosed by x and y, namely B(%, r) with radius
ri= @ For example, one can simply set Q(x,y) to be that ball. As we shall see below,
however, the fine structure of the local regions of communication, Q(x;,x;), is important
in order to retain unconditional flocking. To this end, we set a more restrictive conical
region Q(x,y), see Figure 1. First, we consider two basic locations x = (—1,0,...,0) and
y = (1,0,...,0) and set the region of revolution generated by a parabolic arch connecting x
and y:
Q:={z=(a,z_) | |z_| <1-a’ -1<a<1}.

For an arbitrary pair of points x,y € R", let Q(x,y) denote the region scaled and translated
from €g:

_ Ix—yl

==

where z_ := z(a) is the projection of z on the diameter {z_(a) = ¥ +%(y—x), -1 < a < 1}
connecting x and y.

Observe that at the tips, €(x,y) has the opening of 7. For subsequent analysis,it can be
replaced by any angle < 7, calibrated according to a particular application®. It is crucial,
however, that the region of communication is not locally smooth near the tips x,y, see
Claim 3.1 below, which excludes the ball B(*3¥,r) with conical opening of 90°.

(2.3) Qx,y) ={z | |z—2z_| <1-ra’}, r

2.2. Topological kernels and the operators they define. A distinctive feature of the
alignment term on the right of (2.1a) is that it admits a (formal) commutator structure [51]

o(x,y)(u(y) —u(x))p(y) dy = Zs(pu) — Zy(p)u := E4(u, p),

T
where & is the integral operator given formally by

(2.4) Zo(f) =pv. | o(xy)(f(y) - [(x))dy.
Tn
Strong solutions to the system (1.1) satisfy energy equality
d
(2.52) 3 [ plulPdx=— | o(xy)lux) —uy)p(x)p(y) dxdy,
T T

2Thus, for example, (2.3) can be enlarged to Q(x,y) := {z | |z—2z_|" <1—7r%*} for any 0 < y < 2.
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which will be a key component in establishing alignment. We note on passing that in view
of the symmetry of the kernel ¢, we have conservation of mass and momentum:

M(t) = /n p(t,x)dx = My, P(t)= /n pu(t,x)dx = P,.

Hence, the rate of decay of the energy of the left of (2.5a) is the same rate of decay of the
fluctuations

@5 S [ Jult,x) - ult,y)Palt x)p(t,y) dx dy = 20, S / plul? dx.
dt T2n dt Tn
Since we have the Galilean invariance u — u(x + tU,t) — U and p — p(x + tU,t) we may
assume that P(¢) = Py = 0.
We note that a proper care has to be given in order to properly define the singular integral
operators &, f(x) and the corresponding commutator

(2.6) Co(f.9) = . o(x,y)(f(y) — f(x))g(y) dy,

for strongly singular kernels @ > 1. Our immediate goal below is therefore to develop formal
definitions and initial facts about the operator &, in multi-D settings (more details specific
for 1D situation will follow in Section 2.3). Due to the non-convolutive and anisotropic na-
ture of the kernel, most of the standard facts do not apply and will need to be readdressed.
Our plan is to define &, f as a distribution first. Then we state a formal justification of
pointwise evaluations of Z,f(x) and the commutator €,(f,g), so as to justify the funda-
mental bookkeeping of energy/enstrophy fluctuations in (2.5). Technicalities of the proofs
will be collected in the Appendix.

Definition 2.1 (The topologically-based fractional diffusion). With the kernel given
by (2.1b) we define an operator Z; : H*/? — H~%/2 by the following action: for any f € H/?
and g € Ho/?

(2.7) (Zolog) = -2 | Sy — F¥)(g(x) — gy)) dy dx.

2 T2n

Note that formally such action could be obtained from (2.4), if (2.4) made sense pointwise,
by the usual symmetrization. Clearly, from the Gagliardo definition of H%/2, (1.14), we have

(Lo, ) S Nl erallgll sz

Due to the symmetry of the kernel, the operator £, is clearly self-adjoint, and its range is

in H, a/2 (here subscript 0 means mean-free distributions). By the standard operator theory
this implies the following statement.

Lemma 2.2. The restricted operator £ : ng/2 — Ho_a/2 is wnvertible.

Proof. Clearly, co||f\|2{y/2 < —(Zf, ) < COHing/z. Hence, [|Zsf||g-as2 = ¢|| f|l gos2 which

shows that the operator has closed range and is injective. If the range is not all of H o/ 2,

then there is a g € Hg‘/Q for which (Zsf,9) =0 for all f € H®/?. Taking f = ¢ we arrive at
a contradiction. Thus, £ is invertible. O
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In what follows we will need to be able to evaluate the action of the operator pointwise.
In the range 0 < o < 1 such evaluation presents no problem as long as f € C. The rigorous
argument goes by “unwinding” the symmetric defining formula (2.7). To demonstrate it, let
us denote by L, f(x) the integral on the right hand side of (2.4). Clearly, Lsf € C(T"). Let
us fix a point xy € T". Let g be the standard non-negative Friedrichs’ mollifier supported
on the ball of radius 1. Denote g. = Z-g((x — Xo)/e). It suffices to show that

(Zsf,9¢) = Lo (%0).

Since for 0 < aw < 1, Ly f(x) is a continuous function we can break up the integral without
ambiguity:

1

<g¢fa g£> =5

> /Tzﬁf (%) = F(3))(9:(x) — g:(¥))$(x, y) dy dx

— /T%(f(}’) — F(x))g:(x)¢(x,y) dy dx = (L f, g-) — Ly f(x0).

The higher case 1 < o < 2 is more subtle. Let us show that when p and f are smooth, the
element Z,f € H™ af2 gains regularity. Formally, this first step is necessary to even dlscuss
pointwise values &, f(x). So, let us make the following observation:

1
2.8 Vidp(x+2,X) = —— / Vp(y)dy = / vp(y)dy.
( ) P( ) dp 1(X +z, X) Q(x+2z,x) ( ) 00 (x+2,x) ( )

Clearly, if |Vp|eo < 00, then |Vxd,(x + z,x)| < C|Vp|s|z| with C' depending on a standing
hypothesis on the density (2.2). Next, we rewrite the defining formula (2.7) in terms of the
difference operator 0, f(x) := f(x +2z) — f(x),

(Zof.0) = =5 || 5 x)5uglx)o(x,x + ) dx

1
=5 /0 /T% O f(X)Vg(x+0z) -z p(x,x + z)dx dz d6.
h(z)

Integrating by parts and recalling (1.11), ¢(x,x + z) = g X d;l (x,x + z), we obtain

(Zsf.9) = //Tzn(SVf X) - zg(x + 0z)p(x,x + z) dx dz df

// 5, f (X)g(x + 02)0,p(x)~ A2 X) 2 ) dmde.
TQn

2o (x + 2, %)

Note that the singularity of the kernels appearing inside both integrals is of order n +a — 1
now. With additional use of smoothness of other quantities we obtain

(Zof o) S (I llez + L fllerllpllen) gl

This is of course not an optimal bound, but it shows that the regularity of Z,f improves.
One can continue in similar fashion. Assuming g = 9%h, for some h € L, one obtains

(Lo, 05 S CUUIfllores [1pllcre) oo
Thus, Zf € (C7%)* C C*¢, for any € > 0.
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Lemmas 6.1 and 6.2 stated in the Appendix make a formal justification for representation
formulas (2.4) and (2.6) which are to be understood in the principal value sense. They come
with estimates that will be crucial in the proof of the global regularity in 1D, see Section 4.

In what follows the density function p, of course depends on time, and so does the kernel.
However, we will suppress the time variable for notational brevity.

2.3. Leibnitz rules and coercivity. In this section we develop basic product rules and co-
ercivity estimates for the operator £4. We restrict ourselves to the one-dimensional case both
for notational simplicity and for its use in the proof of regularity asserted in Theorem 1.5.
We start with basic product formulas for the derivative of Z,f provided f and p are
smooth.
First, let us observe that (2.8) in 1D case takes a simple form:

(2.9) 0y d,(z + 2,2) = d,p(x) sgn(z).
Formally the Leibnitz rule reads

(2.10) (Zof) =Zo(f) + Zy f,
where

L) = = | e ole) ()3 )

p(x,:c—l— z)

The symmetric kernel ¢’ is of the same order 1 + . So, we can make sense of the integral
in the same way as we did for Z;. Rigorous justification of (2.10) follows by proving (2.10)
in its weak formulation. So, for any g € C'°, we have

(Zof),9) = —(ZLsf. 9)
_ % /5Zf(x)6zg’(x)q§(dp(x z,a),2)dede

—5 [ B-F @Bgle)otdyfa + 22, ) drdz

_ % / 5. £(2)8,9(2)0,(d,(x + 2, 7), 2) dz d=
= <$¢(f/),g> + <$¢’f7 g>‘

Continuing in the same fashion we obtain
(2.11) (Zsf)™ Z Hin $¢<k>f

We can now discuss coercivity property of the operator Z;. In tune with the fact that
Z, puts a-derivatives on f, it is natural to expect that &, f € H*® if and only if f € H*" .
For the topological kernels, however, this is a delicate result, details of which are presented
in the following lemma.

Lemma 2.3. For any s > 3, and 1 < a < 2 one has the following bounds

1) Il e S 1 e e+ ol +1
1 Lo fI3rs 2 1 1 Frsre = N1 £ Zm—% — lpl ZH% —1

1

where N = N(n,«a, s), and < denotes up to a constant depending on (min p)~' and max p.
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Proof. According to Lemma 7.3 the commutator satisfies
(L) = Z(f)3 S N1/

To deduce that we simply observe that all the dependancies on ||, | f/|sos - - - 5 | fF 7 00s [2% V|00
translate into H**2-norms by the Sobolev embedding. So, it remains to estimate the top
term |Zy(f@)[3.
Let us denote for simplicity ) = g. We “freeze” the density in the topological distance
h

as follows
1 (|2]) h(|z]) 1 1

7 = — 0, d — 0, dz = Ji1+Js.

s9(e) = 7 | pradeote)ast [ S <|7ﬂf[o,zw<x+a>d§ p<x>> e = A

The first integral represents the truncated fractional Laplacian. We clearly have

JI}[H% + ”10| ger% + 1.

[ Ti[5 ~ [lgll 7
As to Jy we estimate
1

Do ple+8de plo)

S 12V plse,

and with that

5] £ 9ok [ R0z = 9ok [ E o)

|2
S IVolscligllaar S NI erg + lol

Putting together the obtained estimates proves the lemma. 0

dz

a—1
2|2

N
H*tS "

3. SMOOTH SOLUTIONS MUST FLOCK

The goal of this section will be to prove that any global, non-vacuous smooth solution to
the topological model (1.1) aligns to its average velocity vector u,, which can be determined
from the conservation of momentum and mass: u,, = Po/M.

3.1. Flocking for local symmetric kernels. Let us first cast the question of flocking in
the general settings (1.7) which includes both metric (1.3) and topological kernels (1.11a),
as well as other singular ¢’s localized along the diagonal. In other words, at this point we do
not specify any fine structure of the kernel near the singularity. We recast the fundamental
energy balance relation (2.5), valid for any singular symmetric kernel via our definition (2.7):

d
& T2 IU(t,X)—U(t,y)Pp(t,X)p(t,y> dx dy = _2M0 /]1‘2 <%¢(u7 p)7u>[)dy

(3.1)
= =20y [ o y)lu(t.x) = u(t.y) Fp(t x)p(t.y) dxdy.

The main technical aspect of deriving a proper Gronwall differential inequality from (3.1)

consist of obtaining lower-bounds of the enstrophy on the right hand side of (3.1) for short-

range ¢’s.

It is clear that a necessary condition for flocking |u(t, -) — us| — 0 requires the density to
be bounded away from vacuum, or else the flow may break apart into two or more separate
‘islands’, traveling in their own velocity which is disconnected from the influence of others.
Indeed, when p(-,t) vanishes on a compact set, the momentum equation (1.1) is reduced to
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the pressureless Burgers system u; +u-Vyu = 0 which in turn leads to a finite-time blow-up,
see [56]. Precisely how far from vacuum the density must be in order to fulfill an alignment
dynamics for general local kernels ¢ is asserted in (1.8). This brings us to the proof of our
first main result.

Proof of theorem 1.1. We begin by setting up the general Hilbert structure for a varia-
tional formulation of the problem. Let us denote by Lf) the space of L?(T")-fields u with
scalar product given by

(u,v), = /n u(x) - v(x)p(t,x) dx.

Note that the metric of the space LIZ) changes in time. Next, we consider the family of
eigenvalue problems parametrized by time: we seek eigenpairs, x(t) and u(t, -),

(3.2) [ oby)(uly) —u)p(ty)dy = k(tuio.  we up = L0 H
Note that the left hand side is precisely the action of the commutator &, (u, p) which — for any
fixed smooth p and any symmetric kernel satisfying (1.7), maps H®/? into H~*/2. Moreover,
the symmetric definition of &, (2.7) yields that —&,(u, p) is non-negative, —(€,(u, p), u) >
0. Hence k1 = 0 is the minimal eigenevalue corresponding to the constant solution u = 1,
and this allows us to seek the second minimal eigenvalue as a solution to the variational
problem®

(B (u—T1 —a
(3.3) Ko(t) = inf (o (u u:og,u u>p7 a:= S up so that (u—1u,1), =0
uexs lu — u|L% [p
1
or — stated explicitly in terms of |u — 0|7, = —— lu(y) — u(x)*p(x)p(y) dx dy,
P 2M0 T2n

o(x,y)uly) —u(x)]*p(t,y)p(t,x) dx dy

(3.4) a(t) = 2My X inf e
ucUy
[ 60— u)Pplt Rty axdy
T2n

Since the numerator with ¢(x,y) ~ |x — y|" ™91, (|x — y|) is equivalent for the H/%-
norm, the existence follows classically by compactness. This links the enstrophy on the right
of (3.1) to ko(t), in complete analogy to the discrete case in which the coercivity of the
discrete enstrophy is dictated by the Fiedler number, consult [41, sec 2.2].

We can now state an alignment estimate in terms of the shrinking Li—diameter of the
velocity, given by

(3.5) '%hhd@)::A%hﬂtX)—lﬂtyﬂﬂﬁtXmﬁaddxdy

By (3.1), (3.4) we have

(3.6) Vol (1) < —ralt)Vafum, (1)

3By symmetry T = us := Py /My but we keep the separate notation of U to signify orthogonality to the
0-eigen-space spanned by 1.
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The implication of (3.6) is of course the bound

(3.7)  2My | |u(t,x) — us*p(t, x) dx = Va[u, p(t) < Valug, po) exp {—/0 Ka(s) ds} :

T
oo
Consequently, the solution aligns in the Lf)—distance sense if Ko(s)ds = oo. It is here

0
that we use the assumed lower-bound on the density, p(t,-) 2 p—(t), the assumed singularity
of our kernel ¢(x,y) > [x—y| "1 x_y|<r, and by the uniform upper-bound of the density,
lu— 1|7z < |ufzz, in order to bound the spectral gap

T
|x—y|<Ro

x — y|te 2 My
. > cp? 1 = .
(3.8) Ro(t) = cp” (t) ulen?fg e : ok

Technically, the infimum still depends on time since it is taken over the orthogonal comple-
ment of the line spanned by p(t), denoted [p(t)], in the classical L?(T™). We now have to
show that this infimum still stays bounded away from zero. Geometrically this is due to the
fact that the space [p(t)]* does not come close to the span of constants R" in the sense of
Hausdorff distance. It is more straightforward to argue by contradiction, however.

Suppose there is a sequence of times t; € RT, and u;, € Li(tk) N H%/? such that |ugl, =1

yet the homogeneous local H*/?>-norm tends to zero:

(3.9) /| . g (x) — wp(y)|? dxdy 0.

Note that the latter, in particular, implies compactness of the sequence {uy} in L?. Hence,
up to a subsequence, u; — u, strongly in L? and weakly in H*/2. By the weak lower-
semicontinuity and (3.9), we conclude that u, € R” is a constant field, with |u,| = 1 due to
|ugles — [uss.

At the same time, since p(t) > 0 and [ p(tg, x) dx = My, there exists a weak* limit of a
further subsequence p(tx) — p, where p is a positive Radon measure on T" with non-trivial
total mass u(T"™) = My (since My = (p(t;), 1) — (i, 1)). We now reach a contradiction if we
prove the limit

0= / ug(x)p(te, x) dx — u, dp = Myu,.
n ’]I‘TL
To prove the claimed limit note that the assumed uniform upper-bound of the density implies

[ unGptie ) ax— [ . dutx
= /n uy (x)p(te, x) dx — Mou, = /n(uk(x) — w)p(ty, x) dx,

and the latter is clearly bounded by C|uy — u.]s — 0. We conclude that

[raoras = enty = [ 25105 =,

and the result follows from (3.7). O
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3.2. Flocking with short-range topological kernels. We now turn our attention to
the topological communication kernel (1.11) and prove our main result, which improves the
general Theorem 1.1 to include a more natural condition on the density.

Proof of theorem 1.3. Let us fix a coordinate ¢ and aim to prove (1.13) for u;. We denote
u = u; for notational simplicity. Using the Galilean invariance we can lift u if necessary
and assume that u(¢) > 0. Note that the extrema of wu(t), denoted u,(t) and u_(t), are
monotonically decreasing and increasing, respectively.

We will make frequent use of the mass measure denoted

drmy, = p(t,z) dz.
STEP 1: flattening near extremes. Let x, () be a point of maximum for u(t, -) and x_ ()

a point of minimum. Let us fix a time-dependent §(¢) > 0 to be specified later, and consider
the sets

Gy(t) ={u<us()(1-0()}, Gy5t)={u>u_(t)(1+5(t)}
The effect of flattening is expressed in terms of conditional expectations of the above sets in
the balls B(x4(t), Rg) with respect to the mass measure. Let us denote

(AN B)
E,A|B] = —————=.
We show that
(3.10) | SR GE 0BG 1) R di < .
0
We focus on the '+’ case, as the '—’ case is entirely similar. To this end, let us compute

the equation pointwise at the critical point (¢,x,(¢)) utilizing the Rademacher Theorem:
(Oru)(t, x4 () = Opu(t) ae.,

uue(t) = [ o0x.(0.3) uly) = w(B)(y) dy.

At point (x4 (t),t) we estimate on the alignment term with the use of the following observa-
tion:
Aienlx—yl)

(3.11) Ty

< o(x,y),
for some ¢y > 0. Thus, we have

o (t) = / b, ¥) (1 (1) — u(y))ply) dy
1
> /B(x+,Ro) dZ(X-‘MY)

> BT Jrprie O WOy (oince 0xs.y) € Bl )

cod () u (¢)
~ muy(B(x4(t), Ro)) /Gy(t)mB(er(t),zgo()Y) dy
= o0 (t)uy () EGF ()| B(x+(t), Ro)].

(uy (t) —uly))p(y)dy,
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FIGURE 2. Q(x,y) is trapped in the outer ball if x is close to the center.

The result follows by integration:

u(0)
hmt*)OO Uy (t)

u+(0)

<1 .
" u_(0)

@/wmmﬂgwwggm&magm

STEP 2: Campanato estimates. On this next step we obtain proper Campanato estimates
that measure deviation of u from its average values in terms of global enstrophy.
We denote the averages with respect to mass-measure by

1
Uy = —mt(B(x, ) /B(w)u(t,z) drmy(z).

Fix x, € T". By Holder inequality, we have the following estimate:
1
)~ e o) Ax < [ () — u(y)Pp0p(y) dy dx
/x—x*|<1r x=x:|<{5 77Zt(B<X*7 T))
0 ly—x«|<r
At this point we recall that the communication domain 2(x,y) in (2.3) has corner tips of
opening 7 degrees. Hence, we can make the following geometric observation.

Claim 3.1. If [x — x,| < 557 and |y — x,| <, then Q(x,y) C B(x,,7).

In other words if y is in a ball and x is close enough to the center of that ball then
the domain €(x,y) is entirely enclosed in the ball also, see Figure 2. This implies that
7 (B(x., 7)) = 74(Qx,y)) = dj(x,y). We thus can further estimate, with the use of
(3.11),

/I— < [u(x) — uy, |*p(x) dx < / ;W(X) —u(y)Pp(x)p(y) dy dx

|x—y|<%r d7pl (X7 Y)

< / 006 y)[ux) = uly) Po(x)p(y) dy dx.
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Bo Bl BK BK+1

FIGURE 3.

The energy balance (3.1) (see also (2.5)) yields the space-time bound on the (components
of) enstrophy on the right

/O o o(x, y)u(x) — u(y)|*p(x)p(y) dx dy < l/n polo|? dx < oo,

2
hence we conclude with a time bound on the Campanato semi-norm,
o0
(3.12) / [u]? dt < oo, [u]2:=  sup / u(x) — Uy, ,|*p(x) dx.
0 x, €Tn,r< B0 Jx—x| <5

Combined with (3.10) we have obtained
I 7 (s0mIGE OB o), Ra)) + W(0]) < .

Clearly, for A = e/ we have

TA
/ i:ﬂ for all 7" > 0.

r tint
Hence, for any T > 1 we can find a t € [T, 7] such that
1
)], < ==
(3.13) tint '
E|GE (8)|B(x4(t), R E,[Gy (t)|B(x_(t —_—
AGSOIB 1), Ro)] + EG; (0]BO-(0). Rl < 5770
In view of the assumed lower bound on the density this implies in particular that
1
(3.14) sup / [u(x) — ty, ,)* dx < —.
o r< B0 S x| < Int

STEP 3: sliding averages. Let us assume that t € [T, T%] is a time fixed above. We will
now reconnect the two averages uy, , and uy_ , sliding along the line connecting x; and x_,
and show that the variation of those averages is small.

Denote the direction vector n = ;I:ig and define a sequence of overlapping balls, B, =

B(Xk, 15), k=0,..., K, with centers given by x; = x_ + %

kn, starting at x_ and ending,

with K = [%}, at Xx4+1 = X4, see Figure 3.

Chebychev inequality, followed by (3.14) applied to the ball centered at x, = X, yields

1 1
€ ByN By : — Uy, | > <= — Uy, |2 dx < .
H{x € ByN By : |u(x) — uxy | > 1} 2 BOIU(X) Uxy,r |~ dx P Int
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We now fix scale r := Ry/4. Noticing that |By N By41| = cRy for all £ < K, and some a

dimensional ¢ > 0, we set = ————= so that

VoG Int
1
{x € By N By : [u(X) — x| >0} < Z’BO N By|.

Applying the same argument to the variation around the averaged value uy, ,, centered at
X, = X1, we obtain

1
{x € By N By : |u(x) — ux, | > n}| < Z|BgﬂBl|.

Consequently the complements of the two sets must have a point in common in By N By:
{x € BoN By : [u(x) = uxor| <0} N {x € By N By : |u(x) = ux,r| <} #0,
which implies that
‘uxoﬂ" - U’XI:T’ < 277-
Continuing in the same manner we obtain the same bound for all consecutive averages:
‘uxk/" - uxk+1:7”’ < 277-
Hence,

1

(315) |Ux,,r - Ux+,r| < 2(K + 1)77 f§ n

~

Note that K < 4007/ Ry, so it is bounded by an absolute constant. Furthermore, in view of
(3.13), we can estimate

1
Uy r 2 (B 1) /13(x+,r)\cg ur(t)(1 = 6(t)) drrey
>y (£)(1 = 6(8))(1 — Ee[G5 (8)| B(x+(t), Ro)]) = ur(t)(1 —0(t)) <1 - m) :
Hence,

1 < 1
S(t)tInt ~ \/tint
if we set 6(t) = \/tllﬁ A similar estimate holds for the bottom average. In conjunction with
(3.15) these imply

U (t) = ux, o (8) SO(F) +

1
s () = u- (O] S <=

To conclude the proof we note that by the maximum principle

]

Jus (T4) = u (T

1 1
< ~ .
< Vint  /In(T4)

Since T' is arbitrary this finishes the proof.
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4. GLOBAL WELL-POSEDNESS IN 1D

In this section we develop a more complete theory of one-dimensional topological models,
and provide the proof of Theorem 1.5. In 1D the system takes form

Pt + (pu)x =0,
(4.1) hlz—y) 1 (t,z) e R, x T,

‘x_y‘a dp(xay>

) = | [ olt. )z

The distinct feature of the one dimensional models with convolution metric kernels ¢(z — y)
is an extra conservation law:

U + U, = %¢(U,p), Qﬁ(l’,y) =

where

(4.2) er + (ue), =0, e = u, + ZLyp.

The derivation of the conservative “e”’-equation is straightforward with either smooth or
singular radial kernels, [14, 51]. Tt plays a key role in the regularity and hence unconditional
flocking of the 1D alignment with metric-based communication, [14, 51, 53]. Its role as a
measure of disorder of the limiting flock was explored in [37]. A priori, there is no reason
for (4.2) to hold in our case: the derivation of such law stumbles upon the difficulty that
the operator &£, does not commute with derivatives. Nevertheless, it is remarkable that the
law (4.2) still survives for anisotropic topological kernels. To make our analysis rigorous we
need to develop calculus of the operator &, and collect several analytical facts before we
can proceed. This will be done in Section 2.3.

Once we justify (4.2), we can proceed in section 4.1 to the regularity of the 1D solution
along the lines of [51, 52]. Since the topological kernels lack translation invariance, we need
to revisit the question of propagation of regularity, section 4.3 and Hoélder regularization of
the density in sections 4.4.1 and 4.4.2.

The proof will be split into several stages. First, before we even embark into technicalities
of the argument, we develop necessary tools to work with the operator &Z; itself. It will
be done in the next section. Second, we establish a priori estimates on the density that
are necessary to sustain uniform parabolicity and conclude the alignment, see Section 4.2.
Third, we prove a propagation of regularity result, Proposition 4.4, which states that if
one can propagate some modulus of continuity of the density, then one can propagate any
higher order regularity for both u and p. Fourth, we show how to gain a Hélder modulus of
continuity from several sources. In the case 1 < o < 2 we reduce the problem to a known
Schauder estimate for fractional singular operators. For the case a = 1, we employ the
DeGiorgi method along the lines of Caffarelli, Chan, and Vasseur work [9] with significant
upgrades related to the presence of a drift, source, and asymmetry of the kernel involved.
We also treat the system as truly nonlinear, see also [26], and highlight scaling properties of
the system which become very important, see (4.34)-(4.35).

Finally, the alignment claim follows directly from Theorem 1.3. Indeed, the lower bound
on the density (1.12) requires the rate which will be established for any regular solutions in
Lemma 4.3 below.

First we note that the existence and uniqueness of local solutions of (4.1) can be deduced
from the estimates we perform below when treated as a priori. We state the result here for
our future reference.
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Theorem 4.1. Let 1 < a < 2 and s > 3. For any initial data ug € H*T(T), po € H*T*(T),
with no vacuum po(x ) > 0 there exists a unique solution to the system (4.1) on a time

interval [0, T) on which it will remain non-vacuous and belonging to the class
(4.3) w € Cy([0,T), H ) N LA(0,T), H™3)
| p € Cu((0,7), H***) N L2((0, T), H™5).

Incidentally, local well-posendess in any dimension n can be established too, we refer to
[47] for details.

4.1. An additional conservation law. The conservative “e”-equation (4.2) is a heart of
matter for the 1D regularity theory, along the lines of [51, 52, 53, 25]. We derive it with the
use of the product formula (2.10).

Lemma 4.2 (The conservation law of ¢e). For any solution to the topological model in
class (4.3) the following conservation law holds

e; + (ue), =0, e = U, + ZLyp.
Proof. Differentiating the velocity equation and using the product rule (2.10) we obtain
(4.4) '+’ = Ly((up)') — ' ZLy(p) — u(Li(p)) + Lo (up).

The finite difference in the integral representation of the last term is given by
y y
u(y)p(y) — u(x)p(x) = / (up)'(€)d¢ = — / t(¢)d¢ = —0id,(z,y) sgn(y — z).

Recalling the formula for the distance d,(z,y) = ff P

/y p+(C)d¢ = 0yd,(x, y) sgn(y — z).

, we obtain

Thus,
Ly (up) = / Ordy(z, y) sgn(y — )¢’ (z, y) dy.
Noting the relationship
Odp(x, y) sgn(y — 2)¢' (z,y) = do(x, y)(p(y) — p(x)),

we obtain Zy (up) /atgzﬁ z,y)( — p(x)) dy. Putting it together with the Z,((up)’)
term we obtain
Zs(up)') + Ly (up) = =0:Z(p)-
Grouping together terms in (4.4) we arrive at
(W' + Zo(p)e + ' (' + Zy(p) +ulu' + Zy(p)) = 0,

which is precisely the law (4.2). O

Paired with the continuity equation we find that the ratio ¢ = e/p satisfies the transport
equation

Starting from sufficiently smooth initial condition with py away from vacuum we can assume
that |¢(t)|so = |q0]oo < 00. This gives a priori pointwise bound

(4.5) le(t, 2)| S p(t, ).
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The argument can be bootstrapped to higher order derivatives (see [51, Sec. 2|) as follows.
The next order quantity ¢; = ¢./p is again transported

(4.6) (q1): + u(q1): = 0.

Solving for €/(t, ) we obtain another a priori pointwise bound

(4.7) €', 2)[ S 1P/t o) + plt, ).

Continuing in the same manner, ¢» = (¢1)./p, etc, we obtain

(4.8) le® ()| < |pW(t, )| + ...+ plt, x), k=0,1,2...
Using e allows one to rewrite the continuity equation in parabolic form:

(4.9) pr 4 ups +ep = pZy(p)
Similarly, one can write the equation for the momentum m = pu:
(4.10) my + umy + em = pLy(m).

With a priori bounds on the density established in the next section, we can view equations
(4.9) — (4.10) as a fractional parabolic system with rough drift and bounded force, which
opens a possibility for applying some of the tools recently developed for such equations.

4.2. Bounds on the density. Let us first make one trivial remark: if ey = 0, then the
continuity equation becomes a pure drift-diffusion and hence by the maximum principle the
density remains within the confines of its initial bounds:

(4.11) Py < p(t,x) < po.

In general, however, the e-quantity introduces a Riccati term that needs to be controlled by
the singularity of the kernel. First, we establish a bound from below.

Lemma 4.3. Let (p,u) be a smooth solution of the topological model (4.1), with 1 < o < 2,
subject to initial density py away from vacuum, 0 < Py S po(x) < po < 00. Then the density
obeys the following bounds for all in time:

(412) 1—H < p<t7$) < ﬁ(M(]? IQO’OWQS)? VS T> t > 07
Proof. Let us recall that the continuity equation can be rewritten as
(4.13) pr+ ups = —qp” + pZLy(p).

Let p_ and z_ denote the minimum value of p and a point where such value is achieved.
Invoking Lemma 6.1 to justify the pointwise evaluation we obtain

d

T —|qo|eep? +p—/1r¢(:v-,y)(p(y,t) —p)dy = —|qo]ecp?

The lower bound in (4.12) follows.
Evaluating the mass equation at extreme maximum we obtain

d

—pt < |qo]sep +P+/

plt,zy +2) — py)dz.
dt \2|<Ro MO|Z|Q( ( + ) +)
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Let us further reduce the region of integration to ¢ < |z| < Ry for any fixed ¢ > 0. By
choosing ¢ small enough we can ensure that

1
/ Tola > 2‘Q0’wM0~
e<|z|<Ro |Z|

d

P < —lgolocp’ + Cpy.

The result follows. 0

Then for that fixed € we have

4.3. Continuation of solutions. Our goal in this section is to establish a general contin-
uation result that relies on the uniform Hoélder continuity of the density. The latter will be
justified in section 4.4.

Proposition 4.4. Consider a local solution to a topological model with 1 < o < 2 given by
Theorem 4.1. Suppose there are constants p,p > 0 such that

(4.14) p<plt,r)<p, (t,z)€l0,T)xT.
Furthermore, suppose that p is uniformly Holder on [0,T), i.e., there exists v > 0 such that
(4.15) lp(t,z+ 2) — p(t,x)| < Clz]7, (t,x,2) € [0,T) x T x T.

Then the solution remains uniformly in the Sobolev classes (u, p) € H**' x H*T on [0,T)
and, hence, can be continued beyond T

Proof. We split the proof in five steps. In steps 1-2 we establish control over derivatives of
the density up to order s. Remarkably this can be done independently of the momentum
equation. Such estimates provide bounds on the velocity derivatives up to order s — 1. On
step 3 we develope energy estimates for p(*t1) a necessary step before tackling |u(s)|OO which
is done in step 4. Finally, energy estimates on u**t") will finilize the argument with the help
of coercivity estimates (2.12). All the pointwise estimates we used in the proof are presented
in Appendix B.

STEP 1: Control over |p/|.. Let us differentiate (4.13):
(4.16) op' +up" +u'p +eptep =pLop+ pLyp+ pLop
Using again v’ = e — Zyp we rewrite

Op' +up” +ep+2ep =20 Lyp+ pLyp + pLyp.
Evaluating at a point = where |p’| acheives its maximum and multiplying by p’ we obtain
(4.17) Oulp' [P + €' pp’ + 2¢|p' 1> = 210" PLop + p'pLyp + pp' Zsp'.
In view of (4.5) and (4.7) we can bound

l€'pp’ + 2e|p' | < C (10" + |p']).

Thus,
(4.18) W' < CUP PP+ 10') + 200 P Lop + ' pLsp + pp' Lop'.
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Let us note in passing that Lemma 6.1 justifies pointwise evaluation of all operators involved.
Due to the bound from below on p, the last term provides dissipation. Indeed, let us note
the identity

- 1
p(z)d:p'(x) = —*!52/) @) + 5 (0 (@+2))* = (' (2))°)-
Since z is a point of maximum, we can see that the second difference is negative. Thus,
(4.19) pp'Zop’ < —ciDop/(2).

where

0.p
/ | |1+a )dZ

Let us recall the nonlinear estimate on D, p'(z) obtained in Constantin and Vicol [20], which
will play a crucial role in what follows:

/ T 24«
(4.20) D(z) > c% — ol
Here the —c|p/|2 appears when we complement the cutoff function h to the full unity. Given

a uniform bound on |p|,, we further estimates, keeping half of the dissipation as is for
subsequent usage,

1
(4.21) Dap () 2 5Dap/(x) + Clp ()7 = clp'f5.

Because of the second term in (4.21), all powers of p below 2 + v which appear in (4.18) are
absorbed. So, in particular at this stage we can rewrite (4.18) as

1 o
(4.22) AP < C+200'PLop + p'pZLyp = 5Dap/ () = clpf (@)

We now invoke the estimates on the operators Z;p and Zyp obtained in Lemma 7.1 and
Lemma 7.2, respectively. We have, knowing that by our assumption the density is uniformly
Holder continuous |,

(4.23) 102l Zsp()] S 72 |0 2o/ Dalp () + 77700 2 + 72700
Let us fix a small € > 0 to be determined later, and define r = |pf|oo. Then the above is
bounded by

_a 1+% a— —a a
e 2|p'loe v/ Dalp](@) + cel 3077 + 'S
e 7R [P35 + e EDalo|(2) + el 3 + Ce + 2P
For ¢ sufficiently small we can see that all these terms except for the free constant get

absorbed into the dissipation term in view of (4.21). Continuing to the next term, in view
of Lemma 7.2, and with the same choice of scale r, we obtain

1 lool Lo p()] S 717510 oo /D) () + 1770 2 + 7270
which exactly repeats (4.23).
Going back to (4.22) we arrive at

(4.24) ohlp')? < 1 — caDap.

S
S

This finishes the proof of control over p'.
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STEP 2: Control over [p®)|,, and |u*V|,. We now establish uniform control over the
maximal allowed derivative of p in L> metric. Note that H*™® embeds into W for the
range in question 1 < a < 2. So, initially and on the local time interval [0,7") we have
the density in W*> class non-uniformly at the moment. Once this step is accomplished we
obtain automatically a uniform bound on u®*~Y. Indeed, by Lemma 7.4,

|u(s_1)|oo < |e(s_2)|oo + |(g¢p)(s_2)|oo S |p(s_2)|oo + D [pts=D] + |p(5_1)|oo SO+ |p(5)|oo-

We will argue by induction. The initial hypothesis was established on the previous step.
Let us now assume that we have a uniform control over |p*—1|, for 2 < k < s, and obtain
control over |[p®*)].

Differentiating the continuity equation k times and expanding we obtain

k
(4.25) A p™) + upk+h 4 Z cpull k=0 g (D, — ),
1=1
Evaluating at the maximum of [p®)| and multiplying by p*) the term up**1) drops out.

In the rest we replace all u’s with the corresponding e-expression. So, let us consider the
end-point case first,

pUH = fB1E) B (2, )R,
By the induction hypothesis and (4.8) we have
e S 1M+ C,
and so,
oM e®™p| S P+ C.
Next, we have
(Zsp)® = Zs(0™) + [(Zsp)™ = Zs(p™)].

For the dissipation, we have as usual, in view of the nonlinear maximum estimate and the
fact that p*~1) is under control:

(4.26) PO ZLy(p") S —Dalp®](x) — [p®[3Ee.

For the commutator we encounter a cubic term of top order in the case k = 2. Therefore we
use (7.5) with small ¢

10" [(Zsp)" — Lo(0")]] S 10"l v/ Dalp”](@) +elp” |5 + Ce < 10”15 + €Dalp"](@) +elp”[5 + Ce.
In view of (4.26), the terms £D,[p"](z) + €|p”|2, are absorbed by dissipation. For general
k>3, we use (7.4) by replacing \/Da[p®D](x) < [p®)]e:

P(Zo)® = Zo(fO)@)] S 0P|/ Dalp®](@) + ™3 +1 S eDa[p®)() +celp™ 3 +1.

Again, the dissipation term is absorbed.
Next, let us look into intermediate terms, 1 <[ < k,

pB) g0 plkH1=0 — 5(E) (=) (b 1=D) _ (00 (G, )(1=D) k41D,

Since | — 1 < k — 1 we have all e~ uniformly bounded, hence,

|p(k)e(l—1)p(k+1—l)| 5 |p(k)|2 + C.
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Finally for the remaining terms p*)(Z,p)!~Y p:+1=0 we appeal to Lemma 7.4. So, if | = k,
by (7.7)

6N (Zsp) D (@) S 0™ oo (y/ Dalo®] () + [pM]e +1) S eDalp™] () + cc|p™[% + 1,
so this term is taken care of. For [ = k — 1, if kK = 2, we estimate using more refined bound
(7.1),

10" (Zop)p"| S elp)% + 1ol
which is absorbed. And for k& > 2, we obtain from (7.8)
P (ZLop) 2" S P + 1.
Finally, for all 1 <1 < k — 2, we use (7.9)
M (Zp) DML S p®S + 1
We have obtained
aulp™ % S 1pM + 1,

and the result follows.

STEP 3: Energy estimates for p**!). Before going into estimates for the momentum, we
make one more intermediate step by establishing that p(+) € L°L2 0 L2HS'?. The basic
energy estimate for p**1) is obtained in the standard way. To simplify some computations,

let us note the a priori bound
cs-2 + 1/DalpV] + ]

With this and expansion (4.25) we obtain

d
gyp(ﬁ»l)’% ,S ’p(erl)’g _'_/p(s+l)u(s)p// dx + /p(s+1)u(s+l)pl dx + /p(s+l)u(s+2)pdx.
T T T

cs=2 + [|Zp]

[ullosr < le] o2 5 ol

By replacing the remaining velocities with e — Z4p we now estimate each term:

/¢”18Wﬂx<nﬁ“|wSW@w@>‘/ D (Lyp) V" da
T

applying (7.8) with k = s+ 1,

N |p(s+1)’2 + ‘P(SH)‘% + Hszsm/? N |p(s+1)|§ + 5”P||§{s+1+a/2 + Ce.

The H**'**/2.norm will be absorbed into dissipation. Next,

/ pet DD ol dg < / pt ) gl da + / Pt (Lyp)®p' da,
T T T

and applying (7.7),

PV + /W“ )y Dalpt*V](z) dz + || o]l

Finally,

Hs+a/2 S |P(S+1)|§ +l|p| i]s+1+a/2 + Ce.

/p(s+1) s+2)pdx_/p(s+1)e(s+1)pdx_/p(s+1)($¢p)(s+1)}pdx.
T T T
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Via (4.8) the first term is bounded by |p®**V|2. As for the second we use commutator
estimates

[ ) pde € <ol + [ 16540y Dl ]z

/ P @)/ Dalp®] (@) da + [pH D2 < —|lp)2

l

Hs+1+a/2 + €||p| ?{s+1+o¢/2 + Cg|P

All the estimates now add up to
d
dt

This shows pt) € L*L2 N L2HS"* and the step is complete.

|p (s4+1) ’2 < _ HP‘ ?FHM/Q + Ce\p(5+1)|§ + c..

STEP 4: Control over |u®|,. Due to close resemblance of the momentum equation
(4.10) to the continuity equation written in parabolic form (4.9) it is easier to work with
the momentum variable m. Since all the high order spaces are Banach algebras, establishing
control over m is equivalnent to establishing control over wu:

lullx < Imllx (o7 < lImllxlollx,  lImllx < Tullxllollx

which applies to X = H*,C*, etc. Knowing that p € X shows [ju||x ~ ||m|x. In partcular
this is the case for all C*, k < s.
We do have automatic uniform bound in C*~! as a consequence of the previous step.

Indeed, by Lemma 7.4,
cs=2 + 1/ Da[pt*=D] + ]

So, essentially we need to complete one more step up.
Differentiating (4.10) s times, testing with m'®) and evaluating at the maximum, we obtain

cs=2 + | Lol

[mllos—1 S lullosr < lle] o= S Il Comt

Aem )2 +m Z uDmEH=D 4 (em)Im® = (pLym)Im).

The e-term is under control'

ml[ge < lImllé-

[(em)Om] < [(em)® o[ m® e < [lp]
Next, using the induction hypothesis,

S
=1

So, further argument is reduced to estimating the dissipation term. We have for all 1 <[ < s,
m® p®(Zym) =0 ()| S [m |o|(Lym) V()]

and using Lemma 7.4,

Cs

S (U] + oo+ I MO + [ jm im0 < Im 2.

< Jm o, ( Do [m®](z) + |m® | + C) < e|m® 2 + Do [m®) (x) + C.

The D,-term will be absorbed subsequently. So, it comes down to

p(ZLym) () ()



28 ROMAN SHVYDKOY AND EITAN TADMOR

As usual, Z,(m))m® produces dissipation D,[m(®)](z), and all that remains to estimate is
the commutator, for which we use Lemma 7.3 with r ~ 1,

|l (Zom) ) a) = Zo(m®)@)] S [ (y/Dulim)) + y/Dulot9l(a)) +
cdlm . + D] (x) + <Dy ] ().

It remains to notice that

2
[Da[p](@)] S 1oV, for g > o=
—

~ q’

Since H*/* — HY? — L for any q < oo, we have |[p**!|2 € L! by the previous step. We
conclude that the term D,[p®](x) is L'-integrable in time. Thus,

0 m 3, < Im® % = Da[m®™] + f (1),
where f € L*([0,T]). This finishes the step.
STEP 5: Energy estimates for u**! and conclusion of the proof. Since the momen-
tum equation is structurally the same as the continuity, this step is entirely similar to Step
4. The use of commutator estimates of Lemma 7.3 and Lemma 7.4 is identical with f =m
due to the fact that at this point we are in the same position in terms of control of m as we
were at the beginning of Step 4. We thus conclude

mEt e LL2 N L7HY?,

and via Banach algebra inequality |lu|lx < ||m|x||1/pllx ~ |lm|x||pllx fo the classes in
question, we obtain

utY € L®L2 N L2HS?.
To conclude the proof it remains to notice that via the e-quantity, we have ($¢p)(s+1) €
L L2, Due to (2.12),

%’154"" SJ C + ||p‘ J[\{[s+a/2 5 O + ||p||%9+1

i

On Step 3 we already established uniform control over ||p||gs+1. The proof is finished. [

4.4. Holder regularization of the density. In this section we derive the Holder regularity
of the density — its Holder regularization follows from the fractional diffusion embedded in
our topological alignment term. The proof is obtained by various techniques of fractional
parabolicity depending on o. Combined with Proposition 4.4, we immediately obtain global
existence and conclude Theorem 1.5.

4.4.1. Case 1 < a < 2 via Schauder. In this particular case the regularization will follow
from a kinematic argument based on the Schauder estimates as in [10, 35]. So, we start by
rewriting the relation between p, u, and e as follows

(4.27) 0, ' Lyp=0"e —uec L™

In the purely metric case this of course implies p € C'™® immediately. For the topological
models the conclusion is not so straightforward, and in fact may not even be true up to
regularity 1 — a.
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First let us make an observation that Z,p = 0,(% p), where

F plz) = / sgn(z)Ind,(z + Z’x)h(z) &

2]

Next, by symmetrization

Fp(x) =

1 / Ind,(z + z,2) —Ind,(z — 2, 2) san(2)h(z) dz.

2 2|
Now we use the expansion

Ind,(z+ z,2) —Ind,(z — z,2)
(4.28) do

= [dy(z + z,2) —dy(z — 2,2)] /0 0d,(z + z,2) + (1 — 0)d, (v — 2,2)

Next,

z

x+z xrx—z
ot 20) - dle—zolsem) = [ s+ [ pwdy= [ oo+ u)smudu.

—Zz

We can now subtract the total mass from the density without changing the result. However,
the function p — My is a mean-zero function. Hence, p — My = f’, for some f. Continuing
we obtain

[dp(x + 2, 2) = d(x — 2, 2)]sgn(z) = / f'@+w)sgn(w) dw = f(z+2) + f(z — 2) = 2f(2),
which is the second order finite difference of f. We thus obtain

Fo(w) = [1f(w+2)+ fo—2) - 2 (@)K (w200
where the kernel K(x, z,t) is given by
h(z) /1 dé
|z|* Sy 0d(x+ z,2) + (1 — 0)d,(z — z,x)
It satisfies the following four conditions:
~ Lizi<ro Lisj<2ry
(i) BEE S K(z,2,1) 5 EECE
(11) K(.’]Z, —%, t) = K(.ﬁC, <, t)7
(il) 2| Kz + h2.1) - K(x, 2,8)| < CJhl:
(iv) [0 (2] ™K (z, 2,1))| < Cl2|7".
Here the inequalities involve generic constants which may depend only on the density but
not on its derivatives. Indeed, (i) is trivial. As to (iv), we have

K(x,z,t) =

(4.29) K (2, 2, 8) = ()2 /O 0, (z + 2, 2) + (1 — 0)d, (z — 2, 2)] " do.

Given that d,(x + z,2) ~ |z, it is clear that this expression is uniformly bounded by a
constant. It will remain so if 9, falls on h. The bound gains a negative power |z|~! when 0,
falls on |z|. Next, observe that

0.d,(x £ 2z,2) = p(x £ 2) sgn(z),
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which is a uniformly bounded quantity. So, any derivative that falls on the distance inside
the expression (4.29) reduces the power of that term by 1, while the rest remains uniformly
bounded.

To verify (iii) we can even prove a stronger inequality
|2|*T*|0, K (2, 2,t)| < C.

Indeed, in this case we recall (2.9) which implies that 0,d,(z £ z,z) remains uniformly
bounded. So, we have

1
]z|2+“81K(x, 2t) = h(Z)‘ZPax/ [de(x +z,2)+ (1 — G)dp(x — Z, 1’)]_1 deé.
0

In view of the above observation, the order of the partial of the entire expression in paren-
thesis is |z|72. This finishes the verification.
So, the initial relation (4.27) can be stated now as a fractional elliptic problem:

(4.30) /[f(x +2)+ flx—2) = 2f(2)|K(x, 2,t)dz = g(z) € L™.

Under the assumptions (i) — (iv), it is known, see for example [10, 35], that any bounded
solution f to (4.30) satisfies f € C'* for some positive v > 0. This readily implies p € C”
and concludes the argument.

4.4.2. Case a = 1 via De Giorgi. In this section we present a regularization result for the
case a = 1. We state our result more precisely in the following proposition.

Proposition 4.5. Consider the case a = 1. Assume the density is uniformly bounded (4.14).

C
Then there exists ay > 0 such that [p], < o for allt € (0,T]. Here C depends on the bounds
on the density on [0, 7).

Let us make some preliminary remarks. Our proof is based on blending our model into
the settings of Caffarelli, Chan, Vasseur work [9] which adopts the method of De Giorgi to
non-local equation with symmetric kernels. We note however that the result of [9] is not
directly applicable to our model due to the presence of drift and force in the continuity
equation, and in addition we lack symmetry of the kernel. The forced case was considered
in a similar situation in Golse et al [26], where the control over the force is achieved via

pre-scaling of the equation. We will use a similar argumentation here as well. We proceed
in five steps.

STEP 1: Symmetric form of the continuity equation. Let us recall the continuity
equation in parabolic form:

(4.31) pr+ups = pLyp — ep.

To get rid of the p prefactor we will perform the following procedure: divide (4.31) by p and
write evolution equation for the new variable w = In p,

wy + uw, = Lyet —e.

Using that
1
e _ ) — (10(y) — w(x)) / o ()~ () do,
0
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we further rewrite the equation as
(4.32) wy + uw, = Lrw — e.
where .
K(z,y.t) = ¢(z,y) / P(y)p' " (x) do
In view of the bounds on the density, the new lgernel satisfies

]llo:— <R ]1|:c |<2R
4.33 i L 7 #7

and now is fully symmetric
K(x,y,t) = K(y,x,t).
Clearly, Holder continuity of w is equivalent to that of p, so we will work with (4.32) instead.
In what follows we treat the term —e as a passive source. However we cannot treat u
similarly since the derivative wu, that will come up in the truncated energy inequality will

have to be recycled back through its connection with e. We therefore first discuss scaling
properties of the system.

STEP 2: Rescaling. Let us adopt the point of view that our solution (u,p) is defined
periodically on the real line R. Elementary computation shows that if (u, p) is a solution
and R > 0, then the new pair

x x
4.34 =u|t -, =plt ) —
(4.34) UR U(O—FRQ,IL’O—FR) PR P(O—FRQ l’o—i-R)
satisfies the rescaled system
dipr + R (prunr). =0,

@uR+«RLﬂuRuz:=jng@»uuxy>—zuxx»¢3cuy>d%

where the new kernel is given by
1 T Y t
¢R<x7y>t>: R1+a¢(x0+E7xO+R t0+ﬁ> .

Note that for a given bound on the density ¢ < p < C' on a given time interval I, the new
kernel still satisfies

(4.35)

Liu—yi<ror Ljz—yi<2mror
AWW < ¢r(@,y) < Awwa
on time interval R*(I —ty), and the constants A, \ are independent of R. Thus, if R > 1, the
bound from below holds on a wider space and time intervals. The corresponding e-quantity
rescales to

_ 1 t x
€R:R1 aujq+$¢RpR RO‘ (to+ Ra,l’o"’ﬁ) 5
and satisfies
Oer + lea(uReR% =0.
Hence, er/pr is transported and as a consequence we obtain an priori bound

1

4.36
(1.3 enl S on S o
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The rescaled continuity equation becomes
Opr + R upply + erpr = PRZ b1 PR-
The corresponding w-equation reads
dwr + R “upwly = Lr,w — er,

where the kernel Ky satisfies the same bound (4.33) for all R > 1.
So, it is clear that the drift remains under control for « > 1, and is scaling invariant in
the case a = 1.

STEP 3: First De Giorgi lemma. We return to the symmetrized version of the continuity
equation (4.32), where the only extra term the prevents us to directly apply [9] is the drift.
Since, in addition the drift is not div-free and non-linearly depends upon p we will take extra
care of keeping protocol of relation between w and u after re-scalings.

First, we start by noting that it suffices to work on time interval [—3, 0] and prove uniform
Hoélder continuity on [—1, 0]. Second, in view of (4.36) if necessary we can rescale the equation
by a large R > 1 and assume without loss of generality that |e|pe®x[-30)) = €0 < 1, where
g9 will be determined at a later stage and will in fact depend only on A, \.

The argument of [9] uses rescaling of the form w = 18—’1;‘ + Cs, where R > 1, and 0 < (] <
Co = max{1, |w|w}, and w is the original solution, and Cj is a constant which changes from
step to step. Let us note that the new quantity w satisfies

Wi + URWy = gKRw + fR,Clv

€0

(4.37)
< —.
|fR,Cl |oo RCl

To keep control over the source we therefore impose the following assumption on all rescalings
(4.38) RCy > 1.

We will now derive a truncated energy inequality for w.
Let 1 be a Lipschitz function on R. We always assume that our Lipschitz functions have

slopes bounded by a universal constant. Testing (4.37) with (w — 1), we obtain
5 [w-vrde=3 [tunhw— R do- 5 [unbuto-0)d
thRw vde =5 [ (ur)s(w vde =5 [ upte(w L dx

— ~Balw, @~ )) + [ freiw— vl da,
where
Ballg) = 5 [ Knle.)(hly) = h(o)((0) - 9(a) dy
Continuing we obtain
(ur)e = er — ZLyppr = er — LrywWr = er — C1 Lk, W.

We also note that in view of our assumptions and the maximum principle we have a scaling
invariant bound |ugt,| < C. So, as long as in addition RC; > 1, we obtain

1d 4

Sq R(w — )} dz+ Br(w, (w—=)1) < 5 Br(w, (w0 =0)3) + C(|(w=0)sh +[(w=¢)43).
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Note that the B-term on the right hand side is cubic, while on the left hand side it is
quadratic. This will help hide the cubic term with the help of the following smallness
assumption:

1
) — < —.
(439 0= el < 557
Under this assumption we have
C
Br(w, (w—19)4+) — TIBR(% (w— w)i) = Bro(w, (w=1v)4),

where Bp,, is the bilinear form associated with the kernel

K, ) = Knlr,p) |1 = (0 = 0)4 @) + @~ )4 ()|

which under (4.39) satisfies similar bounds as the original kernel and is symmetric. Contin-
uing with the energy inequality, we write w — 1) = (w — ¥) — (w — %¥)_ and obtain

Bro(w, (W =9)4) = Bro((W =)+, (@ =¥)4) = Bro((w =) (w = 9)4)
+ Bru(¥, (W —1)1).

The first is the main dissipative term for which we have a coercive bound

Bro((w=9)4, (w—=v)4) = eacl(w — ¢)+‘§11/2 — (w - ¢)+|g-

For the second we have after cancellations
—Bro((w—=1)_,(w—=1);1) =2 / Kpo(r,y)(w—¢) (y)(w—9)(2)dydz :== P

which is positive and can be dismissed for the application of the First DeGiorgi Lemma.
Finally, as in [9] we obtain
1

|Broo(¥, (@ =9)1)] < 5 Br((w = ¥)+, (w = ¥)4) + [(w = ¥) i + [{w — ¢ > 0})].

We thus have proved the following energy bound under (4.39) and for any rescaled solution

d
T R(w —P)idr +[(w = ¥)slie S Hw =)z + 1w = ¥)il + Ho — ¢ > 0},

We now recap the First DeGiorgi Lemma: there exists 6 > 0 and 6 € (0, 1) such that any
solution w to (4.37) satisfying

w(t,z) <1+ (Jo* = 1); on R x [-2,0],

and
{w> 0} (By x [-2,0)] <
must have a bound
w(t,r) <1-6.

The proof proceeds as in [9] with extra care given for (4.39). We consider Lipschitz function

0
Vr (o) =1 =0 o + (|2 = 1)
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For # small enough it is clear that (w—1r, )+ can be made as small as we wish for all £ € N,
in particular satisfying (4.39). With 6 fixed we can then apply the energy inequality for all
terms (w — ¢, )+, and the argument of [9] proceeds.

STEP 4: The second De Giorgi lemma. In the Second DeGiorgi Lemma the energy
bound is used in a somewhat different way. Here the presence of the drift term requires
extra attention as well as condition (4.39). We recall the lemma first. For a A < 1/3 we
define ¥, (z) = ((|z] — /\—14)1/4 — 1);. Let also F' be non-increasing with ' = 1 on By and
F = 0 outside B,. Define

p;j=1+¢y—NF, j=0,1,2
The lemma claims that there exist u, A,y > 0 depending only on A such that if
w(t,z) <1+ Y(z) on R x [-3,0],
and

|{w < QSU} mBl X (_37_2)| = Ly
Hw > ¢} NR x (=2,0)| > 0,

then necessarily
{do <w <@} NR X (=3,0)] > 7.

So, if the function has a substantial weight under ¢, and later over ¢, then it must leave
some appreciable weight in between. The proof goes by application of the energy inequality
to (w — ¢1);. However, (w — ¢1); < A pointwise. Hence, to satisfy (4.39) it is it sufficient
to pick A < 1/2Cy, among further restrictions which come subsequently in the course of the
proof. Thus, we have

d

¥ R(W — ¢1)% dz + Bro((w — é1)1, (w — ¢1)4) + P = —Bru(d1, (w — ¢1)4)

1
+ / (§UR(¢1):5 + fR,Cl) (W — ¢1)+da.
All the terms are exactly the same as in [9] except the last one. To bound the last term
we note that (w — ¢1)4 is supported on By, where ¢1 = 1 + AF', hence |(¢1)z|r(B,) < CA.
Furthermore, as noted above, (w — ¢1). < A. Hence,

5 [ unlonnlo = o). o

As to the source term, we obtain the same bound provided 95 < A. The resulting bound
repeats another estimate on the term Bpg,(¢1, (w — ¢1)4), and hence, blends with the rest
of Section 4 in [9].

The rest of the proof makes no further direct use of the energy inequality and thus proceeds
ad verbatim. The penultimate constant A ends up being dependent only on A and Cy which
are scaling invariant.

< ON2

STEP 5: Diminishing oscillation and C7 regularity. The first and second De Giorgi
lemmas are now being used to prove that any solution with controlled tails on [—3,0] x R,

-1 _wa,/\ < w < 1 +¢a,m
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where
0 , o if o] < AT
xr) =
vl {MM—A4f—m., £ Ja] > A
satisfies
sup w— inf w<2-—\,
[—1,0}><B1 [7170}XBl

for some A\* > 0. The proof goes by application of shift-amplitude rescalings of the form

1 1
Wiy1 = ﬁ(wk —(1-2) = art? + O

For our sourced equation this is the worst kind of rescaling since it doesn’t come with a

compensated space-time stretching. However, in the argument the number of iterations is

limited to kg = |[—3, 0] x Bs|/~, and hence depends only on A. We can pre-scale the equation

in the beginning using R’ > 0 so large that gy = |fr/]eo < A2°Cy < A%, Hence, on each

step of the iteration we have |fx| < A, fulfilling the requirement of Step 4 automatically.
The final iteration consists on zooming and shifting process:

w; = w/|w|s,

1
Wiyl = 1_—/\*/4((1%)1% — W),

where w0y, is the average over [—1,0] x By. On the first step we still have the bound | f;| < A%,
Subsequently, among other restrictions put on R in [9] we set in addition R(1 — A*/4) > 1,
which preserves the bound |f| < gy for all steps. This finishes the proof.

5. FURTHER EXTENSIONS AND DISCUSSION

The class of topological models can be extended within our framework to include gener-
alized topological diffusion of type
h(lx —yl) 1

5.1 X,y) = X — , 7> 0.
ol POV = ey X @)

In, fact this class arises naturally in a hierarchy fashion in commutator estimates proved
below in Appendix B. Our main flocking result of Theorem 1.3 extends to all 7 > n. In
fact the most general statement which includes various stronger assumptions on density, and
hence, better alignment rates, can be summarized in the following formulation.

Theorem 5.1. Let (p,u) be a global smooth solution of the topological model with kernel
(5.1). Assume that the density p(t,-) satisfies, for all t > 0,

c n
2 tx)>——— 0<B<fo=min{l, ,
(5 ) p( 7X) (1+t)5 0 ﬁ 50 mln{ 2n_7_}
and if T > n + «, additionally
5.3 plt, ) < C

Then the solution aligns with at least algebraic rate given by

(5.4) lu(t) — uxloo = % where v = % (1 - %) :
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One notable application of this more general result is for the 1D case when e = 0. Indeed,
in this case we have a uniform bound on the density from above and below, see (4.11) and
hence the alignment rate improves to v = %

More can be said about the density itself. If e = 0 the continuity equation acquires
the structure of the u-equation. Along with the maximum principle come a possibility of

applying Theorem 5.1 directly to the continuity equation. The energy law takes form

d
o= [Pz ds

which after symmetrizing becomes

[ 1Zapds = =5 [ 6(.)lo@) + ) o) - plw)? do

Since the pre-factor (p(z) + p(y)) is uniformly bounded from above and below this supplies
the energy inequality analogous to (2.5a). We have all ingredients for a direct application of
Theorem ?? (with § = 0) to the continuity equation and we conclude

1 o(1)

o(t) = 3=Molo = 2.
Remark 5.2. (About 7 = n). We make another remark concerning the apparent threshold
value of 7 = n. Clearly from (5.2), if 7 > n, then p > #t is the weakest assumption under
which the theorem holds, while for 7 < n a more stringent bound on p is required. This can
be explained by the fact the the density on the bottom of ¢ needs to compensate the density
on the top inside the diffusion term. Even more vividly the condition manifests itself after
taking limit as & — 2. Such limits are standard in the elliptic theory and we will not provide

many details here. One can verify the following:
(5.5) lim (2 0) /() = V- (577 V f) = D(f).

The commutator which would appear in the corresponding limit model reads

1

(5.6) D(pu) —uD(p) = =

2 —
Au + JVqu, v =
Y

S 19

We can see that 7 = n is the threshold that determines whether the density appears on the
top or the bottom in front of the leading order term. For 7 > n it amplifies dissipation in
thinner regions as intended in the topological model.

Concerning regularity of solutions in 1D one can obtain an extension into the range o < 1.
In fact the continuation criterion of Proposition 4.4 extends directly as is, in fact in several
technical places even easier due to lower singularity order of the diffusion. The Holder
regularization result can be obtained by an adaptation of Silvestre result [54] for forced
drift-diffusion equations. The result assume pure fractional Laplacian as a diffusion, but as
noted by the author, applies to more general kernels, even in z: K(x,z,t) = K(x,—z,1).
Another necessary condition to apply [54] is regularity of the drift u € C'~®. For this we
use the representation (4.27): u = 9, 'e — Fp. Since 9, 'e € W, it remains to check that
Fp € C'=*. The verification again goes via an optimization over cut-off scale argument.
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Then, omitting constants,

Fplz+§) —Fplz) = /||>£|[lndp(x vEtz o) —Ind,(z+ Z,x)]sgnTz)h(z) 1

—|—/ Ind,(z+ &+ 2,2 4+¢&) —Ind,(z + z,2)]
EIN

In the first, we use Taylor formula (4.28) which yields a bound by |¢|/|z|'™®, with a uniform
constant depending only on (4.14). This results in [£]'~, as needed. In the latter integral
we simply observe

dy(z+E+2,2+)

~ 1.
d,(z + 2, 2)

Ind,(z+ &+ 2z,24+&) —Ind,(z+2,2) =n

So, the order of singularity is |2|~®, which implies bound by |£]17¢, as needed.

A restriction comes in the range 0 < a < 1, or @ < 7 for more general models, in
establishing upper bound on the density. While the lower bound in (4.12) always holds, the
extension to upper bound reads as follows.

Lemma 5.3. Let (p,u) be a smooth solution of the (T, «)-model, subject to initial density po
away from vacuum, 0 < ¢ < py < C' < c0. Assume that either (i) T < «, or else if T > «,
that (ii) the initial condition satisfies

T—Q

e
Milgolos < —2—, o= =,
T—a Po
Then the density is uniformly bounded in time:
(5.7) p(t,z) < C(Moy, |qo|so, ), zreT, t=0.

So, for 7 > a we need an extra smallness assumption to acheive the same result. This
condition is scaling invariant, see Step 2 in the proof of Proposition 4.5. We record the
generalization in the following theorem.

Theorem 5.4. Consider the one-dimensional system (1.1) on T with short-range topological
kernel (5.1) and singularity of order 0 < a < 1. Any non-vacuous initial data (po,ug) €
Hste x H5% s > 3, satisfying the conditions of Lemma 5.5 admits a unique global in time
solution, (p,u), in the class

p € CypRT H YN L2 (RT; HT1F2),

loc

u € Cp(RT; HY N LE (RT; HS P 2),

loc

6. APPENDIX A. POINTWISE EVALUATION OF TOPOLOGICAL ALIGNMENT

Here we collect necessary formalities related to pointwise evaluations of the operator
Z4 and the commutator €,. The statements come with corresponding estimates we used
throughout the text. In fact, we consider the more general class of topological kernels that
we already mentioned in the previous section:

h(lz) 1

6.1 = > 0.
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Lemma 6.1. For any 0 < a < 2 and f € C? one has the natural pointwise representation
formula

(6:2) Zof () =po. [ (Fx+2) ~ F0)0bx +2.) da

n

Moreover, for any r > 0,

(6.3) Zsf(x) = / (f(x+2) = f(x) —2- V[ (X)Ljz<(2)p(x + 2, %) dz + b, (x) - V f(x),

n

where
by (x) = p.v./ z0(x + z,X) dz,
|z|<r
satisfies
(6.4) brloo < C|Vploor®™@.

Proof. At the core of the proof is a bound on the operator given by
B,((x) = p.v. ((x + z)z¢(x + z,x) dz.
|z|<r

Clearly, B,1 = b,. We address it more generally as was used in preceding sections. By
symmetrization,

d’(x — - d’
1 / — p(x 2 X) p(x +2,%) ((x+z)zh(z)dz
|z|<r dp

B S
76 () 2 (x +z,x)d)(x — z,x)|z[" T

_|_1/ ((xt2) = (x—2) zh(z)dz =: I(x) + J(x).
|z|<r

2 d;(x—z,x)]z]’”a*T

In what follows the constant C' will change line to line and may depend on the underlying
bounds on the density at hand, (2.2). As for J, we directly obtain

| J(x)] < C|V¢ oo™,
For I(x) we first observe
T T T n n
dp(x +2z,x) — dp(x —7,X) = E[dp(x +2z,x) — dp(x —7,%)|x

T

1
></ [0 (x +2,%) + (1 - O)d(x —z,x)]" " db.
0
Note that

]d;‘(x +2z,X) — dz(x —z,X)| =

[ (ol w) = plx = w)) dw] < [Vplcfa"
Q(z,0)
and clearly,
1
/ [0d,(x + 2,x) + (1 — 0)d,(x — z,x)]" " dI < Clz|"™
0
Consequently,

16| < CIVplaldl [ popriama 2~ [VolalCor®

|z|<r |Z



EMERGENT DYNAMICS WITH SHORT-RANGE INTERACTIONS 39

In conclusion we obtain the bound
(6.5) B¢l < C(IVPlsolCloo 4+ [V o) 727

Note that the bounds above provide a common integrable dominant for the integrands
parametrized by x. So, in addition B,.¢ € C(T").

The bound (6.4) now follows directly from (6.5), and we also have b, € C(T"). With the
knowledge that the drift is finite, clearly, the right hand sides of (6.2) and (6.3) coincide.
Denote them L f(x). We now have a task to pass to the limit

<g¢f7 gs) — L¢f(XO)>
for every xo € T". Splitting the integral we obtain

(Zsf 9e) = % /T GGV = f) = VA =3 Lpeyiar) (9:(%) = 9:(3)) dy dx
+ % /IF" Tn ¢(X,y)Vf(X)(y - X)]lley|<r)<gg(X) _ ga(Y)) dy dx = | i J

Note that J = $(b, - V f,g.) + 3(B.V [, g.). By continuity of B, proved above,

(6.6) T Sh(x0) - Vi(x0) + 3 (B ) (x0).

As for I we can unwind the symmetrization since each part of the integral is not singular
any more:

=5 [ oy () ~ ) = Ty — %) Lpeyicr)g ) dy dx
TnxTn
5 [ M)~ 16 = VIR X)Ly <)o) dy dx
Tn xTn
Passing to the limit in each integral we obtain
T35 | () = Flxa) = VFxa)(y = xa))o(x0,¥) dy
1

-3 /n(f(xo) — (%) — VF(x)(x0 — X))é(x, x0) dx

= [ 0b0. 7))~ Fx0) — (T (x0) + VFIY — X0 peoyjer) dy

’]I"!L

= [ o0 y)(f(y) = f(%0) = VI (x0)(y = %0) Ly —y|<r) dy

"]Tn
1

+5 . d(x0,¥)(Vf(x0) = V(¥)(y — %0)Ljxy—y|<r dy

1 1

= Lo f(x0) = 5br(x0) - V f(x0) = 5(B:Vf)(x0).

Thus, combining with (6.6) we obtain I + J — L, f(x0) which completes the proof. O
As a corollary we obtain analogous representation formula for the commutator.

Lemma 6.2. For any 0 < o < 2 one has the following pointwise representation

(6.7) Co(f, Q) =pu. [ d(x+2z,x)((x+2)(f(x+2) - f(x)) dz.

Tn
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Moreover, the following representation holds for any r > 0:

(6.8) Cs(f,0)(x) = . d(x+z,x)((x+2z)(f(x+2)— f(x) —2z- V(X)) dz
+ (¢ (x) + ar(x)) - V f(x),
where b, is defined as before, and

(6.9) |ar|oo < C|V (oo™

The proof goes by a direct application of Lemma 6.1. For the residual drift we obtain

a.(x) = d(x+2,%x)(¢(x + z) — ((x))zdz.

|z|<r

The bound (6.9) follows at once.

7. APPENDIX B. COMMUTATOR ESTIMATES

We will forcus on 1D case with a > 1 and establish necessary commutator estimates used
in the proof of Theorem 1.5. The estimates will be obtained in pointwise evaluation style
which makes them suitable for applications in both L*>-based settings and L? setting. For
this reason we pay special attention to dependence on the top order terms. First, we obtain
a basic estimate on pointwise evaluation of the topological diffusion operator, which follows
from representation formula (6.3).

Lemma 7.1. For every smooth function f and 0 <~y <1 one has

(7.1) | Zof (2)] S 773V Dalf1(@) + 77 fller + 221 f (@)1 e

forallr < Ry and x € T.

Proof. We use decomposition (6.3) with further breakdown of the integral:
Zuf@)= [ (e+2) = 1@ =f @)odz+ [
b Ul @) 6dz = L f@ )+
Using that

(7.2)  |f(@+2) = flx) = 2f'(2)] =

/ (f'(@ +w) = f'(«)) dw| S v/Daf'(x)|2|'*2
0
we obtain

1] S 7' 7% /Do f'(2).
Next, due to (6.4),

b, ()] S |p,|oor2_a'
And as to J, we use the Holder continuity,

IS 7 flle

Putting the estimates together yields (7.1). O
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Lemma 7.2. For every smooth function f and 0 < v <1 one has

(73) 120 f(@)| £ (11 DalF1@) + 1o/ Dald1@)) + 7 Fllenol
+ 7770 ool o
forallr < Ry and x € T.

Proof. Using the explicit formula for the kernel

, h(z) :
Qb — ’Z‘ad,i(l',iC—FZ) A]’Z]p<x+€) d€7

we obtain

7t = [ ot Hz) [ Wero- s

0. f(x)dz = Jy + Jo.

@ [ |z|a—1di<x,x+ 3

Note that J; is precisely one of the topological-type operator with 7 = 2. So, estimate (7.1)

applies:
[ T2l S 77210 oo v/ Dal 1) + 17 fller | |oo + 727 f ool o'

As to Jp, we estimate as usual

/[o ][Pl(w +&) —p'(x)] df‘ < Da[p'](x)|z]1+%.

So, using this together with the full derivative of f in the short range {|z| < r}, and Holder
continuity of f in the long range {|z| > r} we obtain

1] S 772 | f s v/Dalo)(@) + 17| fllen oo

O

The statement of Lemma 7.2 can be viewed as the commutator estimate of first order
since

Zyf=(ZLof) — Zof"
We will need to establish similar estimates for higher order commutators, although without
the use of Holder continuity of f.

Lemma 7.3. Let f, p be smooth functions and 1 < a < 2. Then for any x € T the following
inequalities hold: for k > 3

(Loh) D) = Lo(FP)(@)] S/ Dalf ) (@) + ) Dalo®

(7.4) 4/ DalfEV](2) + y/ Dalp®V](2)
+ 10" (@) + 1 f () + 1,

and for any € >0, and k = 2

(Zof)"(2) = Zs(f")(@)] SV Dal (@) + v/ Dalp”
+ 5‘f”’oo|p”|oo + ‘f”’oo + Ca‘ﬂuyoo + Ce.

(7.5)
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with < meaning up to a contant factor
C = C(p. s 0 lsos [ oo -5 |5V ocs [0 Vec).
Proof. According to (2.11) we have to obtain estimates on all terms
Ly [FED](z), for 1 <1< k.

The kernel can be expanded using the Faa di Bruno formula
!

h(z) [ ]J’p
0 _ : (p)
¢ JZCJ]ZP‘d,l,Hj(%x‘i‘Z)IE /[OJ]P (x+¢)dg|

where j = (j1,...,7;) is a multi-index with weight |j| = j; + ... + j;, and
Ui + 20 4.+ Ly = L.

Let us introduce into consideration operators corresponding to the summands in the above
expansion

I
2 fED (g / 2)8, fED (g H [/ pP) (x4 €) df} dz.
| 2| de (z,2+2) 5 L4

Let us consider separately one end-point case When the index reaches its corner value j =
(0,...,0,1). For this particular index the density receives its maximal derivative:

)31 )
£ (k— l 0
f /|Z’ /z]p (r+¢&)dédz

C“d (x, 2+ 2)

5f“ (2) Oz 1+ 6) — oD (2)) de do
/|Z| /M@ (o +€) — p0(x)) dé d

(r,z+ z)

W) f* )
T (m)/ iy

The operator involved in J; is exactly of topological type with 7 = 2. So, we apply (7.1)
directly with r ~ ¢ and v = 0O:

PARTCL ( V/Dalf 0] (@) + c. + |f(k‘l+1)<x)|> -
Here and in the following we dismiss all the quantities depending on the lower order terms
E? ﬁ? |p/’007 ’f/|007 B |f (k= 1)| |p(k 1) | . Using
Da[f(k_l+l)](x) < |f(k_l+2)‘oo

we see that all the terms with [ = 3,...,k — 1 are of lower order (this only applies if k > 4).
For | = k we have

[ Jo| S elp™ (@) "o + c-.

o] S \/Dalf®@)() + [fP (2)].

| J2| S €lp”|oor/ DalfED](2) + cclp|oo-

For [ =1, we have

For | = 2,
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Summing up over [ we have

Z!le < 4/ Dalf®)(x) + 1P ()] + elp™ (@) |s0 + €lp" oo/ Dal FED]() + celp”|oc + c=.

As to Jp terms, for all 2 <1 < k — 2 we simply estimate

[N S 15l p Y] S C

[

For [ =1,

8, fE(x B N
A< 16 /| ‘ %dzmw Dl < =210 oo /Dl D) (@) + co
z|<e

1-a/2 _ ¢ this term has been accounted for. For | = k — 1,

Resetting ¢

1| S el f"oe/ Dalp™D](z) + c..

1] S 4/ Dalp®](z).

To summarize, the corner-case terms add up to

Finally, for | = k, we have

k

YL @) S \/Da[f<k>](x) + \/Da[p(k) x

=1

(7.6)
+ &l f"]oo\/ Dalp® V() + £]p"|00y/ Dalf*D]()

+elp® (@)oo + [P (@)] + co|p”]oo + Co

Let us now consider off-corner cases, j = (41, ..., Ji—1,0), 2 < [ < k (obviously for [ = 1 there
is only one term with j = (1) which is a corner case). Since |5, f*=D| < |z||f* V] < Oz,
the order of singularity of the kernel becomes « + |j|, while the order of the product in the
numerator is [j|. So, for @ > 1 this operator is still hypersingular, which means extra care
needed find additional cancelations. Let us denote

4y = /[ A by = el )
0,z

and write the product as follows

-1

Jp — d1 . 12 1 pdi-1 . Ji-3 ]l_]l2]ll
Happ—% al2( o) Falt ) (e = b+
p=1

+( bh ij- b?z 11+Hb]p
Now, for p < k — 2 we simply use
e — b1 < |9 | o S [of

So, the product in this case is bounded by < |z|'*¥l and the singularity order reduces to
a — 1 < 1. This, these terms are bounded by < C.
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For p=k —1,if 5,1 > 0 we use
J ]
| = | S (221 Dap® ().

Thus, the order of the product is § + |j|, and the order of the operator becomes a/2 < 1.

So, this term is bounded by < /D, p®) (), which has been accounted for earlier.
It remains to estimate the integral for the pure b-product:

-1 -1
Hb;p = |z|M H(p(p)(ﬂf))j
p=1 p=1
The product of densities is obviously subcritical and comes out of the integral. What remains

is another topological operator
(5 (k—1)
A S
| 2]~ |J\d +‘J (x,z+ 2)

This involves the generalized kernel (6.1) with 7 = 1 + [j|. Applying estimate (7.1) with
~v = 0 and fixed absolute r ~ 1 we obtain the bound

S y/DalFE0) (@) + [0 4+ | ()]
Recalling that we are in the range 2 < [ < k, we have
[fE oo + [FEH (@) S 1,

while for [ > 2 the dissipative term is also subcritical, and for [ = 2, term /D,[f*~V](z)
has been accounted for.

Thus, estimate (7.4) captures all the terms we encountered. It remains to notice that for
k > 3, the second derivative terms become of lower order, and we can set € ~ 1 to obtain

(7.4). For k = 2 we obtain (7.5). This finishes the proof. O

Finally, we have needed estimates on the full under top derivatives (&£, f)(l), k > 2, with
the use of above results. So, for any k& > 2 and with the same convention of using < up to a
constant C(p, , |0 [sos | [']ocs - - -+ [ F* Voo, [p* 7 ]s), we deduce from Lemma 7.1 with v = 0

and r ~ 1,
Z(fE ) (@) S \/DalfP](@) + [ F9 ()] + 1
Zo(fE ) (@) S \/DalfE V() + 1

Zs(f) @) S, 0<I<k—3

In combination with the commutator estimates established in Lemma 7.3 we obtain the
following lemma.

Lemma 7.4. For any smooth function f and k > 2, we have

(7.7) [ Zoh)E V(@) S/ Dali®1(@) + [fP @)+ 1/ DalFED](@) + 1/ Dalpt-D) () + 1
(7.8) (LoD D (@) S /Dl () +1

(79)  [(Z)P@) Sl 0<I<k-3,
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with < meaning up to a contant factor
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