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HYDRODYNAMIC LIMIT OF A COUPLED CUCKER-SMALE SYSTEM
WITH STRONG AND WEAK INTERNAL VARIABLE RELAXATION

JEONGHO KIM, DAVID POYATO, AND JUAN SOLER

ABSTRACT. In this paper, we present the hydrodynamic limit of a multiscale system de-
scribing the dynamics of two populations of agents with alignment interactions and the
effect of an internal variable. It consists of a kinetic equation coupled with an Euler-type
equation inspired by the thermomechanical Cucker—Smale (TCS) model. We propose a
novel drag force for the fluid-particle interaction reminiscent of Stokes’ law. Whilst the
macroscopic species is regarded as a self-organized background fluid that affects the ki-
netic species, the latter is assumed sparse and does not affect the macroscopic dynamics.
We propose two hyperbolic scalings, in terms of a strong and weak relaxation regime of
the internal variable towards the background population. Under each regime, we prove
the rigorous hydrodynamic limit towards a coupled system composed of two Euler-type
equations. Inertial effects of momentum and internal variable in the kinetic species disap-
pear for strong relaxation, whereas a nontrivial dynamics for the internal variable appears
for weak relaxation. Our analysis covers both the case of Lipschitz and weakly singular
influence functions.

1. INTRODUCTION

Uncovering the mechanisms responsible for the cooperation in a group of agents is a topic
of great interest and current relevance. These processes involve qualitatively different emer-
gent phenomena such as reaching consensus without centralized control or the formation
of cooperative clusters within a collective group. Further examples of collective dynamics
are the emergence of common languages in primitive societies, the collective migration of
animal populations, the biochemical interactions leading to the activation of target genes,
or the way social populations reach a consensus of social opinion.

Cooperation occurs when the interacting agents exchange information about their state.
As active particles, not only mechanical state is involved, but also their microstate, defined
by internal activation variables or behavioral variables [3, 13, B34, 36l 5I]. The final state
manifests a rich appearance of consensus patterns that can lead to a process of aggregation
or clustering induced by motility. In this paper, we are interested in a Cucker-Smale-type
flocking model that contains the effect of some internal variables.

To include a microstate in the modeling of the Cucker-Smale system, we were inspired
by how the internal variable associated with temperature acts in the recently proposed
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thermomechanical Cucker-Smale model [36]. In addition, we consider a multiscale meso-
macro coupled system composed of two types of populations. They respectively represent
the ensemble of a gas of interacting particles at the kinetic/mesoscopic scale and a back-
ground population at the fluid/macroscopic scale, both including the effect of alignment
interactions and the internal or behavioral variable. We account for two types of interac-
tions: one is given by “local” mean-field self-interactions within the same population, and
the other determines “global” mean-field cross-interactions between populations. Further
previous fluid-particle systems have been proposed in the literature in different settings, see
e.g. [2, 7, 14 15, 28] 29, B8]. For simplicity, we assume that the population described by
the background fluid is much larger than that of the particle ensemble. This implies that
whilst the macroscopic species self-organizes and affects the kinetic species, the latter can be
considered sparse and does not affect the background dynamics. Of course, a non-negligible
effect of particles over the fluid could be considered if both populations were comparable in
size. The novelty of the newly introduced multiscale model is the systematic derivation of
the interacting meso-macro model from the micro-micro interacting particle model, using
the appropriate weight assumption for the mean-field scaling.

To make these ideas more concrete, let us recall some collective behavior models of self-
propelled individuals that have been studied extensively for the last decades. The main
interest in those systems is the emergence of aggregation, swarming, and flocking of agents.
Among them, the Cucker-Smale (C-S) model is one of the most well-known systems in
flocking dynamics [19]. It can be described as a system of ODEs governing the dynamics of
the position and velocity pair (z;,v;) € R*? of the i-th agent using Newton’s law:

%:vl, i=1,2,...,N, t>0,
(1.1) doe kL
N > bl — ) (v — vi).

Here, x is a positive constant called coupling strength, and ¢ : R — R, is called an
influence function, which is a general radially symmetric function, and non-increasing with
respect to the radius of the argument, providing the spatial dependency of communication
between agents. When the number of particles is large enough, the dynamics of C-S system
(LI) can be described effectively from the mesoscopic and macroscopic points of view. Let
f = f(t,z,v) be the one-particle density function on the state space R?? at time . Then,
the evolution of f is governed by the following Vlasov-type equation [37]:

Of+v-Vof +Vy-(F[f]f) =0, (t,z,v) € Ry x R¥,

(1.2)
F[f](t,z,v) =k » O(x — xy) (Ve — 0) f(, Ty, Vi) day dv,.

In the same literature, the macroscopic (or hydrodynamic) description of C-S model was
also derived from the kinetic equation (I.2)) by taking the following macroscopic variables:

p(t,x) = f(t,z,v)do,  (pu)(t,z) := /Rd vf(t,z,v)dv,

Rd
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and using formal mono-kinetic ansatz f(t,z,v) = p(t, 2)0y(,z)(v):
dp+V-(pu) =0, (t,x) R, xRY,

1.3
13) O(pu) + V- (pu @ u) = /Rd d(x — xi) (ult, xy) — ult,z))p(t, x)p(t, x. ) da..

Due to its possible application in engineering, in particular, controlling UAVs or space-
ships [60], the C-S model has been extensively studied from various point of view. For
example, emergent behaviors [12) 37, B5], mean-field limit [35] [57], hydrodynamic limit
[27, 48, 61] of the C-S model have been studied. For details, we refer to the survey paper
[16] on the C-S model and the references therein.

This type of interaction between agents is reminiscent of the dynamics of opinion, whose
development was a pioneer in this field. Hegselmann and Krause [50, 39] introduced a
nonlinear opinion dynamics model in which each individual’s opinion is influenced by other
close opinions. In this context, the expected emergent phenomenon is the asymptotic for-
mation of one or several clusters of individuals with very similar opinions. In recent years,
the study of this model has once again attracted attention in the scientific community, see
for example [24], [43] [54], [68] and the references therein. The C-S model (I.I]) can be consid-
ered as an extension of the Krause model in which consensus (here named flocking) means
that the spatial distances between individuals remain bounded globally in time and their
velocities converge asymptotically towards a collective one. An extension of the emergence
of flocking behavior to the case of nonsymmetric communication weights has been proposed
by Motsch and Tadmor [56].

However, the C-S model and its variants only describe the dynamics of mechanical vari-
ables, such as the position and velocity of agents, and the internal variables of agents are
disregarded. Including internal or behavioral variables in the swarm dynamics, that can
control or measure the degree of activation of individuals or clusters of individuals towards
consensus, is of great importance. In this sense, variables such as excitation levels, tem-
perature, emotional affinity, spin, phase, or biochemical signaling in cell motility, among
others, may have a role in this context. Among many possible ways to include the effect
of the internal variable, the C-S model was recently generalized by Ha and Ruggeri [30]
so that it incorporates an additional internal variable, usually referred to as temperature.
They used general conservation laws for a mixture of Euler systems, and using the entropy
principle and Galilean invariance to find the production terms, they derived the following
thermomechanical Cucker-Smale (TCS) model:

%:vi, i=1,2---,N, t>0,
dv; K N vj o Vs
(14) @ - vl (g )
j=1 o
N
d@z 14 1 1
E—N;“W%)(e—f@)'

Note that, when all the internal variables are identical, i.e., 8; = 6, then the TCS model
(T4 reduces to the C-S model (I.I). Then, it is straightforward to derive the mesoscopic
equation for the TCS model, analogous to (L2]) for the C-S model. Precisely, it is given by
following Vlasov-type equation:
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Of+v-Vauf + V- (FIfIf) + 0(G[f]f) =0, (t,x,v,0) € Ry x R? xR,
F[f](t,z,v,0) := H/ oz — xy) <E - g) f(t, e, vs, 0,) day dvy dby,
R2dxR

(1.5) 5.
1 1
Glf]l(t, x,v,0) = —xy) | = — — t, Ty, Vs, 0y ) dxs dvy db,.
0= [ o) (G0 ) S0 dede

The kinetic description of the TCS ensemble (LI) has been analyzed recently in the
literature. To name a few results: uniform-in-time mean-field limit [32], well-posedness
and asymptotic behavior of the particle-fluid coupled systems [14] [15] [49], interaction with
chemotactic movement [33] or propagation of mono-kinetic solutions [46] have been studied.
We also refer [II, Section 4] for an overview of the TCS model.

When the TCS ensemble interacts with the surrounding environment or is affected by
further self-interaction forces, there will be additional effects on the dynamics (LI). In
this paper, we consider the case when this ensemble f is affected by a given background
fluid species (p,u,é€), which also obeys the hydrodynamic TCS equations [31] obtained
through the mono-kinetic closure of (LH]), and self-interaction attractive/repulsive aggre-
gation forces. Precisely, we consider the following coupled meso-macro multiscale system:

Of +v-Vof + Vo (FIfI f+ H[f] [+ Felp,u,elf) + Op(G[f] f + Ge[p, €] f) =0,
Hf|(t,z,v,0) / Wz — x4) f(t, T, Vs, Os) dx s dvy dBy,
RQdXR+
1.6
(16) F.[p,u,é|(t,z,v,0) = /Rd <:((§’§:)) - %) p(t,xy) day,

Gl et 2,0, 0) == /R <% _ ﬁ) p(t,z0) ..

o I a(t,zy) a(t,x)\ _ _
__ o 1 1 _ _
ope)+ V- (per) = [ Cla—a) (é(w - é(t,x*)) 5(t,2) 5t 2.) da,

where W : R — R is an aggregation potential and coupling strengths x and v have been
normalized to 1 for simplicity. We note that in the coupled multiscale system (L))-(L7), the
dynamics of the ensemble f is affected by the velocity and internal variable alignment self-
interactions F'[f], G[f], the aggregation self-interactions H[f] and the cross-interactions
F.[p,u,€], G.|p,e] with the background fluid species; while the background fluid (p,@,€)
only interacts with itself, and is not affected by the kinetic ensemble as a consequence of
our sparseness assumption on the kinetic species. We also note that the governing equation
(L) is nothing but the hydrodynamic description of the TCS model, which was introduced
and studied in [31]. We refer to Section Pl for the detailed procedure to derive the meso-
macro multiscale system (L6)-(L7]) from the micro-micro system of interacting particles.
In particular, we justify the specific Stokes-type drag forces F. and G, for the fluid-particle
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interaction. Also, we mention [I7, I8, 25| [52] for similar models with coupled alignment
and aggregation effects.

The main interest of this paper is to derive some hydrodynamic approximation of the
kinetic equation (LG) through an appropriate scaling limit. We consider two types of
limiting processes: strong and weak relaxation of the internal variable. More precisely, we
first consider the following scaling for (IL6l):

Oufe v Vufe 29 (FI) o+ IS + Folp el f2)

+20(GIL .+ Culpel £) = 0.

(1.8)

We refer to Section 2.4 for the derivation of the scaled equation (L&) under appropriate
assumptions on the scales of the parameters. In this scaling, the system undergoes both
strong alignment %G [f<] and strong relaxation %GC [0, €] of the internal variable. Thus, the
internal variable is expected to converge very fast toward a common value 6°°, which is
given by an averaged internal variable for the background fluid:

(1.9) 6°(1) i </Rd Zgg dm>_1.

Then, our goal is to show that the system (L.8]) asymptotically converges to the following
macroscopic equation as € — 0:

Op+ V- (pu) =0, (t,z) € Ry x RY,

(1.10) 4
u—u>X(t) +0CE)VW xp=o¢x(pu) — (pxp), (t,r) € Ry x RY

where u® is defined as an averaged velocity for the background fluid:

(L11) WO (t) = 6°°(t)/ plt.2)ult,z)

R4 é(t,x)

This is reminiscent of the vanishing inertia limiting system obtained in [61] (see also [25])
as hyperbolic hydrodynamic limit of the Cucker-Smale model. Indeed, the forcing term is
now determined by the background values 0°°(¢) and u°°(t) of internal variable and velocity
in the background fluid, and the aggregation force VW x p.

On the other hand, the other scaling that we consider is the case when strong alignment
is assumed for the internal variable, but the relaxation of the internal variable is not strong.
Thus, in this regime, we consider the following alternative scaled equation:

Oufe+ 0 Vofe+ =V (FIL] fo + HIES: + Filpy .l f)
(1.12)

o (Letn s cdpel 1) <o

Again, we refer Section to[2.4] for deriving the scaled equation (ILI2]). In this case, we expect
that the internal variable will become homogeneous in space due to the strong alignment
term %G [f<]fe, but it slowly relaxes toward the average background internal variable 6°°(t).
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The precise asymptotic macroscopic equation as € — 0 will be

Ohp+ V- (pu) =0, (t,2) € Ry x Rd,
U Gy (t) +0() VW xp=¢x (pu) — (¢ *p), (t,z) € Ry x RY,
where () is now given by the following relaxation ODE converging to 6°°(t):
1 1

é“):%_W'

In this paper, we will work initially with bounded influence functions ¢, { for alignment
interactions and bounded potential forces —VW for aggregation interactions. Specifically,
we assume that:

¢, are radially symmetric, non-increasing, ¢(0) = ¢(0) = 1,

1.14
(114) 6, € WhR(RY) and VW € Wh= (R RY).

Under those regularity conditions (I.I4), we can apply the results in [I1] [47] to derive well-
posedness of weak solutions to (L@). Also, the fluid species (7)) is expected to be well
posed as we explain in Remark [[L7. However, we note that it is also possible to consider the
case of non-local alignment interactions F'[f] and G|[f] whose influence functions ¢ and ¢ are
replaced by scaled versions ¢. and (. that become weakly singular at the origin as ¢ — 0,
in the spirit of [61]. Similarly, we can also consider non-local aggregation interactions H|f]
whose potential W is replaced by scaled version W, that becomes weakly singular at the
origin as € — 0. We propose these weakly singular regimes in Section and we address
some of the corresponding hydrodynamic limits in Sections and

The rest of the paper is organized as follows. In Section 2, we present a formal derivation
of the meso-macro multiscale system (L6)-(L7) and appropriate dimensional analysis to
derive the scaled systems (LL8]) and (I.I2]). Section 3 provides the rigorous hydrodynamic
limit in the strong relaxation regime. More precisely we will derive the limiting macroscopic
equation (LI0) from (L8] after obtaining the estimate for the support of internal variable
and velocity moments. In Section 4, we prove a similar result on the hydrodynamic limit
for the weak relaxation regime for (LI2]) toward ([.I3]). Section 5 present the numerical
simulations for the limiting macroscopic systems (I.I0) and (II3). Finally, in Appendix [A]
we recall some necessary duality representation of weak Lebesgue—Bochner spaces that will
be useful throughout the paper.

Notation. Throughout the paper, we use the following conventions:

e Variables: We use abbreviated variables z = (z,v,0) € R? x R? x R, and dz = dx dv df.
e Function spaces: For any open subset 0 C R¥, M(Q) denotes the Banach space of finite
Radon measures on €2 endowed with the total variation norm. P(2) is the metric space
consisting of probability measures endowed with narrow topology. C.(£2), Cy(£2) and Cy(2)
respectively represent the Banach spaces of continuous functions with compact support,
continuous functions vanishing at 02 and bounded continuous functions, endowed with the
uniform norm. Finally, for any p € [1, 0], LP(Q2) and W1P(Q) denote the usual Lebesgue
and Sobolev spaces, whilst LP(0,7; X) stands for the Lebesgue-Bochner space associated
with any 7" > 0 and any Banach space X.

e Partial supports: Given any probability measure f € P(R?? x R, ), we define the partial
support with respect to z, v and 6 respectively as the projections supp, f := 7 (supp f) C
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FiGuRrE 1. Chain of multiscale systems

R, supp, f := m,(supp f) C R¢ and suppy f := mg(supp f) € R, where m,, 7, and 7y
stand for the standard projections of z into the corresponding variables x, v and 6.

2. FORMAL DERIVATION OF THE MESO-MACRO SYSTEM AND SCALING

Our goal in this section is to introduce a formal derivation of the multiscale meso-macro
system ([L6)-(L7) of interest in this paper. That will be a consequence of appropriate
chained scaling limits (mean-field and hydrodynamic limits) on a two-species coupled system
as depicted in Figure[Il More specifically, we will pay special attention to the choice of cross-
interactions between both species in a compatible way with TCS dynamics. For simplicity,
we shall justify the simpler case in the absence of noise, although obvious modifications
could be applied for a more general system under the effect of a thermal bath.

2.1. A micro-micro system with self and cross interactions. Our starting point is a
micro-micro model for the interactions of agents in two distinguished microscopic species.
More specifically, we will consider N = Nj 4+ N» agents distributed into two different species
with Ny and N, agents for each species. We advance here that the main scaling assumption
is that the first species has considerably fewer agents than the second one, i.e.,

N1 < Ns.

Then, the dynamics we will propose is based on the heuristic idea that the small species
should essentially not affect the large one. Conversely, the small species should be both
affected by agents in the small species itself and the agents in the large species. To describe
our micro-micro system, we denote positions, velocities, and internal variables of each species

by

zi = (24,0;,0;) € RT x RY x R, i=1,...,]N,
Zk = (Tk, U, Op) € R x R x Ry, k=1,...,Ns.

We will assume that the whole group of Ny + Ny agents interact weakly all-to-all through
TCS-type interactions. In addition, we suppose that agents in the first species also interact
weakly all-to-all via aggregation attractive/repulsive interactions. Specifically, by dividing
into self-interactions for agents in the same species and cross-interactions for agents in
different species, we can propose the following system of coupled ODEs:
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da;,- N
dt - 9
dv K1 ok v v Ko o
P 1 i % a
my 7 WIN;¢1($Z xj) <€—0—2> —wlﬁl;vwl(:m—x])
(2.1) o e 5w
+ 7 D belwi — 3 (——i>,
> o= (-
N1 No
dg; 1 1 Ve _ 1 1
e w1Nj§::C1(:EZ—:E;) <H—i—9—j>+ﬁl§:;@(xz ) (0_2_97)’
dn_,
dt = Uk,
dvy, K Yo i Uk K N v Vg
2 - - c - 7
mo——= =wa—=> > 2Tk, — Ty <———>+— Gc(Tr — x5 <———>7
(2.2) dt N ; ( ) L O N ; ( ) 0; Oy
= N2 Nl
Ay A T 7 11
o —w2NZCm($k $1)<9k 9l>+NZCc($k $J)<0k 9_>7
=1 j=1 J
for every ¢t = 1,..., Ny and k = 1,..., No. Here, k1,11 € Ry are coupling strength coef-

ficients for the self-interactions between agents in the first species. We remark that those
interactions are of TCS-type and are regulated by influence functions ¢1,{;. Similarly,
for the second microscopic species, ko,v9 € Ry are the coupling strength for their self-
interactions, whilst ¢o, (s stand for the associated influence functions. We couple both
systems via TCS-type cross-interactions between agents in two different species, that are
modulated by the coupling strength coefficients k.,v. € Ry and the influence functions
¢c and (.. Finally, k, indicates the coupling strength for the aggregation self-interactions
between agents in the first species. We remark that both self-interactions within the same
species and cross-interactions between different ones are symmetric and compatible with
Newton’s laws of motion. The weights w; = wq (N1, N2) and wy = wa(Ny, N3) in 21—
[22) are dimensionless coefficients depending only on the amount of agents N; and Nj.
They allow modifying the weak mean-field all-to-all interactions by an appropriate scaling
so that stronger self-interactions might be considered. Specifically, we will assume here that
weights are given by

(2.3) wy = N and wgy = %

Remark 2.1 (A weighted mean-field scaling). Notice that the usual mean-field scaling has
been avoided in 210)-22) by introducing the scaling weights (23]). The reason behind this
correction relies on a typical constraint of the mean-field scale with regards to groups with
considerably different sizes. Indeed, let us assume for a moment that wi = ws = 1 so
that the interactions are reduced to weak mean-field all-to-all interactions. In such a case,
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equations [2.1),-@2.2), would take the form
dv; . N1 K1 ' (% N1 Kq )
ml%_ﬁN Zﬁbl <]— >_WEZVW1 —l‘])
Ny ke (%
+ EN2ENE Z ¢c T <91 02> )
dvy, . N2 K2 v ’Uk N1 ke ' Vg
" Z¢2 e ) <9l > Z¢c <9j 9k>

fori=1,...,Ny and k=1,...,No. Since we are assuming N1 < No, we obtain that

Thus, the small species essentially does not affect the large one. However, we also observe
that the presence of a large species almost halts the dynamics of the small one. Namely,
TCS- and aggregation-type self-interactions within the small species become negligible. This
violates the basic principle of locality of interactions, see [66]. Our correction in ([2.1))-(2.2)
keeps mean-field cross-interactions, but self-interactions are scaled according to the number
of particles in the corresponding species. We shall see that the above unrealistic behavior
disappears and agents in the small species will be affected both by self and cross interactions
in the same order.

2.2. From micro-micro to meso-meso. Here, we sketch the formal coupled mean-field
limit as Ni — oo and Ny — oo under the constraint N7 < No. This will justify the
meso-meso system. Notice that since N7 < N, we can set No = o(Np) for an appropriate
function ¢ : N — N such that

= Q.

. o(M)
24 1
( ) Nllgloo Nl

We will see that our limiting meso-meso system will not depend on the specific function o
linking Ny to Ni. Associated with each species, we can define the empirical measures

(Nt 2,0, 0) Z% ) @ by, (1) (v) ® 89, 1) (),
1 O'(Nl)
Y (ta z,v 9) O'(Nl) kZ::l 5ik(t) (.Z') ® 517k(t) (U) ® 50_k(t) (6)7

where we have omitted the dependence on o for simplicity. Using (Z1))-(22), standard
arguments show that u™"* and ™M satisfy the following Vlasov-type kinetic equations in
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distributional sense
(2.5)
1
™™ v Vo™t + — V- <F1[NN1] pN + Hy [+
1

o(N)
N1+ o(Ny)
Nl 1] ;74V1
ch[NN ]NN>
0

N Ny _
a G Ny Ny Gc N1 N1> —
+ 9< o™ ] i N r o) (]

+ % (Gl (™) ™+ Ge[a™] ™) =0,

1
O™t - Vo™ 4 - <F2[uN1] it +

where the operators F;, G; and H;p take the form

Vg U

di(x — xy) <— - 5) f(t, z4) dzy,

E[fI(t, z,v,0) := Hi/ 0.

R2d XR+

1 1

Gifltavd) = [ G2 (50 ) s ds,

R2d xR

Hy[f](t,x,v,0) := —/-ia/ VWi (z — xi) f(t, 24) d2s,

RZdXR+

for any curve of probability measures t € Ry + f(t,-) € P(R? x R? x Ry ) and each index
i =1,2,c. The mean-field limit as Ny — oo allows showing that, if pN1(0,-) — £(0,-) and
i™V1(0,-) — f(0,-) appropriately in the sense of probability measures, then

I
:aNl (t’ ) — f(tv ) and /LNl (t’ ) — f(t’ ')7

for each ¢ € Ry. Under such condition, it is clear that we can formally pass to the limit
as N1 — oo in the above equation (23] and find a closed equation in terms of the limiting
probability distributions f = f(¢,z,v,6) and f = f(t,2,v,0). Indeed, notice that the size
relation (2.4]) implies that

) o(Ny) . Ny
lim ————— =1 and lim — =0.

Ni—00 N1+U(N1) Nj—o0 N1+U(N1)

Then, whilst self and cross interactions persist in the first mesoscopic species, only self-

interactions remain in the second mesoscopic species. To conclude, the joint final mean-field

limit of system (2.I)-([2.2) as N; — oo and Ny — oo with N; < Ny takes the form of the

following meso-meso system

Of +v-Vaf + milv” (RS f + Hf1f + Flf1f) + 05(GAlf]  + Gelf] £) =0,
(2.6) o

atf+v-vzf+mi2vv-(F2[f] )+ 0p(Galf) ) = 0.

2.3. From meso-meso to meso-macro. Now, our goal is to find a hydrodynamic closure
for the second species f in the meso-meso system (2.6]). Typically, one looks at moments of
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the distribution function, e.g.,

At z) == / 7t 2,0,0) dv db,
RdXR+

(pu)(t,z) := / vf(t,z,v,0)dvdd,

RdXR+
(58)(t7) = / 07 (t, 2. v,0) dv do.
RdXR+

Specifically, multiplying ([2.6), by (1,v,0) and integrating with respect to v and 6 yields a
non-closed hierarchy of PDEs for moments p, 4 and e. Although it is not closed, a typical
method is to assume the mono-kinetic distribution of f, i.e.,

fT(t, z,v, 9) = ﬁ(t, x) & 5ﬂ(t,m) (U) ® 5é(t,x) (6)
By doing so, we obtain the following meso-macro multiscale system
(2.7)

Ohf +v- fo+—V (FA[f1f + Hilf1f + Felp,u, el f) + 0p(GL[f] f + Gelp, €] f) = 0,

F.[p,u,é|(t,z,v,0) / Ge(T — T4 <:§Z§:; — %) p(t, ) day,

Glp,el(t,z,v,0) = v, 9 Celr — y) (%_e(tlx*)>ﬁ(t’$*)dx*’
Op+V-(pu) =0,
D FU® ) = 2 T —x att, *)_ﬂ(t,m) o(t, ) p(t, ) dx
oy 2004V uon) =22 [ oy e (B2 HED) 500 1,0 o,
1 1

d(pe)+V-(peu)=vy | Gz — ) <_(

€ t’x) - é(t,ﬂf*)> ﬁ(t’x) ﬁ(t,ﬂj*)dat*,

Remark 2.2 (A Stokes drag force compatible with TCS interactions). The meso-macro
system (2710)-2-8) is a particular instance of the dynamics of particles interacting with a
fluid. This is an old-standing issue that has been treated in the literature for specific problems
both from the points of view of fluid mechanics and kinetic theory. For instance, we refer
to [7, 28, 29 B8] for the interaction of aerosols with a viscous fluid. In [2, 30] the authors
studied the interaction of Cucker-Smale particles with a viscous fluid. Also, the interaction
of TCS particles with a viscous fluid has been considered recently in [14} [15]. In the above
setting, particles interact with a viscous ideal fluid so that the cross-interaction terms are
described by the so-called Stokes drag force (Stokes’ law)

Fy(t,z,v) = u(t,x) — v.

See [4, 5, O 22] [40] [44], for some results on its mathematical derivation. In our case, the
macroscopic species is no longer a Newtonian viscous fluid. Instead, it is replaced by the
pressureless and inviscid hydrodynamic TCS model, which describes the active dynamics of
a large population of agents through TCS alignment interactions. Also, the particle species
is described through a TCS-aggregation kinetic equation weakly coupled with the former one.
Given the different nature of the macroscopic equation, Stokes’ drag force is not necessarily
admissible. In fact, our microscopic derivation of [271)-28) suggests a different coupling
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in terms of the nonlinear and nonlocal drag forces F.|p,u,e] and G.[p,e€] exerted by the

macroscopic species. In particular, if we assume that f is supported at 0 = 0y, € = 0y for
some 6y € Ry, and ¢. = (. = 1, then cross-interactions reduce to an averaged drag force

(t,:n)dx—v).

gj\
=
S
I
S|
()
N\
T
L
i
—~
\.00-
2
I

2.4. Dimensional analysis and scaling. Now, we will introduce a dimensionless version
of [27)-(2.8) in terms of characteristic units of the system and we will propose the main
scaling assumptions. Here, we do not assume an explicit form of the influence functions
¢; and (; and the aggregation potential W;. Instead, we suppose that they are given by
proper scaling of general influence functions ¢, {, and aggregation potential W verifying
the regularity conditions (LI4]). Specifically, we assume that

aaw<£>, z € RY,

Oq

—
)
L
Sa
—
8
N~—

Il
Sy
N

| &
~_

L

&

Il
e
7N

| &
~
=
—
8
N~—
Il

for ¢ = 1,2,¢, where 01,09,0. € R, are length units representing the effective range of
TCS (self and cross) interactions. Similarly, 0, € R, represents the effective range of
aggregation self-interactions in the kinetic species. Consider T', L, V,© € R characteristic
values for time, length, velocity, and internal variable to be described later. Notice that no
further effects (e.g. thermal bath) is applied to velocity apart from the TCS and aggregation
interactions. Then, it is natural to assume the relation V := % In addition, consider the
following rescaled (dimensionless) variables

S~
S
<=
o=

For consistency, we also define
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Inserting them into (2.7)-(2.8]) and dropping the hats for simplicity of notation, we obtain
the following dimensionless system

Tke

Tke
H
m LV e

F _
ml@ Cﬁc[p’u’e]f)

T/il

m—1®F1,61 f1f+

atf—I—v-sz—l—VU'< [f1f +

Ty Ty, _
+00 (a1 + e Guslpdl 1) =0

Fslleoo)= [ o(T55) (5 5) fs) de.

(210)  Hyg,[f](t 2,0, 0) = —/ Al <”“’ - “””> £t 2) o,

pn) + V. pros) =—2 [ ¢ <x ;;”) <Z(t’x*; - Zgg) p(t, 2) p(t, 2.) das,
1

0y (pé) + V- (pea) = % /RdC (w ;2:E*> <é(t1,:17) _ é(t,:v*)) p(t, x) p(t, ) dz,,

where we have denoted the scaled effective range of interactions

01 g2 Oc¢ Oq
01:= —, Og:i=—, O.:=—, 04:=—.
1 3 ) 2 I ’ c 3 ’ a 3
We now chose the characteristic values as follows:
1
(2.12) L := o0y, 7.="2_ —, O :=1
) 1)

Specifically, L is taken as the effective range of self-interactions of the macroscopic species,
T is taken as the relaxation time under such TCS interactions of the second species, O is
set to any constant dimensionless value, say 1. On the one hand, since those are the typical
units of the second species, all the parameters in (Z.I1]) disappear. On the other hand, we

can define the following rescaled parameters for the first species
mo ) HQLV ) 1) 1]
(2.13) wi=—, 70:=—= 7%:= , V=2 =22 0= =
mi K1 Rq Re V1 Ve

We substitute the choice (2.12) and notation (213)) into (ZI0)-(2II) to obtain

uf + 0 Vo 415y ( ZFalfLf + e Hislf)f + o Feslpdlf

(2.14) 1 1
+ Op (ﬁGLél f1f+ ﬁGc,éc[ﬁa e] f> =0,

[
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— — — — N ﬁ(t,ﬂf*) @(t,x) =~ =~
__ __ 1 1 _ _

Note that the second species is decoupled and can be fixed as an a priori given fluid.
We conclude this part by proposing the different scaling limits of the first species that we
shall study throughout this paper. For simplicity, we shall make a long-range assumption
for cross-interactions between species. Specifically, we will assume that agents in the first
species interact with agents in the second species within an effective range that is much
larger than the effective range of self-interactions in the second species. In other words, we
assume that §, — 0o. Notice that, as a consequence of (I.I4]) we obtain ¢(z/d.) — ¢(0) =1
and ¢((z/d.) = ¢(0) = 1, so that operators F, 5, and G. s, get substantially simplified into

- oot v
F.[p,u,€e|(t,z,v,0) := /]Rd Zta) dx 7

Gelp.€l(t, ,v,0) := % - /]R Zg g

dz.

Note that the operators F,. and G, are now independent with the spatial variable z. To
conclude, let us finally introduce the specific scale relation between the effective range of
self-interactions for the first and second species, using the scaling parameter €. This leads
to two distinguished regimes as follows.

2.4.1. (Regular influence functions). In this case, we assume that the effective range
of TCS and aggregation self-interactions in the first species is comparable to that of the
second species, i.e.,

as € — 0. Then, we can propose two different scalings, depending on the relation between
the strength of relaxation and TCS-aggregation interactions in each species.

e (Strong relaxation of ) In this case, we assume that
(2.16) p=0(1), v=7'=71"=7"=7%=0(),

as € — 0. This means that both species consist of particles with comparable mass. In
addition, TCS, aggregation and relaxation interactions for the first species are stronger
than for the second one. In particular, the relaxation of the internal variable of the first
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species towards the second one is strong. This choice leads to the system

Ofe +v-Vafe+ évv : (F[fs] fe+ H[fe] fe+ Fc[,(_),’L_L, é]fs)

+ éag (GLf:) f- + Gelp.el f2) = 0,

FIf(t 2, 0,0) = /}RMX]R+ bz — ) <;— - g) F(t, 2) e,
(2.17) a0 == [ W) b

Glf|(t, 2,v,0) = /RZMR+ C(z - 2) (% - %) F(t, 2) d,

Fp,5,2(t,,0,0) = /R % dr -7,

Gulp el v)i= 5 - [ 200

o (Weak relaxation of 6) In this case, we assume that
(2.18) p=0(), =r"=7=7"=0(%), 7f=0(1),
as € — 0. This has similar implications as (2.16]) except for the fact that relaxation of the

internal variable of the first species towards the second one is slow and it occurs at the same
scale as alignment interactions in the second species. This choice leads to the system

Ot v Vafe t 2V, (IR J- + HILL f- 4 Flp. .l )

(2.19) ©

+00 (ZGILL £+ Gulp.el £.) =

Remark 2.3. Note that the parameters k;, v; and Kk, for coupling strengths are absorbed by

the scaling parameter € in the dimensionless versions of the meso-macro multiscale systems

@I7) and @I9). Thus, from now on, we focus on the case when these coupling strengths
are normalized to 1, i.e., k; = v; = kg = 1 as in (L8) and (LI2).

2.4.2. (Singular influence functions). In this case, we assume that the effective range
of TCS self-interactions in the first species is much smaller than in the second species, but,
for simplicity, aggregation self-interactions are of the same order, i.e.,

51 =0(), b,=0(1),

as € — 0. Again, we propose two different scalings depending on the relation between the
strength of relaxation and alignment interactions in each species. Here, we consider the
following choices of ¢ and ( inspired by the typical influence functions of the C-S model

1 1
(2.20) ¢(x) = (1+ ey, [z2)M/2 S@) = (14 ex, |2]2)22/2

for general parameters A1, Ay > 0. The coefficients ¢y, = 22/ _ 1 have been chosen so that
the tails of influence functions ¢, and (; in (2.9) are small. Namely, we obtain that

nw=0(2) <3 a@=¢(Z) <53

xERd,
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whenever |z| > 01. Hence, o7 really reflects an effective range of TCS self-interactions in
the first species.

¢ (Strong relaxation of #) In this case, we assume that
(221) n= 0(1)7 T = 0(61—1—)\1)7 7—9 = 0(61—1—)\2)7 T = 0(6)7 ch = 7—09 = 0(5)7

as € — 0. This means that both species consist of particles with comparable mass. In
addition, TCS, aggregation and relaxation interactions for the first species are stronger
than for the second one. In particular, relaxation of the internal variable of the first species
towards the second one is weak. This choice leads to the system

Oife +v-Vafe + évv : (Fe[fs] fe + H[fs]fe —I—Fc[,(_),ﬂ, é]fe)

+ 200 (GLLL1 £ +Gelpi ) fo) =

0,
F&[f](taxav76) ::/ (ba(x <—* — E) t Z* dZ*7
R24 xR, 0. 0
1

Gelflttr,00)i= [ Gloma (G- o) ft) da.
R2dXR+ *
where ¢. and (. are now the singularly scaled influence functions

1 1
(2_23) ¢€(ﬂj) = (62 —|—C)\1|:E|2)>‘1/2’ Ce(ﬂf) = (52 _|_C)\2|:1;‘|2))\2/27

(2.22)

r € R

Here, W is a generic aggregation potential verifying the regularity condition (LI4)).

o (Weak relaxation of 6) In this case, we assume that
(2.24)

p=0(@1), 1°=0E"N), =0E""), =0@), 7=0(), T¢=0(E"),
as ¢ — 0. This has similar implications as (2.2I]) except for the fact that relaxation of

the internal variable of the first species towards the second one is slow and it occurs at an
intermediate scale. This choice leads to the system

Oufe+ 0 Vafet SV (B f- + HIF) o+ Fulp el f2)
(2.25)
+0n (SGA1 L+ Gulpadl 1) =

Remark 2.4 (Singular influence functions). Notice that in the singular regime, the scale
influence functions ¢. and (. become singular at the origin asymptotically when ¢ — 0. In
fact, they take the form

¢0($) = )\1/21 ) HAIS Rd \ {0}7

(2.26) @) = 1 € R\ (0}

0 : 7)\2/2 I .
Az

Remark 2.5 (Singular aggregation potentials). Due to our scaling assumption §, = O(1),
the limiting potential W remains smooth in the limit. However, we could also assume
0o = O(e) and a specific form of W, so that we recover meaningful singular potentials in
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0.5 1 1.5 2 —4 -5

(A) A3 =0.5 (B) A3 =1 (C) A3 =2

FIGURE 2. Singular aggregation potential Wy with A3 = 0.5, A3 = 1 and
A3 = 2.

the limit. For instance, Cucker and Dong [18] proposed a novel alignment-aggregation model
with similar choices of potentials W like the influence functions ([2.20)) in C-S model:

1 9\ 1z23 .
W(l +onlr®) T, i A e Re\ {1},
- C
(2.27) W(z) = ) 3)Cxs
1/2 log(l + C)\3‘.’I"2)7 ’lf )\3 =1.
Cry

These are attractive potentials, but a similar argument builds repulsive ones. Taking §, =
O(e) and 7@ = O(e*) when & — 0, we note that H[f.] in 222) and Z25) is replaced by

H_[f](t,x) := —/ VWe(x — x) fo(t, z4) dzs,
R2dXR+
where the scaled aggregation potentials W, take the form

2 250 if g eR\ {1
m(f? +onlel®) 2, if Az e Ry \ {1},
— Ag)e

1 .
ﬁ ].Og(E2 + C)\3"T‘2), Zf )\3 =1.

Cry

(2.28) We.(z) =

Note that we find various singular potentials when € — 0, ranging from Hélder-continuous
Lennard-Jones potentials with sublinear growth, to Riesz and Newtonian potentials with
logarithmic and algebraic singularities, see Figure[d We skip the analysis of singular ag-
gregation kernels in this paper, but we shall briefly elaborate on some cases in Section [3.3.

3. HYDRODYNAMIC LIMIT IN THE STRONG RELAXATION REGIME

In this section, we derive the hydrodynamic limit of system (L.8]) towards (IL.I0). To this
end, we first prove that the internal variable support of f. shrinks fast enough so that 6
concentrates at the background mean value 0°°(t) (see (L)), after some very small initial
time layer. With such control in hand, we obtain appropriate a priori estimates for the
velocity moments. Finally, we combine the estimates for velocity moments and the internal
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variable support to derive the rigorous hydrodynamic limit. Throughout this part, we will
always assume the following hypothesis on initial data:

f2,0,6) >0 and f0 € CPR™ xRy),
(3.1) 121 L1 geaxg,y =1 and p2 = p” in M(RY),
] 21 11 mzaxr ) < Mo, [0 f2llrrmeaxr,) < Eo and  suppg f2 C [0, 03],

for each € > 0, where My, Ey, and 62, < 9?\4 are positive e-independent constants. In addi-
tion, we will assume that (p, 4, €) is any fixed strong (Lipschitz) solution to the macroscopic
species (7)), which verifies the following properties within a time interval [0, 7]

O < &(t,x) < Oy,
‘ﬂ( )‘ < Uum,

for any ¢ € [0,T] and x € supp p(t, -), where ,, < 0y and Tys are positive e-independent
constants. Finally, assume the compatibility condition

min{69 . 0,,}?
max{6%,, 00}

Remark 3.1 (Strong solutions of the background fluid (7). We emphasize that we are
assuming the existence of a strong solution to (7)) verifying the uniform control (B.2)).

e (Periodic domain) This is justified when the spatial domain is the periodic box T<.
Indeed, in [31] the authors proved the existence of unique local-in-time strong solutions to
the hydrodynamic equations (M) under mild assumptzons on the initial data (p°,u°,e°) €
H3(T) x H3H(T4) x H¥FY(T9), for any integer s > 5 441 and Lipschitz-continuous influence
functions ¢ and (. In particular, this suggests the existence of a small enough T > 0 such
that assumptions [B.2) fulfill due to the compactness of the domain. Indeed, for small enough
wniatial data, solutions were proved to be global in time, so that we could indeed set T = oo.

e (Free space) For the free space R? an analogue well-posedness result is not available
in the literature. However, we still expect the coexistence of blow-ups and global strong
solutions. Note that the persistence of strong solutions is guaranteed as long as V u(t, x)
remains uniformly bounded. This has been exploited in [67] for the Euler-alignment system
@3) in RY. Namely, the authors found an explicit critical threshold so that sub-critical
iniatial configurations lead to global strong solutions whilst super-critical ones imply finite
time blow-ups. In fact, for influence function ¢ with slow tails (i.e. Ay € (0,1)) global
strong solutions must flock, according to Theorem 2.2 in [67]. Then, we recover similar
uniform control B2) up to T = oo for sub-critical initial configurations.

(3.2)

(3.3) 0%, — 0° <

Remark 3.2 (Control on > and u®). Under conditions ([B.2]) on the solution (p,u,é€) to
(@T7), we obtain extra reqularity 6> € WH>°(0,T) and z%:: € L%(0,T). Specifically,

O < 0°°(t) < Oy,

(3-4) dp> 92 .
0 < — < [Clleee 55 (Onr = Om)?
for allt € [0,T] and
(3.5) /Tm2dt<T_—MZ:-F2
' o |6=(t) Om| O
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On the one hand, [B4), follows by integrating in B.2); against p. On the other hand, using
the hydrodynamic equations for the background fluid

9>  d 5N ewd [ B, e op  poe
W—ﬂfwgdw) = >a/Rd5d$—‘<9 ) /R = e )
:_(900)2/ <V-Eﬁﬂ)_,§ﬂ_'2Vé> i
Rd (& €

(6°°)? ., I
* 2 R2d (@ +) (ez(t,a:) 62(t,x*)>
1 1 _ _
X (é(t,x) - é(t,:l?*)) p(t,z)p(t, xy) de dz.,

for every t € [0, T]. By integrating by parts, the first term in the right-hand side vanishes.
Using the preceding control on 0> along with the upper and lower bounds of € in ([3.2]); we
conclude [3.4),. In particular, the smaller (6, 0nr), the flatter the slope %. Stmilarly, it
follows from the definition of u™(t) that

o) = | L ] <[

for every t € [0,T), which implies the claimed L? estimate (3.5]).

3.1. Hierarchy of moments. Under the above assumptions (3.]), [8.2)), there exists a
unique strong solution f. to system (L&) with initial data f°. Then, we can define the
following hierarchy of moments

pe(t,x) := / fedvdd, SI(t,x):= / v ®vfedvdb,
RdXR+ RdXR+

je(t, x) == /Rd i vf.dvdf, SU(t,z):= /Rd i vOf.dvdb,
X + X +
(3.6) v

he(t,z) = /d Of-dvdf, A.(t,x):= /d efg dv de,
R XR+ R XR+

B.(t,x) := / 1f6 dv df.
RdXR+ 9

We notice that, given the strong nonlinearity of the forcing terms F', F., G and G, in (L)),
many nonlinear moments are involved in the dynamics. By multiplying (L8] by 1, v and
6 and integrating by parts, and using the definition of moments in (3.6), we obtain the
following hierarchy of equations

atp€+v'j€ =0,
u™(t)
Pe Hoo(t)

(3.7) €Qyje +eV - S + Ac(d * pe) — pe(d * Ac) + (VW x po)pe + Ae — =0,

pe
0>(t)

where 0 and u® are the background mean value of the internal variable and velocity
respectively, see (I.9) and (LII]). Our final goal is to show rigorously that we can close the
above hierarchy (8.7)) of equations when e — 0. As a consequence of the scaling, the inertial

edthe + eV - 8% + p. (¢ B.) — Bo(C % pe) + —B. =0,
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terms eV, - §Y and eV, - Sg in second and third equations will disappear in the limit, see
e.g. [25, [61] for the Cucker-Smale model.

3.2. Concentration of the internal variable support. In this part, we present the
exponential concentration of the internal variable support of f.. To such an end, we define

DS (t) := diam(supp,, f-(t)),
(3.8) D (t) := diam(supp,, f=(t)),
Dg(t) := diam(suppyg f-(t)),

for every t € [0,7] and € > 0. Recall that the characteristic system of (L.8]) consists in the
trajectories Z.(t;0,29) = (X:(t;0, 20), Vz(£; 0, 20), ©<(; 0, z0)) solving

dX.
pr =V,
d‘/g . 1 1 1 L

(3.9) g = PR Ze) + CHIf( Z) + _Felp, . (¢, Ze),
de. 1 1 o
o = SOl 20) + —Gelp, (. Z2),

Z(0;0, 20) = 20,
for t € [0,T] and any zp € R?? x R,
Lemma 3.1 (Concentration of internal variable). Let f. be the solution of (L8] subject to

initial data fO. Suppose that initial data verify (B1) and (p,u,€) verifies (B3.2). Consider
the constants 0 < 6, < Ops defined by

(3.10) O := max{6%,,0n}, O :=min{6° 0,,}.
Then, the following estimates hold:
(1) (Confinement of support)

suppy fe(t) C (6m,0nr), for all t€[0,T).

(2) (Exponential concentration)

1

D5(t) < D5(0)e ', forall te0,T].
(3) (Deviation from the background mean value 6°(t))
Suppp () © (0°(t) — ne(8), 0%(t) +n.(8)), for all te€ [0,7T].
Here, the error n.(t) is given as
ne(t) = Ce 4 Ce, tel0,T],

where C,c € Ry only depend on parameters 03, Oar and [|60°°||y1.00(0,1)-

Proof. Recall that by the upper and lower bounds on €, we readily infer analogue estimates
O < 0°° < 0y for the mean value §°°(t) of the internal variable in the background species,
see ([34) in Remark We shall systematically use such a control along the proof. Let us
define the maximum and minimum value of the phase support

0M(t) := maxsuppy f-(t) = max  O.(t;0, z),
zo€supp fe(0)
02'(t) :== minsuppy fe(t) =  min  O(t0, 20),

zo€supp fe (0)
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where ©. = O.(¢;0, 29) is the -component of the characteristic system (3.9). We notice
that it is not necessarily true that maximum and minimum is propagated along a fixed
characteristic; in other words, M (t) and 7 (t) are not necessarily characteristics. How-
ever, since the flow (t,29) — ©.(t;0, zp) is continuous, differentiable with respect to ¢ with
continuous derivative, then a usual argument (see e.g. [21], Corollary 3.3, Chapter 1]) yields

dtoM ¢
;() = 90, (t;0,20),
dt 2€M(t) Ot
(3.11)
drtor(t)

. O,
dt zolennlb?(t) ot (50, 20),

for every t € [0,7T], where d* /dt stands for the right sided derivative, and the critical sets
M (t) and m.(t) take the form

M_(t) := {2 € suppy f-(0) : 6M(t) = ©.(;0, 20)},
me(t) := {20 € suppy f=(0) : 07*(t) = ©(¢;0,20)}.
We fix any t € [0, 7] and 2}/ € M.(t) and use the characteristic system (3.9) to achieve:

(3.12)

%(f;o,zéw) =z (G[fe](tv Ze(t; 0, Z(J)V[)) +Gelp, €l(t, ZE(t;széw)))
1 1

= - /]R?dxllh C(X (40, 28") — x4) <W — E) fo(t, z,) dz,

(1

e \OM(t) 0(t)
1 1 1 1 1 1
<= Di) | zapr — 7 ) fe(t 2) dz + = oxprs — 2ov |
<2 Jane, OO (g1~ ) 05+ 2 (7~ v
where we used a maximality of #2 in the last inequality. Since zé‘/l € M.(t) is arbitrary,
(BI1I) implies

dtoM _1

<1 [ o) (g ) s+ 1 (37— )

1 1 1 1 1 1\ 16y —0M(t)
§E<0¥<t>_W>§E<0¥<t>‘%>‘E 002 (t)

for every t € [0,T]. A similar argument with 6" yields
drom 1 11 1/ 1 1
> = : - * * R N Y
2 % foans, €00 (g5 - 7 ) 024 (5 - o)

= (e;(t) ) 90%&)) 2 < w7 ) =t i)

0] e Op0m(t)
for every t € [0,T].
e STEP 1. We claim that
0M(t) < max{6%,,0p} =: Ops, for te[0,7).
To show this result, we show that 62 (¢) < 6y + 6 for any 6 > 0 and ¢ € [0,7]. We define
ty ;== sup{t € [0,T]: 0M(s) <Oy +6 for 0<s <t}

—_

| = ™

(3.13)

(3.14)

0z (t)  bm
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Assume by contradiction that to < 400. Then, we can define
)
= inf{t € [0,5] : s + 5 < 0M(s), for t<s<to}.

By continuity along the fact that 62 (0) < 0,7, we obtain that 0 < ¢; < t3 and
]

(3.15) 0M(ty) =0m + 3, 0M(ty) = Op + 6,

)
(3.16) 9M+§ <OM(t) <Oy +0, for t; <t<ts.
On the one hand, by (BI5) we obtain

0l (ta) =02 (1)) _ &

to — t1 2(ty — ta)
On the other hand, by ([B13]) and (18], we achive
oM oM
oM 1oy -0

P Op0M(t) —
for each t € [t1,t2]. Consequently, by the mean value theorem adapted to one sided deriva-
tives (see e.g. [55]) we infer
M _ oM + M
65 (tQ) 65 (tl) < sup d 9&
to — 2 te(ti,ty) A

(t) < 07

which yields a contradiction. Therefore, we conclude our claim. An analogous continuity
argument can be applied to the minimal value 67*(¢) and we obtain

07 (t) > min{#,,0,n} =: 0,,, for te€[0,T].

e STEP 2. To estimate the diameter of the internal variable, we notice that
Dj(t) = 02 (t) — 02'(t),
for each t € [0,T]. Taking the difference between estimates (3.13]) and (B14]) we obtain
+ 15 154 1> 15
dt £ OM(t)om(t) e M (t)0m(¢) €0y,

for each t € [0,7], where we have used the uniform bounds in the previous step. This
implies the desired exponential decay for the diameter of internal variable.

e STEP 3. Finally, we estimate the distance of the support of f.(¢) to §°°(¢). To such an
end, we apply the ideas ([B.I1]) and similiar ideas as in (3.12]) to obtain

d* . . 11
ot o) < /dew C(DE(L) <9M—(t) _ Z) ot 2.) dz,

LOM(t) — ()  do> CM(¢) do>
e OM(H)e>(t)  dt =T (0 (5) - ‘
dr o e 11 N\ ds
w00z [ oo (g - ) i
10T -0 dex  Cre )y — o) — | 2]

e Om(H)0<(t)  dt € dt
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for every t € [0,T], where again we have neglected the first term in the right-hand sides by
the definition of # and #™ and we have defined the time dependent coefficients

1 . M o
oMy = | g 02 (D =67(0) 20,
oo 07 (t) —0() <0.

L i gm(t) — 0°() > 0

Cm(t) = { emle'm’ . t’;‘n . = s
: IVLIVE if 96 (t) -0 (t) < 0.

By using Grénwall’s lemma for ' and use a similar argument for 67, we obtain

_ _ 1_ _ o0
OM(£) — 02°(t) < (Oar + Bar)e Fmni " + OrrOnr Hﬂ 5
dt | Lo (0,1
m ') Y R — d9°°
02'(t) — 0°(t) = — (O + Onr)e =mOv — Opbay || —— ,
dt || oo (0,1)

for each t € [0,T]. Then, we recover the desired error estimate for appropriate coefficients
C and c depending on 0y, Oy and [[0°°[|yr1,000,7), that is finite by the property (3.4) in
Remark 0

Notice that relaxation is exponential with rate O(¢~!). Then, we can simplify the above
estimates to achieve the following polynomial control for the concentration of internal vari-
able support and its deviation from the background mean value 6°°, in terms of ¢, after a
very short initial time layer.

Corollary 3.1 (Initial time layer). Let f. be the solution of (L8) subject to initial data fO.
Suppose that initial data verify BI) and (p,u,e) verifies B2). Then, for any a > 0 and
0 < B < 1, there exists a constant C' € R, such that the internal variable support Dg(t)
and the error n:(t) in Lemma [31] verify

(3.17) Di(t) < Ce®,  n.(t) < Cemin{onl})

for every t € [€8,T]. Here, C depends on the exponents a, 3 along with the parameters Hg/[,
O Onrs O, [[CllLoe and 110°° |l 0,1

Proof. Taking t € [¢?, T and using Lemma 3.1, we obtain

1
Dj(t) < (63 — 65,)e = ",
ne(t) < Ce” TF + Ce.

Since all the above negative exponential functions decay faster than any polynomial €%, we
conclude the claimed result by appropriately modifying C' if necessary. O

To summarize, the previous results show that after a small initial time layer g := €7, the
diameter of suppgf-(t) is smaller than Ce® and its distance to the background mean value
0>°(t) is smaller than Ce™™®1} This justifies that, as ¢ — 0, f. will concentrate around
6 = 0°°(t). That will be crucially used to derive the rigorous hydrodynamic limit.
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3.3. Moment estimates. In this part, we prove a priory estimates for the moments of f..
We start by controlling the k-th order velocity moment of f..

Lemma 3.2 (k-th order velocity moment). Let f. be a solution of (L8] subjects to initial
data f9. Suppose that initial data verify [B1) and (p,u,€) verifies (3.2). Then, for any
k > 1, the following estimate

(3.18)
D0
(— il ) X P

B k=2, k=2, N\ (1
b [ /RR (@ = )0l 20 = fo20) - (0 = 0ot 2ot 2) d

< ellol £ s o+ | (| e | 17l ) MoP s,

Lor)
holds, where the constants 0., and 0y are given by formula BIQ) in Lemma [Z1l

Proof. We multiply the kinetic equation (L&) by |v|* and integrate over R?¢ x R, to obtain
d
6_

dt R2dXR+

(3.19) =k o|* v Fop,u,e] f-dz + k o[*~ v - H[f.] . dz

R2d XR+ R2d XR+

* k/ W20 F(f.] fe dz =: Th1 + T1z + Tus.
RQdXR+

|U|kfe dz

e ESTIMATE OF Z71: We first recall that

F.[p,u,e|(t,z,v,0) = @ de — 2
Rd € 0

Therefore, 771 is estimated as

T =k lo|F~2 - (/ @ dx — E) fedz
RQdXR+ Rd € 0

u™(t) / k—1 k k
v dz — — v dz,
0>°(t) RdeR+‘ " Om R?deJ I'fe

where 6/ is given in the diameter estimate in Lemma [3.11

e ESTIMATE OF Zj9: Similarly, by the regularity assumption (I.I4]) we note that

H£)(t )] = /R o VW= fi(tz) da.

Therefore, we derive the following estimate for Zys:

< VW] Lee.

Tiy < K|VW |~ / w[F1 ., d.

XR+
o ESTIMATE OF Z73: Recall now that

U

PRt = [ oo —a) (5= 5) Stz
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By the change of variables (x,v,0) = (2, v«, 6x) in the integrals in Z;3, we obtain the usual
symmetrized form

k _ _ Ve U
T3 = 5/ oz — ) (Jv]F 20 — v F20,) - <9— - 5) fe(t, 2) fe(t, 24) dz dz.
[R‘Ld><[R2+ *
k 1 _ _
= 5 / ¢(33 - $*)§(|U|k 29 — |’U*|k 2”*) ’ (U* - U) fe(t’ Z)fa(t, Z*)dz dzy
R‘“&Ri
k _ _ 0—0,
+ 5/ ¢($ - x*)(|v|k 2'U - |U*|k 2U*) : U*sz—:(t7 Z)fz—:(ta Z*) dz dz,
R4dxR2. *
=:T131 + T130.

o ESTIMATE OF Zi31: It is straightforward to see that for & > 1,
(Jo*20 = [vu*200) - (0 = 0.) = [ol* + oul® = ([0*72 + o F ) v - 0.
> [0l 4 foe|* = ([0]F72 + Jou %) o] o]
= (Jo[*~ = Jou[ ) (Jo] = Jos]) = 0.
Therefore, we directly obtain that Z13; < 0. We move it to the left-hand side of (3:19)).

o ESTIMATE OF Z732: To estimate Z132, we use the contraction of the internal variable
support in Lemma B.1] to observe that

k

_ _ 0 — 0,
|1132| = 5 / ¢($ - l‘*) (|’U|k 2'U - |U*|k 2U*) : U*Wfs(tv z)ff:‘(t7 Z*) dz dzs
R4d><Ri *

k oo D5 (t
< M/ (101 ol + [0 ¥) ot 2) fo(t, 24) dz d
202, R4 xR2

< Floll~D5(t) / < ofF + o F 4+ Iv*|k> Folt, 2)fo(t, 22) d2 dz,
20z, R4 xR2 k k

151
97271, deXR+

Combining all the preceding estimates for 71, Z12 and Zy3 into (3.19]), we derive

d u®(t _
e— Wik fodz — Tz < k < OO( )‘ + HVWHLOO> / lwF £ dz
dt deXR+ 9 (t) RZdXR+
320 L 6l D500)
(L 9l Dg / ol f. dz.
9M 97271 RZdXR+
Finally, we integrate ([8:20]) from ¢t = 0 to ¢t = T to achieve the desired estimate. O

Then, under the assumption on the initial diameter of internal variable so that the co-
efficient ﬁ — M is positive, we find uniform-in-¢ bounds for the first and second

velocity moments of fe, along with the first-order position moment.

Corollary 3.2 (Velocity and position moments). Let f. be the solution of (L8] subject
to initial data f°. Assume that the initial data verify B.J), (p,u,e€) verifies B.2) and the
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parameters fulfill the compatibility condition ([B3)). Then,

H|$|f6||L°°(0,T;L1(R2d><R+)) < Mo + T1/2|||U|f6||L2(0,T;L1(R2d><R+))a

1/2
(3.21) H|U|fe||L2(0,T;L1(R2d><R+)) < <|||U|2fe||L1(O,T;L1(R2d><R+))) )

o] follp2 0,150 R2axR, ) < C (B0 + CGR)

for every e > 0, where Go := Fy + TY?|NW | ze. In addition, the next estimate holds
1 (7
(3.22) —/ / O(x — ) |v — v fo(t, 2) fo(t, 22) dz dzy dt < eEg + CG2.
On Jo  Jridxme

Proof. Multiplying (L8] by |z| and integrating by parts we achieve the inequality

d
—/ umw@ws/ o] fult, 2) d=,
dt R2d xR R24 xR

for each t € [0,T]. Integrating with respect to time from 0 to ¢ we obtain

T
] fe@)ll L1 m2axr ) < |Hﬂ?\f£”L1(R2de+) +/0 o] fe () L1 (r2a xR, ) dE,s

for every t € [0,T]. Hence, the assumption (B.I]) on the initial data and the Cauchy-Schwartz
inequality yields the first estimate in (8.:2I]). Again, by the Cauchy-Schwartz inequality and
the conservation of mass, we readily obtain the second estimate in (3.21I]). We finally focus
on the third estimate in ([B.2I]) and ([B.22). To such an end, we apply (B:I8]) in Lemma [B.1]
with k = 2 and recover

2 (- Lol D500

001 02 > |||U|2f€||L1(0,T;L1(R2d><R+))

m

T
+ L/ / d(x — ) |0 — v |2 fo(t, 2) fo(t, 2) dz dz, dt
Om Jo R4 xR

u>°(t
B2 < el s + 2 (|5 ITW i ) Nl s,
L1(0,T)
,LLOO
< ell[vlPf21 1 reax,y + 20l fell 20,10 (w2 xR ) HGTO + VW] e
£2(0,T)

1/2

< eFy+2 (Fo LTV HVWHLOO) [N

where in the last line we have used the assumptions (3.1) on initial data and (8.2) for the
macroscopic species (see also Remark B.2)), along with the second estimate in (3.21]). We
now define the parameter

1 0 D5(0
5o L olixD50)
On 62,
which is positive thanks to the assumption ([B.3]). Using Young’s inequality in the second
term of the last line in (3.23]) we obtain

2
1/2
2G0”’U’2f5|’L/1(O,T;L1(R2d><R+)) < TO + 5”’U’2f€HLl(O,T;Ll(RQ‘iXRJr))‘
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We substitute the above estimate on ([3.:23]) to derive

2 2|¢llz=D5(0)

(3.24) (% I —— 5) o1 fll L1 o,7; 10 (R24 xR, )

1 T 2
+—/ / (b(a:—m*)\v—v*]Q fe(t,2) fe(t, z4) dz dz, dt < EE0+—G0.
Onr Jo R4 xR2 ]

To conclude, we choose C := ¢~ and we obtain the desired estimates. O

The preceding estimates for the internal variable support in Lemma [3.I] and the position
and velocity moments in Lemma 3.2l will conform to the key tool in order to derive compact-
ness of the system as € — 0. That will be the first step with regards to the hydrodynamic
limit of system ([.8]) and will be addressed in the next section.

3.4. Hydrodynamic limit of (L8)). Our goal here is to present the rigorous hydrodynamic
limit of (L&) whose explicit statement takes the following form:

Theorem 3.1. Let f. be a solution to the equation (LX) subject to the initial data f2.
Assume that the initial data verify B.1)), (p,u,e) verifies B.2) and the parameters fulfill
the compatibility condition [33)). Then,

pe = p, in C([0,T], M(RY) — narrow),
Je = Jsin L(0,T; M(RY)Y),
when € — 0, for some probability measure p, some finite Radon measure j and some sub-

sequence of {pe}e=o0 and {jc}e>0 that we denote in the same way. In addition, (p,j) solves
the following problem

Op+V-j=0, (t,z) € [0,T) x RY,
J=uX)p+ 02 (VW xp)p = p(d*j) —j(d*p), (t,x)€ (0,T) xR,
p(t =0) = p°, z e RY,

in distributional sense, where 0°°(t) and u™(t) are the background mean value of the internal

variable and velocity, see ([L9) and (LII).

We refer to Appendix [Al for a summarized presentation of weak-* Lebesgue-Bochner
spaces L4, (0,T; X*) for a Banach space X*, their comparison with classical Lebesgue-
Bochner spaces LP(0,T; X*) along with their duality properties.

Remark 3.3 (Weak formulations). Notice that the first and second equation of the above
limiting system are verified in distributional sense in [0, T) x R? and (0,T) x R¢ respectively.
That is, the following equations fulfill

T T
T g T = — % (dx:
/0 Rda“”’“’d)d”/o /Rdw j(t,de) dt /Rdeom, )0 (dx),
T
/0 [ 0t de) = (Ot da) + (VW # plo(t, o)) e

T T
_ / W % )p(t, de) dt — / D(6 % p)jt, do) dt,
0 R4 0 R4

for any ¢ € CH([0,T) x RY) and ¢ € CL((0,T) x RY). Whilst the former involves generic
test functions @, in the latter test functions ¥ must vanish at t = 0. Moreover, notice that
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the regqularity of the influence function ¢ guarantees that ¢ * p and ¢ * j belong to Cy(R?),
so that the nonlinear terms in the right-hand side are well defined.

Now, we derive the proof of Theorem [B.11

Proof of compactness. From the conservation of mass, Lemma B.1] and Corollary we
obtain the following uniform estimates for moments

[|pell oo 0,751 (Ray) = 1,
[ pell oo (0,7;21 (Reyy < Mo + (CT'(eEp + CGy)'?,
(3.25) ”ja”m(o,T;Ll(Rd)) < (C (EEO + CG%))l/z )
S22 (0,711 (ray) < C(eEo + CGR),
1821 207,11 ety < Oar (€ (eBo + CGE))'”,

for every € > 0. As a consequence of the first and third inequalities in (8.25]), we obtain
that {p:}e>o is bounded in L°(0,T; L*(R%)) and {j.}e>o is bounded in L2(0,T; L' (R%)).
In addition, by the representation Theorem in Appendix [A] we obtain that
L7(0,T; LM (RY) C L¥ (0, T3 M(RY)) = L(0,T; Co(RY))",
L*(0,T; L' (RY)) € L2,(0, T; M(R?)) = L*(0, T; Co (R))*.
Hence, by Alaoglu—Bourbaki’s theorem
Zop, in L(0,T; M(RY)),
(3.26) p= * p ( (RY))
Je=j, in Ly,(0, T MRY)Y),

as € — 0, modulo subsequence, for some (p,j) € L°(0,T; M(RY)) x L2 (0,T; M(R%)?). In
fact, an argument like in [61, Theorem 3.8] allows proving a gain of time regularity of p..
Combining it with (3:25]) we indeed obtain that

(3.27) pe = p in C([0,T], M(R?) — narrow),
that is,
g sup | [ plpult.dz) = plt.da))| =0
e=04¢cj0,7] | JRd

for any test function ¢ € Cy(RY).

Proof of the limit. Writing the first equation in (3.7) in weak form, we achieve

T T
| [ owpdzars [ [ Voridvit=— [ o004
0 R4 0 R4 R4

for any ¢ € C}([0,T) x RY). By (B.28) we readily identify the limit of the terms in the
left-hand side. In addition, restricting (3.27]) to t = 0, we can also identify the initial datum
p(t = 0) = lim._,0p? = p° in order to pass to the limit in the right-hand side. Putting
everything together yields

T T
| [ oeotandes [ [ Goujttdnyar == [ o090 do)
0 R4 0 R4 R4
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We focus on the remaining equations of the hierarchy ([B.7)). In weak formulation, they read

T T
s/ &qﬁjgdazdt—i—s/ SﬁVqﬁd:pdt
0 JRd 0 JRd

T T
g2) = [ [ wtesagpdvii— [ [ woxpiadeds

u>(t)
0><(t)

T T T
- / Y(VW x pe)pe dx dt + / Y pe dx dt — / YA, dz dt,
0o Jrd 0 JRrd 0 JRrd

T T
s/ 8t¢h€dxdt+e/ / SOV dx dt
0 R4 0 R4

T T
(3.29) = /0 e Y(C * pe)Be dw dt — /0 e V(¢ * Be)pe dz dt

T T p
+/ z/JBada:dt—/ b-Le dzat,
0o Jra 0 Jra 0%(t)

for any ¢ € C1((0,T) x R%). Notice that the inertial terms in the left-hand sides of (B.28))
and (3.29)) vanish as ¢ — 0 thanks to (3.25). However, the right-hand sides yield to a not
closed system as they depend on the nonlinear moments A., B.. Then, the last step will be
to identify their limits in terms of p and j. Indeed, recall that the internal variable support
of fe shrinks rapidly and concentrates on the relaxation value 8°°(t) after very short initial
layer t = g, see Corollary B.Il This suggests that

J P
A~ 2 B~ " _
R M PRy

after a short initial time layer ¢ > 2. In fact, we have the following result.

Lemma 3.3 (Identifying nonlinear moments). Let f. be a solution to the equation (L8]
subject to the initial data f°. Suppose that initial data verify (B.1)), (p,u,€) verifies (3.2)
and parameters fulfill the compatibility condition [B3]). Then, for any g9 > 0 we obtain

J

A S 2 in L%U(E(),T;M(Rd)d),
6°°(t)
B, — 90.%175), m C’([eo,T],M(Rd) — narrow),

when € — 0.



30 KIM, POYATO, AND SOLER

Proof. Fix any g9 > 0 and let ¥ € L%(gg, T; Co(R%)) be any test functions. Then,

[ o) (Aa(t, dz) — jéi;??) dt‘

°°( )—0
t,x vfedzdt
deXR+ 900( )0 °
1 ) )
+ / Bt 7)o (Gt dar) — ](t,dx))dt‘
g JRA 0 (t)
lI7e | zoe (<0,
>~ %Hw”L2 €0,T;Co Rd))”’U’fa|’L2(O,T;L1(R2dXR+))
Y(t, x)

(Je(t,dz) — j5(t,dx)) dt' ,

€0 R4 600

where in the last step we have used the uniform lower bound on 6°°(¢) and the concentration
estimate of suppy f- in Lemma Bl Since ||[v[fe|lz2(0 7,01 (m2a xR, ) 18 uniformly bounded
by Corollary and [|ne || zoo (eo,m) < Ceminfenl} for ¢ < E(l)/ B by Corollary Bl then the
first term vanishes as ¢ — 0. Likewise, since j. — j in L2 (0,T; M(R%)%) by [B286) and
9% € L?(gg, T; Cy(R?)), the second term also vanishes as ¢ — 0. In conclusion, we have

. it dz)\ o,
ggr(l] S Y(t, ) <A€(t,dx) ~ 0 ) dt =0

which implies the desired weak convergence. For the convergence of B, using that p. — p
in L(0,T; M(R?)) by (3:26)), a similar argument shows that

B2 gl I Lo, TIMRY).

However, we can improve the convergence as follows. Take any ¢ € Cy(R?) and compute

Lo (Battan - 2520

sup
teleo,T)
< sup / o(x) <1 — ;> fe(t,z)dz| + sup / () (pe(t,dz) — p(t,dx))
" teleo,T] |/R2IXR, 6 0=(t)) " tefeo.1] | Jra 0°(8) 7 ’
”nEHL 60 ) 1
—_— -— t,dzx) — p(t,d .
< el oy + g e | [ o) (et d) — ptt )

By the same argument, the first term vanishes, as ¢ — 0. Since p. — p in C([0, T], M(R?) —
narrow) by (B.27)), the second term also vanishes, as ¢ — 0, and we end the proof. O

The convergence of the nonlinear moments A. also implies the convergence of the non-
linear term p. ® A..

Lemma 3.4 (Weak convergence of tensor product). Let f. be a solution to the equation
(LR) subject to the initial data fO. Assume that the initial data verify B.1)), (p, @, €) verifies
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B2) and the parameters fulfill the compatibility condition [B.3)). Then, we obtain

® .
pe® A = goo(]), in L2 (eo, T; M(R?%)),
pe®p. = p@p, in C([0,T], M(R*) — narrow),
for any eg > 0, as € — 0.
Proof. @ STEP 1. Recall that by Appendix [A] we obtain the following representation
L2 (g0, T; M(R*)) = L2 (0, T; Co (R?%))*.

In order to derive the first convergence we set any test function ¢ € L?(gq, T; Co(R??)). By
a density argument, it suffices to deal with the case when ¢ takes the following form:

otz x.) = x(t)o(2)P(z.),
for each t € (g9, T) and x, 2, € RY, where x € L?(g9,T) and 0,9 € Co(RY).

7 /50 /de (t, 2, 24 <(p5(t da:))(Aa(t,dx*))—P(tadx)%>

:/EO X(#) (/Rd o (@) (pe(t, dar) — (t,da:))) ( RED (Aa(t,dx*)_%» "
+ / T x(®) < /]R o(@)(pe(t,do) —p(t,dm))) < ¥(y) 9(;??/))> »

_.+ /T x(®) </Rd”(‘/’“")’0 (t’dm)> ( e ¥ ) (AE(t’d$*) B %)) .

e,1 + I€,2 + I€,3-

To show the desired convergence we need to show that Z. ; — 0 as ¢ — 0. We will restrict
to the first term Z ; since the reasoning in the remaining two terms is similar. Since p. — p
in C([0,7], M(R%) — narrow) by B27) and x € L?(¢g,T), we have that

() /R 0(@)(pe(t,dr) — plt,da) 0, i L*(eo,T).
Consequently,
) ([ o puttdo) = plt.de)) ) w(a) 0. i L2(e0, T3 Cof).
Moreover, since A. = 7L in L% (o, T; M(R?)) by Lemma B3], we have that Z.; — 0 as

e — 0.

e STEP 2. The convergence of p. ® p. in LX(0,T; M(R%)) can be attained by applying a
similar argument. However, its convergence in C([0,T], M(R?) — narrow) requires a more
delicate treatment. Specifically, set any 6 > 0 and ¢ € Cy(R??), and apply the Stone-
Weierstrass theorem to find functions o1,...,0, and ¥1,...,%, in CO(JRd) so that

(3.30) oz, ) Zak V()| <6,
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for each z, z, € R% Then, we obtain the decomposition

I, := sup / ¢ (pe ® p- — p® p) dx da.
t€[0,7] | JR24
n
< sup / Ok @ Yk (pe — p) ® pe do d
te[0,T] |1 R2d
n
+ sup / ok @ Y p @ (pe — p) dz d,
tel0,7] | — /R
n
+ sup / o= 0k @Y | (p @ pe— p@p)dwdu,| = Toy+ Lo+ Lo s,
te[0,7] |/R2d Pt

On the one hand, by ([3.30) we obtain Z. 3 < 2§. On the other hand, we find that

51<Z||wkum aup ' [ a)onte.o) - a0,

and a similar estimate holds for Z.5. Since p. — p in C([0,7T], M(R?) — narrow), by
B27) we obtain that Z.; — 0 and Z.» — 0, as ¢ — 0. Moreover, given that § > 0 is
arbitrary, we have that Z. — 0 when & — 0. Thus, by arbitrariness of ¢ € Cy(R??), we find
that p. ® p. — p ® p in the weaker space C([0,7T], M(R?*?) — weaks). To improve such a
convergence into narrow convergence, we a use standard cut-off argument and the uniform
tightness of p. in ([3225]),, thus ending the proof. O

We are now ready to end the proof of Theorem Bl Fix any ¢ € C1((0,7) x R?) and set
g9 > 0 small enough so that suppy C [g9,T] x R%. Then, passing to the limit as ¢ — 0 in
the weak formulation (3.28]) for velocity we obtain

o=;igé{/;/Rdwwa)padxdt—/Ej/Rdw<<z>*pa>A€dmdt}

T
— lim W(VW * pe)pe da dt

e—=0 Jo Rd

) T u>® (t) T
+ lim Y——=pc dx dt — YA dx dt o .
=0 (Jo Jra 0°() co JRE

On the one hand, the linear terms in the second line easily pass to the limit, which can be
identified in terms of p and j by virtue of (3.27)) and Lemma B3] thus obtaining

. t
ggr(l]{/ Rdwﬁ‘x’t d:z:dt—/ /Rdij)A dxdt}
t
—/0 qu/)H‘X’(t p(t,dx)d //Rdﬁoo j(t,dx)dt.
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On the other hand, let us restate the nonlinear terms in the first line as follows

/;/RdZDW*As)Pedxdt—/EOT/RdZZ)(QS*Pe)Aedxdt

T
_ / [ 2)0(e — 22 (0e(2)Aelt,22) = Ac(t2)pul2.) dardo i

T
_1 / Ky (t, 2, 2) (pe(t, dr) A (t, da,) — Ac(t, da)pe(t, da)) dt,
2 €0 R2d

where Ky (t, z,x.) := (¥(t, ) —1(t, 24))p(x—2x4) and we have used the usual symmetrization
of the integral in the last term. Since K € L?(go,T; Co (R24)), we can then apply Lemma
B4l to pass to the limit and we find

;%Ljédw<¢*A€>pedxdt—/EOT/WW*pe)Aedxdt

1 [T 1
=5 | L g et ) ott )it de.) o, da)ptt, )

//Rdew (6% )p(t, dz) d //Rdeoo P)i(t, dr) dt,

where we have undone the symmetrization. Similarly, we use the convergence of p. ® p. to
obtain the limit of the nonlinear term in the second line:

T T
lim/ W(VW % pe)pe de dt = / (VW % p)pdx dt.
0

e—0 0

Putting everything together yields the equation

oz/T 5 z:(t)p(t,da;)dt—/T/Rd %j(t,dw)dt,
//Rde (6 )p(t, dz) dt — //Rdew (6 p)j(t, da) di

- / DVW % p)p(t, da) dt,
0 Rd

for each 1 € CL((0,T) x RY), then identifying the limiting velocity equation. Regarding
the internal variable equation, it suffices to show that the limit of the first term of the
right-hand side in (3:29]) vanishes as ¢ — 0. Indeed, we have

T T
B(t,2)(C % p.) B da dt — / B(t,2)(C % B)p. da dt\
Rd 0 Rd

0
T
< Wheorss) [ [, ., &=
X

1<l 2 Y]l e 0,7y xmy 1<z ¥l ey xR - o
< 7 / D5(t)dt < C 7 Te?,

for any € < /%, where we have used the concentration estimate of the diameter of internal

variable in Corollary Bl Therefore, the full right-hand side of (3.29) vanishes as ¢ — 0,
which concludes the proof of Theorem [3.11

% - HL fe(t, 2) fe(t, z4) dz dzi dt
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3.5. Weakly singular influence functions. We emphasize that the fact that ¢, ¢, and
VW are uniformly bounded with respect to ¢ has strongly be used in many parts of the
proof in the previous subsection. In particular, the hydrodynamic limit of the system (2.:22]),
where influence functions ¢, ¢ are replaced by the singularly scaled ¢., (. in ([223]), does
not immediately follow from the previous Theorem Bl but appropriate modifications are
required. In this section we sketch the main ideas guaranteeing that the corresponding
hydrodynamic limit of (222 holds rigorously when W still verifies the strong regularity
condition (LI4]). We will briefly elaborate on the case of singularly scaled potentials W like
in (2.28)) later in Remark Unless otherwise specified, we will only assume conditions
(BI) on the initial data and assumption (B.2) on (p, @, €).

e Concentration of internal variable support.
In this case, the characteristic system associated with ([2.22]) takes a similar form

dX.

dt - ‘/;7

T = LRIRI 2 + SHIRI ) + TRlp . dl(t, 22),
D = G110 Z) + Glpel(t, 2,

Z:(0;0, z0) = 20,

for t € [0,T] and any zy € R? x R,, where the operators F. and G. now contain the
information about the scaled influence functions ¢. and (., which become singular as ¢ — 0.
Note that the operator H with the Lipschitz aggregation force VW remains. By inspection
in the proofs of Lemma B.1] and Corollary B.1I] we notice that the terms coming from G, in
the estimate of the internal variable were neglected. Therefore, Lemma [B.1] and Corollary
[B.I remain valid for the singular regime under the same assumptions.

e A priori estimates.
Unfortunately, by inspection on the proofs of Lemma and Corollary B2l we notice that
there is a delicate point where the uniform-in-¢ bound of ¢ and W are used. Specifically,
we apply (B.19) with k = 2, integrate over [0, 7] and use the control of the internal variable
concentration in Lemma B.1] and Corollary B to derive

J| || < D (0) wDe
HM deXR+

+—/ / be (@ — )| — VP fo(t, 2) fo(t, 20) dz dz, dt
Om Jo Jraaxr2

2 40 Tlu(t)
<e [v|*f2(2) dz + 2 [v|fe dzdt
R24 xR, 0 10°°) | Jreaxr,
T
- 2/ / VW (x — xi) - vfe(t, 2) fe(t, 24) dz dz, dt.
0 JRAdxR2

On the one hand, by the control of u* /0 in Remark and the Cauchy—Schwartz in-
equality, we obtain

T
/
0

u>(t)
0>(t)

1/2
/R2d><R+ |U|f€ dZdt < 2F0H|U| f€HL1 OTLl(RQdXRJr))
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On the other hand, by the uniform bound of VW a similar argument yields

T
—2/ / VW (x —xy) - vfe(t, 2) fo(t, z) dz dzy dt
0 JRidxRZ

1/2

A N P T A A

Plugging both bounds into (8:31]), using Young’s inequality and noting that ||¢c|| L~ = 1/¢,
we recover an analogue estimate like (3.24))

2 2D5(0) 2
%— 02, - [[|v] f€HL1(O,T;L1(R2d><R+))

2

T
— / / d(x — xy)|v — v*|2 fe(t,2) fe(t, z4) dzdze dt < eEy+ %,
R4d xR2 1)

for any § > 0 and any € > 0. Then, the compatibility condition (3.3) is not enough and
further information on Dj(0) is necessary in order to compensate the new factor % coming
from singularities. Specifically we shall assume that the initial diameter of the internal

variable shrinks asymptotically at a specific rate, namely,

5 2
(3.32) lim sup Di©) < H_m
€0 3 O

Under this conditions, we recover the a priori estimates in Lemma [3.2] and Corollary B.2]
modulo an appropriate subsequence, that we denote in the same way for simplicity.

Remark 3.4 (Strong initial concentration). We emphasize that the new compatibility con-
dition [B.32) is more restrictive than the previous one [B.3)), as it does not account for
generic initial data fO with uniformly bounded internal variable supports. Instead, suppy f2
must shrink fast enough. Then, the concentration phenomenon does not only rely on the
dynamics itself but also on the choice of initial data. This suggests that the initial layer
in Corollary [31] is no longer necessary for the asymptotic concentration of the internal
variable, that shrinks instantaneously after t =0 at rate O(e).

e Passing to the limit.
The above estimates suggest that an analogue of Theorem B.1] also holds.

Theorem 3.2. Let f. be a solution to the equation [222)) subject to the initial data f° with
parameters A1 € (0,1), Ao > 0. Assume that the initial data verify 3.1, (p,u,e) verifies
B2) and the parameters fulfill the stronger compatibility condition [B.32)). Then,

pe — p, in C([0,T], M(RY) — narrow),

Je =drin L (0, T; M(RY)?),
as € — 0, for some probability measure p, some finite Radon measure j and some subse-

quence of {pe}eso and {jcte>o that we denote in the same way. In addition, (p,j) solves
the following problem

8tP+V]:0, (733)6[ )XRdv
J—uX®)p+0F) (VW % p)p = p(do *j) — j(¢o % p), (t,2) € (0,T) x RY,
p(t=10) = p’, v €RY,
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in distributional sense, for an appropriate meaning of the nonlinear term. Here, ¢g is the
singular influence function in (2.26]) and, 6°°(t), u>(t) are the background mean value of
internal variable and velocity, see (L) and (LII).

Most of the steps in the previous proof remains unchanged. In fact, since Corollary
remains true under (3.32]), similar a priori estimates as in (3.20]) fulfill. Then, we still
recover the same compactness results in ([3.26) and (3.27) along with the identification of
the nonlinear moments in Lemma B3] and Lemma B4l Indeed, passing to the limit in
all the linear terms of (B28)-(329) in weak formulation is identical. The only delicate
point concerns the identification of the nonlinear terms. Recall that given any test function
Y € CL(0,T) x R?), and 5 > 0 small enough so that suppt) C [g9,T] x R?, the nonlinear
alignment term in the right-hand side of the weak formulation for the velocity equation
(B:28)) can be restated in a symmetrized way as follows

T T
| [ e anpeavie= [ [ wiooxpacded

T
= / Y(t,x)de (x — xy) (pe(t, ) Ac(t, 24) — Ac(t, x)pe(t, xy)) do dx, dt
€0 R2d
T
_ % / Koo (2, 22) (p(t, d2) Ac (8, das) — Ac(t, da)ps(t, dz.)) dt,
€0 R2d

where Ky - (t,x,x) := (Y(t,x) — ¥(t, x4)) P (x — ). Consider the integral

1 (7
7. = 5/ / Ky (pe ® Ac — Ac ® pe) da da, dt
€0 R2d

1 [T j ;
! K g B
2 /50 /Rgd $,0 <p® rEEs ®p> de de. d

(3.33) 1 [T
= 5 / /RM(Kw’a — Kw’o)(pe ® A — A ® pg) dx dz, dt
€0

1 (T . .
w5 [ K [(paezaAa A @) - (p@i - i@p)} dz de, dt
2 €0 R2d 900 000
= E,1+IE,2’

Our goal is to show that Z.; — 0, as € — 0. On the one hand, since A\; € (0,1), then
the smoothness of the test function ¢ kills the singularity at the diagonal and Ky €
L*(0,T; Cy(R??)). Thus, using the weak-* convergence of tensor product p. ® A, in L2 (0, T
M(R??)) in Lemma B4, we obtain that Z.» — 0, as ¢ — 0. On the other hand, by the
mean value theorem and the smoothness of ¢ we obtain the following error estimate

‘Kwe(t? Z, x*) - Kilf,o(t? €, x*)‘ < Ce'™M HVJ/‘TZJHCC((O,T)XRdV
for each t € (0,T), each z,z, € R? and each ¢ > 0. Therefore,
.1 < Cet™™ va”cc((O,T)de)TlmHAEHL2(O,T;L1(R‘1))’

Hence, the a priori estimates allow concluding that Z.; — 0, when ¢ — 0. Second, the
convergence of the aggregation nonlinear term involving W can be obtained in a sim-
ilar way by using the regularity assumption (L.I4) and the convergence of p. ® p. in
C([0,T), M(R??) — narrow) obtained in Lemma B4l Finally, the nonlinear term for the
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internal variable equation in the weak formulation ([3:29) can be estimated by the same
argument as in the regular influence function case. Precisely, by Corollary B.1] we obtain

T T
/ w%xxg*PJBdeﬁ—/ /’wwxx@*Bamdxw
€ R4 eg JRY

0
Il (o, x ey
03,

¢ellze= 191l . (0,7 x ey
0%,

<C Te* < C T2,

for any ¢ < 6(1]/ P Since a in Corollary [3.I] can be taken larger than A9, the right-hand
side again vanishes as € — 0. Therefore, the limit of the internal variable equation (3:29])
becomes trivial again, which conclude the proof.

e Non-concentration for \; = 1. Notice that only coefficients A; in the restricted
range (0,1) have been considered in the preceding proof of Theorem Indeed, Ky in
the symmetrized formulation ([B:33)) of the nonlinear term becomes discontinuous at diagonal
points x = z, for any value A\ > 1. However, notice that K o remains bounded for A\; = 1.
In this part we extend the proof of Theorem to this limiting singular regime. On the
one hand, using the previous extra dissipation estimate ([3.22)) in Corollary and arguing
as in [61, Lemma 3.10] for the singular Cucker—-Smale model, we obtain the following non-
concentration of the commutator p. ® A. — A. ® p. at diagonal points:

(3.34) lim_if(l)f lpe(t, ) ® Ac(t,-) — A(t,-) @ pe(t,)|(A + Bs) =0,

5

for a.e. t € [0,T], where A := {(x,2) € R¥ : z € R9} is the diagonal set.

On the other hand, let us show the rigorous passage to the limit in (3.33]). Thanks to the
nonconcentration property ([3.34]) and [61, Proposition 3.11] we can pass to the limit on Z, o
in ([3.33)) and we obtain Z. 5 — 0 when € — 0. Also, since \; = 1 we obtain the following
estimate by the mean value theorem

|K1/;75(t,33‘,33*) - Kw,O(t,xyx*N < O¢€($ - $*)1/2€1/27

for each t € (0,T), any z, z, € R? and appropriate C' € R,.. Therefore, we estimate Z.1 by
splitting it into two terms as follows

T
1Z.1| < Cet/? / /
eo JRAXRZ

T
1
< C61/2/ /R4d . Ge(T — x*)1/20—\v — | fe(t, 2) fo(t, z4) dz dzy dt
€0 X T *

T
vee [ o w2
g JR4d XRi

T
< g51/2/ / bz — 2 ) 2o — v | fo(t, 2) fo(t, 2) dz dz, dt
em €0 R‘J‘dXR?F

[ Vx
5 — 0— ¢5($ — x*)l/zfa(ta Z)fa(ta Z*) dz dz, dt

1

1
78 fe(t,2) fo(t, z4) dz dz, dt

C T
v [ D0 [ el det
m JE R2d xXR4

0
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where in the last line we have used that ||¢c|p~ = % Hence, using Jensen’s and the

Cauchy—Schwartz inequality in the right-hand side we obtain

CT/? T 1/2
| Zea| < 02 el/? / / Pe(x — 2i)|v — U*|2fe(t, 2)fe(t, 24) dz dz, di
m 0 JRxR3

C T ) 1/2
e VA ) A P
m €0

CT1/2 2\\1/2 _1/2 c 2\\1/21/2
< 6—2(9M(EO+CGO)) 121/ +9_2(C(E0+CGO)) 2pt/2ga

for any ¢ < €'/#, where we have used the estimates in Corollary and the concentration
of the internal variable support in Corollary 3.1l Then, Z.; — 0, as ¢ — 0.

Remark 3.5 (Hydrodynamic limit with singular aggregation potentials). We emphasize
that uniform bound assumption for VW in (LI4) has been critical in two steps:

e The control of second order velocity moment (3.31).
e The identification of the nonlinear aggregation term in the weak formulation of the
velocity equation (3.28)).

However, the scaled aggregation potentials W, in [228) (leading to singular aggregation
potentials) can also be addressed in the special case A3 = % In fact, a similar result like
in Theorem [3.2 holds true for the choice of parameters A1 € (0,1], Ay > 0 and A3 = A1 /2.
On the one hand, note that identifying the limit of the singular nonlinear aggregation term
can be addressed using the same usual symmetrization method, that kills singularities, for
any value A3 € (0,1) (note that VW, is anti-symmetric). On the other hand, although
VWe. cannot be bounded uniformly in e, the last term in the right-hand side of B3I]) can
be controlled by the dissipation term:

2

T
/ / VWe(x — ) - vfe(t, 2) fo(t, 24) dz dzi dt
0 JRidxR2

T
/ / VWe(x —xy) - (v —vi) fe(t, 2) fe(t, 24 ) dz dzy di
0 JRidxRZ

T
< / / be(x — 2 )P v — v | fo(t, 2) fo(t, 2) dz dz, dt
0 JRidxRZ

T 1/2
_ )
S/O (/R‘ldei Ge(x — xo)|v — v|“fe(t, 2) fo(t, 24) dz dz*> dt

T T
<L / / be(x — )0 — v 2 fo(t 2) fo(t, 22) de dz dt,
25 0 R4d><R2+

for any § > 0. In the second line, we have symmetrized the integral, in the third line we
have noticed that |VWe(x)| < ¢e(x) for A3 = %, and in the last steps we have applied the
Cauchy—Schwartz and Young inequalities. By virtue of the above strong initial concentration

condition [B.32), we can chose a suitable § > 0 leading to an analogue control ([B.24]) for
the second-order velocity moment and the dissipation estimate.
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4. HYDRODYNAMIC LIMIT IN THE WEAK RELAXATION REGIME

In this section, we derive the hydrodynamic limit of system (LI2]) towards (ILI3]). We
follow a similar procedure as in SectionBl First, we prove that the internal variable support
of f. still shrinks fast enough, as € — 0. Notice that in contrast with the previous scaling
(L), under the new scaling (I.I2)) we no longer have strong relaxation of the internal
variable. In turns, such a relaxation term G.[p,é|f involves a weaker scale now. Despite
this defect, we still preserve a strong alignment term %G[ f1f. Therefore, we expect that
the internal variable support will rapidly concentrate at some value 6(t) when ¢ — 0 after a
small enough time layer. Although 0(t) does not instantaneously agree with the background
mean value 0°°(t) (see (L9)) due to the weak relaxation scale, (t) asymptotically converges
to 0°°(t) after sufficiently long time. With such control in hand, we recover appropriate a
priori estimates for the velocity moments. Finally, we combine the estimates for velocity
moments and the internal variable support to derive the rigorous hydrodynamic limit.

Along this part, we will assume again the previous hypothesis (B.I) for initial data f0, the
properties ([B.2)) for the solution (p,u,€) and the compatibility condition (B3] for param-
eters. Since the weak relaxation regime is technically more involved, we will need further
assumptions that we list here. On the one hand, define the spatial and velocity radii

R (t) :=sup{|z| : = € supp, f-(t)},
R (t) := sup{|v| : v € supp, f-(t)},

for any t € [0,T]. Then, we will assume the initial uniform confinement of supports

(4.1)

(4.2) R:(0) <79, and RS(0) < b,

for all € > 0 and some constants 7‘?\4, ’U?M > 0 not depending on € > 0. On the other hand,
some asymptotic control on the initial value of the internal variable is required to fully
characterize its dynamics. Specifically, we will assume that there exists some value 6y € R
and a parameter v > 0 such that

(4.3) /R2de 0£2(2)dz = 0y + O(7), (as e = 0).

4.1. Hierarchy of moments. Again, associated with the hierarchy of moments p., j., h,
A, B, S? and 8¢ in ([B:6), we obtain the following hierarchy of equations

Oipe +V - je =0,

. v u™(t
€0je +€V 'Sg + A€(¢ * Pe) - Pe(¢ * As) + (VW * Pe)ps + A — PeJ =0,

(4.4) 6> (1)

€0the + €V - Sf + pe(C* Be) — Be(C* pe) + € (90/0)6(15) - B€> =0,

where 0 and u® are the background mean value of the internal variable and velocity
respectively, see (I9) and (LIT]). Our final goal is to show rigorously that we can close the
above hierarchy of equations (4.4]) when ¢ — 0. Note the difference with the hierarchy (B.7))
coming from the weak relaxation scale of the internal variable. Indeed, whilst the inertial
terms €0j: + eV - 8¢ in the velocity equation will disappear again in the limit ¢ — 0, we
will see that a non-trivial dynamics for the internal variable is found due to the weaker
relaxation of internal variable.
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4.2. Concentration of the internal variable support. We recall the definitions of
D5 (t), D;(t) and Dg(t) in (B.8) for the diameters of the position, velocity and internal vari-
able supports. Also, we recall that under the new scaling (I.I2]), the characteristic system
(39) is modified and consists of trajectories Z.(t;0, z9) = (X:(;0, 20), Vz(£; 0, 20), ©:(; 0, 20))
solving

ax.
dt - €9

(4.5) dd‘f A AR éH[fe] (t, Z:) + éFc[,a,a, &(t, Z.),
dd(?f = 1G[fe](t,Z )+ Gelp, e)(t, Z2),

Z:(0;0, z0) = 2o,
for t € [0,T] and any zp € R?? x R,

Lemma 4.1 (Concentration of internal variable I). Let f. be the solution of (LI2)) subject
to initial data f°. Assume that the initial data verify 1) and (p,u,é) verifies (B.2).
Consider the constants 0 < 6, < 0y defined by BI0). Then, the following estimates are
verified:

(1) (Confinement of support)
suppyfe(t) C (Om,0nr), for all ¢ €[0,T].

(2) (Exponential concentration)

(4.6) % < —9% <C(Df5”(t)) + 1> Dg(t) <0, forall tel0,T).
M

Proof. The proof is similar to that of Lemma Bl In fact, a similar argument as in the
derivation of (BI3]) and (3I4) yields the following estimates

dtoM 1 . 1 1 1 1
an el o, CD5D) (g7~ 7 ) e 200 s+ (e — g )

arom 1 _ 11 1 1
g LI /Mfw ) (g~ 7 ) 70285+ (g — )

for every t € [0, T], where we recall that 0} (t) = max supp, f-(t) and 67 (t) = minsuppy f-(t).
Then, we infer two different results.

e STEP 1. On the one hand, since the first terms in the right-hand sides of (7)) and
(£38]) have the appropriate sign, we neglect them and we recover

d+oM S SRS SR S
dt — 0M(t)  0°(t) ~ 0M(t) Oy
drom 1 1 1 1

> — > -

it C o) 00 S or
for every t € [0,T], where we have used the uniform control ([B.4]) of 6°° in Remark as
a consequence of assumption ([3.2]). By the same continuity argument as in Lemma 3.1}
the preceding estimates ensure that 0M(t) < Oy = max{#9,,0p} and O7(t) > 0, =
min{#Y,,0,,}, for any ¢ € [0, T], thus proving the confinement of internal variable support.
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e STEP 2. Now, we take the difference between (1) and (48] and recall that Dg(t) =
OM(t) — 0™ (t). This implies the inequality
dtDs (1 1 1 1 /1
< | =C(D.(t 1 —_— — —— | < —— | =¢(D(¢ 1) Dg(t
< (zwi) +1) (537 - 720 ) <~ (3600500 +1) Dico)

for each t € [0,T], where in the last step we have used the previous uniform estimates of
6M and 7. This ends the proof. O

Therefore, we still have monotonicity of the internal variable support of f.. Indeed, it
relaxes exponentially fast with rate of order O(1), as ¢ — 0. Unfortunately, this is too weak
in comparison with the results in Section [B] since the dynamics would take a large initial
time layer in order for the internal variable support of f. to shrink and concentrate at a
single value. In order to circumvent this problem, we have to ensure an adequate behavior
of the spatial support as e — 0. Otherwise, if DZ(t) diverged as e — 0, then the rate O(e7!)
could be lost. In the sequel, we obtain such a uniform-in-¢ control under the aforementioned
confinement condition (42]) of initial data.

Lemma 4.2 (Concentration of internal variable II). Let f. be the solution of (LI12]) subject
to initial data fO. Assume that the initial data verify B.J), (p,u,€) verifies B.2) and the
parameters fulfill the compatibility condition [B3]). In addition, assume the initial uniform
control ([L2]) of the spatial and velocity supports. Then, there exists vy > U?VI such that
RE(t) <y +ouT,
Rte)(t) < vm,
for every t € [0,T] and € > 0. In addition, there exists Cp € Ry depending on initial
parameters and T such that the following decay takes place
C
D5(t) < Dg(0)e™ =%, forall te[0,T).
Proof. Let us define the critical sets
M (t) == {z0 € supp £ : |X:(t;0,20)| = R5 (1)},
M;(t) = {20 € supp f2 : |Ve(t;0,20)| = R (1)},
and notice that

R:(t) = max |X. (0,2
w() 20€M§(t)| 6(7 5 0)|7
R (t) = max |V.(t;0,z
v( ) ZoEMS(t)| 6( IR 0)|7
for every ¢t € [0,T]. Again, we notice that it is not necessarily true that the maximum is
propagated along fixed trajectories. However, since the flow (¢, zg) — Z.(¢;0, 2¢) is contin-
uous, differentiable with respect to ¢t with continuous derivative, we obtain an analogous
identity as in ([B.I1]) from the usual argument in [2I], Corollary 3.3, Chapter 1], namely,

+ RE(1)2
CRW™ _ ax VA(8:0,20) - X (150, 7).
dt 2 20€ME(t)
(4.9) + pe(4)\2
AT Ry(t)? _ Ve

max

— 50, 20) - Vi(t:
dt 2 zEM:(t) Ot (#:0, 20) - Ve(t:0, 20),

for every t € [0,T], where again d* /dt denotes the right derivative.
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e STEP 1. Estimate of the velocity radius.
Fix any time t € [0,7] and any zy € MS(t). For simplicity of notation, let us denote
Mo— (M oM oMY = (X_(;0, 20), Ve (t; 0, 20), Oc(t; 0, 20)).

26 67676

Then, we obtain

O (t0.20) - Vi(t0.20) = - (TFIAI(0 ) 4 LHIEI(E 40 + TRlp e, 2
_ évy . </R?d><R+ $@M — z,) (Z— - Z—ﬁ) fo(t, ) dz*>
u™(t) v§”>

L M 1o, _ e

- _i ’”;;’2 L1 /}RMX]R+ bz — x*)wﬂ(t 2.) dz.
A GRS (7 - g7 ) Fete. ) =
#2102 (B0 - )
<2 (g~ Mol "5 ) racoP + - (Gt + 19 ) 30

In the last inequality we have neglected the second term in the left-hand side, thanks to the
property
€

for each v, € supp, f=(t), due to the fact that [v}| = RS(t). Thanks to Lemma Il the
internal variable diameter is non-increasing, i.e., Dj(t) < D5(0) < 6%, — 69,. Thus, putting
everything together into (49]) and by arbitrariness of zp € M;(t), we have

v (o = o) < ] (Jue| = [02]) <0,

at . O, Cy
i ZURE(H) + =22
TR <D+ 2,
for every t € [0,T], where we denote
1 (6 - %) O], o
Ci=—— ot (Cy:= su + ||V oo
=g llol ) 2= S (D) VWL

Notice that Cy is finite by Remark and hypothesis (I.14]), and C; is positive by the
compatibility condition ([B.3]). Thereby, Gronwall’s lemma concludes that

€ € — 24 ~ Gy 0
Ri(t) < R(0)e” '+ —(1—e =) <wvpy + —= =:vpm,

for every t € [0, 7.

e STEP 2. Estimate of the spacial radius.
From (4.9), and the Cauchy-Schwartz inequality, we infer

d 15 15
ER ( ) Rv(t)v

for ech t € [0,T]. By the control on R;(t) in STEP 1, we attain the claimed bound of RZ(t).
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e STEP 3. Strong concentration of the internal variable diameter.
Notice that by the preceding estimate we obtain

C(D5(1) = C(2R(1) = ¢(2(rhy +vnT)) =: Cr,
for every t € [0,7] and each € > 0. Then, by Lemma [£.1] we conclude

dr 1 (Cr
—Dg(t) < ——— | — + 1) Dy(t
dt 9( ) — 912‘4 < € + > 9( )7
for every t € [0,T] and this ends the proof. O

Therefore, as in the strong relaxation regime in Section [3] we notice that relaxation of
the internal variable diameter is still exponential with rate O(¢~1). However, there is a
crucial difference between both scalings. In fact, notice that since the relaxation term of
the internal variable in (LI2)) toward 6°°(¢) is weak, we cannot expect the same deviation
estimate around 6°°(¢) as in Corollary 3.1l Instead, we show that, after a small initial time
layer, the internal variable support is concentrated on a small neighborhood of a value 6(t),
which relaxes towards #°°(t) according to an appropriate ODE.

Corollary 4.1 (Initial time layer). Let f. be the solution of (II2]) subject to the initial
data f9. Assume that the initial data verify B0)), (p, U, €) verifies (3.2) and the parameters
fulfill the compatibility condition [B3)). In addition, assume the initial uniform confinement
#2) and the initial asymptotic control [A3)), for some value Oy € Ry and some parameter
~v > 0. Then, there exists a constant C € Ry such that

Dj(t) < Ce?,
supp fo(t) C (0(t) — Ce™nB} (1)  CemintBaly,

for any a >0 and 0 < B < 1, and for every t € [e°,T], where 6 = 0(t) is the solutions to
the following relaxzation ODE:

. 1 1
(4.10) 0(t) = TORKE) t€0,77],
0(0) = bp.

Here, C depends on the exponents a and B along with the parameters 09,, 0 O, Oy,
[¢l[zee and [|0°°(t) |l 1.00 0,7) -

Proof. The control on Dj(t) after a small initial time layer ¢ > e” is obtained from Lemma
in the same way as in Corollary Bl Then, we just focus on the deviation estimate
of suppy f- around the solution 6(t) of the initial value problem (@I0). By an analogous
argument like in STEP 3 in the proof of Lemma B.1] we have the following estimates

;
PCOROIERY IA0) (55— o) oz o+ (= g ) —

d* o 1 . 11 1 1 o
E(ee (t) - 9(’5)) > g /R2d><R+ C(D;p(t)) <@ - 9_*> ft’:‘(ta Z*) dzy + <@ - W) - aa

for every t € [0,T], where we recall that

02" (t) = maxsuppy f-(t), 6'(t) = minsuppy f-(t).
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Now, since the first terms i 1n the right-hand sides have the correct sign, we can neglect them.
In addition, we substitute ¢ & 9 by the ODE [@I0) to find

030~ 0)) < —— — = < —CM(1)(0M (1) — 0(1))
(411) dt =Mt 9@ — ¢ Ve ’
: +

07O =00) > s — o >~ (O () - 0(0),

for every t € [0,T]. Here, we have used the uniform estimates for # and ™ in Lemma
[41] and similar control 6,, < 6(t) < 0 coming from the ODE (@.I0]), the information on
0o € [05,641] from (@3] and the uniform bounds (B.4]) of #>°(¢) in Remark 3.2l Specifically,
the time-dependent functions CM (t) and C™(t) are given by

i 0M () > 0(t), - 7, 6 () > 0(t),
{ Zi” oM <o), 0 ‘:{ " remin < 6(t),

Z G
We now use Gronwall’s lemma in (£I1]) to deduce
_ t—tx
OM (1) — 0(t) < 02 (t.) — O(t) e N <[0M(t) — O(t)],
t—tx

m m T2 m
00 (t) — 0(t) = =0 (te) — O(ts)e M > —[07(t) — 0(t,)]
for any 0 < t, <t <T. Let us define the average of internal variable

0.(1) = /R bf(t)ds e T

(4.12)

Then, we have

1027 () = 0(t.)] < |02 (8.) — O=(8.)] + [0=(t) — O(8.))|

< Di(t.) + 10-(0) — 6(0)| + ‘/t T (0:(5) — 0(s)) ds

< Dg(t«) +16-(0) — 6(0)| + %t*

Note that the last inequality has been obtained by computing

d 1 1 2
T =0 = | [ Ghlead - gl < 2

for any s € (0,7), where we have used the kinetic equation (.12 and the relaxation ODE
(@I0) to derive above estimate. Setting t. = £°, using the above polynomial control of
Dj(t,) and hypothesis (@3] and putting everything together into ([£I2) yields

0M(t) — 0(t) < C(e* + P +&7),

for each t € [55 ,T). Since a > 0 is arbitrary, this ends the upper bound and a similar lower
estimates for 07*(t) — 0(t) concludes the proof. O

To summarize, the previous results show that after a small initial time layer ¢y = €7,
the diameter of suppyf:(¢) is smaller than Ce® and its distance to 0(t) is smaller than
Ce™in{B}t This justifies that f. will concentrate around 6 = 0(t), as e — 0, although
the relaxation to the background mean value 6°°(t) does not occurs instantaneously (as in
Section [3)), but it actually occurs slowly according to the relaxation ODE (4.10]).
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For clarity, we sketch in Figure ] the main difference in the dynamics of the internal
variable support for both the strong and weak relaxation regimes. On the one hand, blue
and red lines denote the relaxation of internal variable support in the strong and weak
relaxation regimes respectively. Dashed lines are used for the background mean value 6°°(t),
whilst dotted lines represent the solution 6(t) of the relaxation ODE (@I0). Finally, the
vertical dotted line determines the initial time layer ¢y = &?, after which the internal variable
support becomes very narrow with the size of order O(¢®) and O(e™™#7}) respectively.

éo t

FI1GURE 3. Relaxation of internal variable in the weak and strong regimes.

4.3. Moment estimates. In this part, we derive again a priori estimates for the moments
of f.. We notice that under the hypothesis in the preceding part guaranteeing the concen-
tration of the internal variable support, the same arguments in Section [3] can be applied to
derive the estimates. In particular, an analogue of Corollary holds true.

Corollary 4.2 (Velocity and position moments). Let f. be the solution of (L8l subject to
initial data f2. Suppose that initial data verify B.1), (p,u,€) verifies (32) and parameters
fulfill the compatibility condition [B3)). Then,

H|$|f6||L°°(0,T;L1(R2d><R+)) < Mo + T1/2|||U|f6||L2(0,T;L1(R2d><R+))a

1/2
(4.13) |||U|fe||L2(0,T;L1(]R2d><R+)) < <|||U|2f6||L1(0,T;L1(R2d><R+))) )

H|U|2f€||L1(0,T;L1(]R2d><]R+)) < C (cEo + CG%) ;

for every e > 0. In addition, the estimate

T
(4.14) 1 / / d(x — 22)|v — v fo(t, 2) fo(t, 22) dz dzy dt < eEg + CG2
Om Jo Jraaxg2

holds.
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Indeed, notice that by Lemma both spatial and velocity supports have uniformly
bounded radii. Then, it is apparent that (4.13]) can be improved into

0
2] fell oo (0,701 R2Ax R, ) < sup R3(t) <7y +om T,
0<t<T

ol fell Loo (0,101 (R24 xR )y < sup Ry(t) < v,
0<t<T

[0 fell oo (0,700 (r2d xR, )y < sUp R () < iy
0<t<T

Since they will not be necessary, we stick to the initial (weaker) estimates as in Section [3

4.4. Hydrodynamic limit of (ILI2]). In this subsection, we present the rigorous hydro-
dynamic limit of (I.12]), whose explicit statement takes the following form:

Theorem 4.1. Let f. be the solution of (LIZ) subject to initial data f°. Assume that the
initial data verify B1), (p,u,e) verifies B.2) and the parameters fulfill the compatibility
condition [B3). In addition, assume the initial uniform confinement [42) and the initial
asymptotic control ([A3), for some value Oy € Ry and some parameter v > 0. Then,

pe — p, in C([0,T], M(RY) — narrow),
Je = Jyin L(0,Ts M(RY)Y),
when € — 0, for some probability measure p, some finite Radon measure j and some sub-

sequence of {pe}e=o and {je}e>o that we denote in the same way. In addition, (p,j,0(t))
solves the following problem

Op+V-j=0, (t,x) € [0,T) x RY,
J— —e(zz(t)(—t)PJr 0(t) (VW x p)p = p(¢ j) — j(¢*p), (t,x) € (0,T) x RY,
o) 1 1

Tl i t € 0,7,

6(0) = 0o,

in distributional sense, where 0°°(t) and u™(t) are the background mean values of the in-
ternal variable and velocity, see (L) and (LII).

Proof. Thanks to the a priori estimates in Corollary [4.2] we readily infer (3.25]). Therefore,
we use the same arguments as in the proof of Theorem [B.Ilin Section [B]to find a probability
measure p € C([0, T]; M(R?) — narrow) and a finite Radon measure j € L2 (0, T; M(R%)%)
so that we recover the convergence results in ([3.26]) and (3:27]), namely,

pe — p, in C(0,T], M(R?) — narrow),
je =gy i L5 (0, Ts MR,
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Now, we use the deviation estimate of suppy fe around 6(¢) in (4.1]) and we reproduce similar
ideas as in the proofs of Lemmas B.3] and B.4] to find that, for every g > 0

he = 0(t)p, in C([go, T], M(R?) — narrow),
Sae = 9“)]7 in L%u(‘gO)T;M(Rd)d)’

A5 i 12 (eo, T; M(RY)?),

0(t)’
B. — %, in  C([eg, T], M(R?) — narrow),
peo A Bl i Lo, TS M(E)),

Pe®@pe = p&p, In C([O,T],M(RM) — narrow),

as ¢ — 0. We emphasize that suppy f- now concentrates asymptotically around 6(t), whence
the dependence of limits on 0(t) instead of 8°°(¢). We are now ready to pass to the limit in
the hierarchy of equations (4.4]). On the one hand, passing to the limit in the density and
velocity equation follows the same train of thoughts as in the strong relaxation regime in
Section [3] and yields the system of equations

Op+V-j=0, te0,T) x RY,
- %@)@) +0() (VW x p)p = p(¢*j) — j(dxp), te(0,T)xR,
p(t =0) = p°, x € RY,

Then, we focus on the limit of the internal variable equation in (44]). In weak form it reads
T T
/ o he dz dt + / SV d dt
0 JR4 0 JRd

1 (7 1 (T
——/ Rdw(C*pe)Bsd:Edt——/ Rd¢(§*Bg)p€d$dt

/OT VB, dx dt — / R ()dazdt

for any ¢ € C}((0,7) x R?). The limit of the linear terms is clear. We show again that the
nonlinear term vanishes, as € — 0, due to a similar argument supported by concentration
of the internal variable support. Specifically, set any ey > 0 so that suppv C [gg, T] x R
Then,

/ (¢ * pe)Be dxdt——/ »(¢ *B)pgdzndt‘
R4 Rd

—Hl/JH(Jc ((0,T)xR9) / / C(z — )
R4dXR2

1 ”C”LC’OWHCC (0,7)xR4) HCHL‘X’”wHCC((QT)XRd)
- 7 / D5(t)dt < C )

fa(t 2) fe(t, z4) dz dzy dt

< T,

for any ¢ < Eé/ A , where we have used the concentration estimate in Corollary L1l Since
« can be taken larger than 1, the right-hand side tends to 0, as € — 0. Therefore, after
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passing to the limit, we obtain the weak equation

T T
/ Bt )0(t)plt, d) dt + / 0(1)j(t, d) - Vai(t, z) dt
0 Rd 0 Rd

T
B Y(t, x) Y(t, )
_ /0 [ ey ot da) / [ gy o)

for any v € CL((0,T) x R%), that is,

2(6(t)p) + V- (B(1)7) + (% - 9%.0) p=0.

Using the continuity equation d;p 4+ V, - j = 0, such an equation amounts to

which is exactly the same as the relaxation ODE (4.10) for 6(t). O

4.5. Weakly singular influence functions. Again, we notice that the uniform bound of
the influence functions ¢, ( and the aggregation potential VI has strongly be used in some
parts of the preceding proofs. Hence, the hydrodynamic limit of the system (2.25]), where
the influence functions ¢ and ¢ are replaced by ¢. and (. in (223, requires appropriate
modifications of the arguments in Theorem [£1] leading to the following version.

Theorem 4.2. Let f. be a solution to the equation [Z28) subject to initial data f° with
parameters A1 € (0,1), and A > 0. Assume that the initial data verify (31), (p,u,€) veri-
fies B2) and the parameters fulfill the stronger compatibility condition [B3). In addition,
assume the initial uniform confinement [E2l) and the initial asymptotic control [E3J)), for
some value 6y € Ry and some parameter v > 0. Then,

pe — p, i C([0,T], M(R?) — narrow),
Je =gy in Ly, (0, T; M(RY)Y),
as € — 0, for some probability measure p, some finite Radon measure j and some subse-

quence of {peteso and {j:}e=0 that we denote in the same way. In addition, (p,j,0(t))
solves the following problem

Op+V-j=0, (t,x) € [0,T) x RY,
5 B 4 66)OW )y = o)~ 36+ p). (1.0) € (0.1) x RS
oty 1 1

Tl i t €10,T],

0(0) = 6o,

in distributional sense, for an appropriate meaning of the nonlinear term. Here, ¢q is the
singular influence function in [2.26) and, 0°°(t) and u®™(t) are the background mean value
of the internal variable and velocity, see (L9) and (LII).

Since the proof follows similar modifications like in Theorem exploiting the initial
strong concentration assumption ([3.32]), we omit details here and just comment on the main
difficulties. On the one hand, note that the same arguments as in Subsection guarantee
that the initial concentration assumption ([8.32)) in place of the weak compatibility condition
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(B3] solves the main delicate points. Indeed, such a condition allows compensating extra
factors % coming from the singularity of the influence function ¢., under the cost that a
stronger initial concentration of the internal variable support is assumed. On the other
hand, an analogous dissipation estimate like ([3:22]) holds so that the non-concentration
property (B.34)) persists and it allows extending the result to the limiting regime A; = 1 like
in Subsection (3.5]). Unfortunately, the uniform bound of VW in (L14]) has been applied in
an essential way in the proof if Lemma in order to control (uniformly in ¢) the growth
of spacial and velocity supports. Hence, the case of singularly scaled potentials W, like
in (2.28) cannot be addressed with our method and would require a significantly different
approach and analysis than the present one.

5. NUMERICAL SIMULATIONS

In this section, we present the numerical simulations for the limiting macroscopic equa-
tions (LI0) and (LI3]), both for strong and weak relaxation regimes. For computational
efficiency, we choose the 1-dimensional periodic spatial domain T. However, similar results
could be shown for compactly supported initial data in the free space R. Along this part
we shall use the following notation:

(1) (Lie group) We regard T as the quotient of the interval [0, 1] under identification
of the endpoints 0 and 1. It has a Lie group structure under the group operation
x+y:=[a+b+n],

for any equivalent classes = = [a], y = [b] € T with a,b € [0, 1], where n € Z is the
only integer such that a —b+n € (0,1]. Hence, note that the identity element is [0]
and the inverse element of x is given by
—z:=[1—al.
(2) (Geodesic distance) Given two equivalence classes x = [a], y = [b] € T for some
numbers a,b € [0, 1], we define the distance over T by
|z — y|r :=|a — b+ n|,
where n € Z is the only integer such that a —b+n € (—%, %] It is nothing than the
usual geodesic distance associated to the Lie group. From here on, we will denote
|z —y| := | — y|r and |z| = |x — [0]|1 for simplicity when there is no confusion.
(3) (Convolution) Given two periodic functions f,g: T — R, we define its convolu-
tion fx g: T — R, as the usual Lie group convolution

(f+g)(x) = /T f(& — y)g(y) dy = /0 f(la] - B)g(l)db, z=[a] €T.

5.1. Strong relaxation regime. In this part, we present some numerical simulations of
the limiting macroscopic system (LI0) under the strong relaxation regime. In periodic
variables such a system is determined by the following coupled equations for (p,u):

dp+ V- (pu) =0, (t,z) € Ry x T,
u—u>(t) +0°t) (VW *xp) = ¢ * (pu) — (¢ * p)u. (t,z) € Ry x T.
Here, the relaxation velocity u™(t) € R? and the internal variable #°°(t) € R, are

uw(t):ew(t)/wclx, 6%(t) = </T Pt z) dm>_1.

T e(t) é(t, z)

(5.15)
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These are determined instantaneously by the background fluid (p, @, €), which is governed
by the hydrodynamic equations:

op+V-(pu)=0,

o (t (t,z
(5.16) O(pu) +V - (pu®u /@5113—:13* < (t

C‘bl N
“&2
*
N~—

o

))) ot 2)p(t,z.) ..

I

(o) + V- (pie) = [ ¢lo— . (E(jx) - ))p-@,:c)ﬁ(t,x*)d:c*.

e(t, z«
We choose A\ = A2 = 1 so that the influence functions ¢ and ( are given by
1
¢(z) =((2) = ———
(1+3Jz?)>

Finally, we choose the aggregation potential W as

1 1 )
Wia) = nlel) (3 lou(1 +1o) ~ 3log ). @€,

, xzeT.

where i = 7(r) is a smooth bump function with n(r) = 1 for 0 < r < % and 5(r) = 0
for r > L. We note that the above W is a modification of the potential §log(1 + |z|?)
introduced in (2.27) with A3 = 1, so that it is smoothly extended to the perlodlc domain.

e INITIAL DATA. We choose the initial data for the background fluid (p, u, €) as

(5.17) Px)=1, @°=zx)=0.5+sin2rz), & (x)=2+cos(2rz), zecT,
while the initial data for p is

1
(5.18) POx) = — ©XP <—50 | — [0.5]|2) , x€T,

for some normalizing coefficient Z so that [} p°(z) dw = 1.

e DISCUSSION OF NUMERICAL METHODS. For the sake of completeness, we explain here
the numerical methods that we have used to solve numerically both the hydrodynamic
equations (5.I6]) and the limiting macroscopic system (5.I5]). Given spacial and temporal
grid sizes Ax = % and At = % with M, N € N, we discretize the spatial variable x € T
by nodes xg,...,xy € T with |z;41 — 25| = %, for j =0,...,M — 1, and the temporal
variable ¢ € [0,T] by nodes tg,...,ty with ¢, := nAt, for n = 0,...,N. For any function
w=w(t,z) for t € [0,T] and x € T, we denote its numerical approximation by

wi ~ w(ty, ;).
Considering intermediate nodes, we can determine a staggered grid and we similarly denote
n+

1
w; * A w(tn-i-%’xj)’ w;:_% ~ w(tmxﬁ.%)’ wj+%2 ~ w(tn-i-%’xj_y%)'

o On the one hand, the numerical solution (p"*!, @"*! e"*!l) of (5I6) is computed
from (p",u",€") by using the central difference method on the staggered grid for non-
homogeneous balance law suggested by Nessyahu and Tadmor [58] (see also [53, Section 4]).
We briefly recall the scheme in the simpler case of a 1-dimensional scalar balance law

Opw + a:cf(w) = g(w)’
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Assume that the numerical solution w™ ~ w(t,, ) at the time step n is given. Then, the
(generalized) Nessyahu-Tadmor scheme computes the solution w™ ! & w(t, 1, ) at the next
time step on the staggered grid as

wrt =+ uf) + g - ) + 55 (£ () -7 (w0)

At 41 +1
i fo(efie) o).

1
nt

;7 is given by

n-‘,—l n At n fn,
w; * = wj t5 (g(ug)—f).

where the predictor w

Here, w;” and f;” are first-order approximations of spatial derivative, computed as follows
nl ,__ . n n n n
wj" := minmod(w?;; — wi, wj —wj_,),

f7 = minmod(f (w} ) — f(w}), f(w}) — f(w]_,)),
where minmod is the minmod function:

sgn(z) min(|z if sgn(x) =sgn
minmod(z, ) = | 8 () min(|z, [y]), gn(w) = sen(y),
0, otherwise.
o On the other hand, the solution (p"*1, u"*1) to (BI5]) is computed from (p",u™) as
follows. First, from known (p", u") we can compute p" ! by solving the initial value problem
associated with the continuity equation

Op+V-(pu)=0, (t,xz) e Ry xT,

(5.19) p(0,) = p0($), xzeT,

driven by u = u™ and issued at p". To solve (.I9), we use the well-known fifth-order
weighted essentially non-oscillatory scheme (WENOD5) [64] for discretizing the spatial vari-
able, and use the third-order total variation diminishing Runge-Kutta scheme (TVD-RK3)
[63] for the time integration. We refer to the recent survey paper [65] for further details.
Second, once p" ! is known, u"*! can be recovered from the linear implicit equation

(5.20) u—u>(t) + 0% (VW x p) = ¢ x (pu) — (¢ * p)u,

for p = p"*™! and u>(t,11). Specifically, we approximate the convolution on the left-hand
side and the integral on the right-hand side by using simple rectangle rule. Then, the
equation (5.20) for u is approximated as

M M
n+1 00 n+1 _ . . n+1 n+1y n+1
e E VW (zi —zj)p; " Az = E Pz — ;) (uj™ —ui™)pi T Aw,
j=1 j=1

or, in vector form,

(5.21) (Ing — Az @™ ™™ = 4 (t,41)1 — AxWp .
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Here, p"*t! = (p?“,...,p’zfjl)—r, utt = (u L u’jjl) , 1 := (1,1,...,1)T and the
(1, 7)-component of the matrices "+ € RM*M and W are defined as

(I)n+1 = ¢z — z; p?—H — 0y <Z¢ i~ Tk ,OZ+1) )

Wij = VW(I’Z - :L‘j).

Therefore, u"*! can be obtained by solving the linear algebraic system (5.2I). We use the
MATLAB internal function.

To summarize, we compute the numerical solution through the following protocol: given
numerical solutions (p™,u™) and (p",u",e") at time step n,
(1) Compute (p"*+1, @1, e"*1) and u™(t,,1) by solving (5.16) from (p",a",e").
(2) Compute p"*! by solving (5.19) with v = u™ from p".
(3) Compute u*! by solving (5:20) with p = p"*! and u™(t,11).

12
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(A) Profile of the density p of background fluid.
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(B) (p,a,e) at t = 20. (¢) Dynamics of the fluctuation of @ and e.

FIGURE 4. Dynamics of the background fluid.

e NUMERICAL RESULTS. First, in Figure [l we present the results for the background
fluid (p, @, e). On the one hand, Figure d(A) shows the evolution of the profile of density
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p. Initially, the density has been set so that it is accumulated around z = 0.5. Since the
initial velocity @%(z) = 0.5 + sin(27z) is larger on [0,0.5] than on [0.5,1], that creates a
compression for density. In addition, note that the averaged velocity takes the value

1
/ﬁ(O,x)ﬂ(O,x) dx = / (0.5 + sin(27x)) de = 0.5 > 0.
T 0

Hence, the density p moves slowly toward the positive direction. In Figure [4[(B), we present
the asymptotic profile of (p,u,€) at t = 20. Since the background fluid satisfies the hy-
drodynamic flocking equation, then the velocity @ and the internal variable € are expected
to become homogeneous over the spatial domain, for large enough time, see [31]. Indeed,
Figure [|(B) shows exactly that the limit values of @ and € are 0.5 and 2. Finally, Figure
[4(C) presents the relaxations of fluctuations of @ and € along time ¢. Fluctuation of @ and
e are computed as the maximal oscillations of u and € over the spacial domain, i.e.,

sup ‘ﬂ(t, .Z') - ﬁ(ta y)’? sup ‘é(t7 .Z') - é(t7 y)‘
z,yeT z,yeT

As expected, fluctuations of @ and € converge to 0 and become negligible after t ~ 15.

1951

191

1.85 [
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t
(A) Dynamics of 8°°(t). (B) Dynamics of Z:EQ

FIGURE 5. Dynamics of two main quantities 6°°(t) and g:g))

Next, in Figure [(A) and (B) we observe the evolution of the average values 0°°(t) and

Z::ég for the internal variable and the velocity of the background fluid. They appear in
the right-hand side of (5.20) and play a crucial role in the cross-interaction between the
background fluid (p,@,e) and the limiting system (p,u). Surprisingly, although @ and e
are not homogenized until ¢ ~ 15, (recall Figure E(B),(C)), the quantities 6°°(¢) and Z: Eg

saturate earlier around ¢ &~ 5. Moreover, the limit quantities are determined by the limit

values of w and e:
. . plt,x) N7
lim 6°°(¢) = lim dx =2,
T

t—00 t—00 é(t,x)
im u>(t) = lim / de = 0.25.
t=00 §°(t)  tooo Jp e(t,x)

In Figure[6]l we present the results for the limiting system (p, ). On the one hand, Figure
6I(A) and (B) shows the dynamics of (p,u) along time t. We observe that the density p
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(A) Profile of the density p.
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(B) Profile of the velocity u.
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FIGURE 6. Profiles of p and u for strong relaxation regime.

starts to move toward the positive direction, as an effect of the background fluid. On the
other hand, Figure [6](C) shows the asymptotic profile of the density p and velocity u at time
t = 20. We observe that the density p concentrates, due to the effect of the aggregation
potential W. To quantify the degree of aggregation on the periodic domain, we introduce
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FIGURE 7. Dynamics of the order parameter in the strong relaxation regime.

so-called the order parameter R, defined as

R(t) :== /(cos 27, sin 27x) p(t, x) dz| .
T

Note that the range of R is [0,1] and R = 1 when the density p is concentrated on a single
point. Therefore, the larger R, the more concentrated p is. We present the dynamics of
the order parameter in Figure [l The simulation result implies that the order parameter
increases, which means that the density p aggregates asymptotically. Finally, in Figure
Bl(D), we magnify the same figure [6B{C) around the point at which p concentrates. We
observe that the velocity u approximately takes the value 0.5 at that point, which is the
same value as the limit value of 4.

5.2. Weak relaxation regime. In this part, we provide some numerical simulations of the
limiting macroscopic system ([L13]) under the weak relaxation regime. In periodic variables,
such a system is determined by the following coupled equations for (p,u, 6(t))

Op+ V- (pu) =0, (t,x) e Ry x T,
(5.22) ot)
R () +0) (VW % p) = ¢ (pu) — (¢ * p)u, (t,z) € Ry x T,
where 6(t) is defined by the solution of the relaxation ODE:
: 1 1
= R,.
o0 =50 e TR

We recover the same initial data (p", 4%, €°) in (5.I7) for the background fluid (5.I6)) and p°
in (5.I8)) for the limiting system (5.22]) like in Subsection 5.1l In addition, we set the choice
6(0) = 5 of initial internal variable. We skip the discussion about numerical methods, as
we use similar schemes. In addition, since the dynamics of the background fluid is identical
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to the previous strong relaxation regime, we only focus on the dynamics of (p,u) and we
compare the new results with the strong relaxation regime in the previous Subsection 5.1

t oo «

(A) Profile of the density p.

(B) Profile of the velocity u.
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FIGURE 8. Profiles of the density p and u for weak relaxation regime.

In Figure B we present the profiles of the solution (p,u) of (5.22). We observe that the
velocity u is much larger than in the strong relaxation regime, and this is due to the higher
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initial value of the internal variable 6(¢). Indeed, in Figure [[0l we compare the dynamics of
0(t) and 6°°(t), and the result shows that the internal variable 6(¢) is initially higher than
0>°(t) (due to the choice 6(0) = 5), and it relaxes toward 0°°(t) for larger time. The fact
that higher internal variable 6(t) implies higher velocity u can also be expected from the
velocity equation (5.22]),. Namely, when the internal variable 6(t) is larger than 6°°(t), then
the forcing term in the left-hand side of the implicit equation (5.22)), is also larger, which
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leads to a larger value of the solution u. Consequently, the dynamics of density p is also
faster than in the strong relaxation regime, as shown in Figure [§(A) and (B). Of course,
when 0(0) is smaller than 6°°(0), then the situation is reversed, and the dynamics becomes
slower than in the strong relaxation regime.

Moreover, we present the asymptotic profile of (p,u) at time ¢t = 20 in Figure B(C).
We point out that, after sufficiently large time, say ¢ ~ 20, the solution of (5.22]) in the
weak relaxation regime has almost the same shape as the solution of (5.22]) in the strong
relaxation regime (see Figure[6(C)), up to a position shift arising from the initial difference
of velocities. Therefore, we conclude that although the initial speed of the dynamics depends
upon the initial value of the internal variable, the solution under the weak relaxation regime
eventually converges to the solution of the strong relaxation regime. We also quantify
aggregation by providing the dynamics of the order parameter R in Figure @l Compared
to Figure [7, we observe that the order parameter saturates faster than in the case of the
strong relaxation regime, which also supports the fact that the weak relaxation regime leads
to faster aggregation when the initial value 6(0) of the internal variable is higher than the
background value #°°(0). Finally, in Figure B(D) we present again the magnified Figure
[R(C) and we find that the asymptotic value of u over the support of p is also near u>° = 0.5.

APPENDIX A. AN EXTENSION OF RIESZ REPRESENTATION THEOREM

In this appendix, we recall some notation and basic concepts that are used systematically
regarding Banach-valued LP-type spaces and their dual representability. Specifically, we
shall first the usual Lebesgue—Bochner spaces LP(0,T; X) for any Banach space X and we
recall the corresponding representability of their topological dual spaces LP(0,T; X)*. This
is an intriguing problem usually characterized by the Radon—Nikodym property (RNP) of
the topological dual X*, that is known to fulfill if X is reflexive or X* is separable. For X*
verifying the RNP, we recall the classical Riesz representation theorem, stating that

LP(0,T; X)* = LP (0,T; X*).

Unfortunately, if X* fails RNP, the preceding representation is not valid. For those cases,
we shall recall the Diculeanu-Foias theorem stating that

LP(0,T: X)* = Lt (0,75 X¥),
where Lﬁ,l(O, T; X) is the weak-* Bochner-Lebesgue spaces.
Definition A.1 (Lebesgue-Bochner spaces [23]). Consider a Banach space X. We define
LP(0,T;X) :={f:[0,T] — X : f is measurable and ||f||x € LF(0,T)},
for any 1 < p < oco. So defined, LP(0,T; X) becomes a Banach with norm

1fllzr 0,700 = MLF Nl 2o 0,1 -

As usual, we shall identify functions that agree almost everywhere in [0,T] by taking the
quotient by the relation

fr~g< f(t)=g(t) for almost everyt € [0,T].

See [23] for further insight about measurability and weak measurability (c.f., Pettis’
measurability theorem) of Banach-valued functions.
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Theorem A.1 (Riesz representation [0, 23]). Let X be a Banach space, consider any
exponent 1 < p < oo and define the mapping

(I)pi Lp,(O,T;X*) —_— Lp(O,T;X)*7 B
f — ®,[f], (@plfl 9) = /M (f(t),g(t)) dt,

for any g € LP(0,T;X). Then ®, is a linear isometry. In addition, ®, is surjective if, and
only if, X* verifies RNP with respect to Lebesgue measure in [0,T].

The typical criteria to test RNP are due to Philips, Dunford and Pettis and we summarize
them in the following result, see [23, Corollary II1.2.13 and Theorem III.3.1].

Proposition A.1. Let X be a Banach space:

(1) (Philips) If X is reflexive, then X has the RNP.
(2) (Dunford-Pettis) If X = Y™ is a separable dual, then X has the RNP.

In this paper, we are interested in applying the preceding duality result to several situa-
tions in order to endow the corresponding Lebesgue-Bochner space with a weak-* topology
so that weak-* compactness can be derived from the Alaouglu-Bourbaki theorem. We illus-
trate the two typical examples:

(1) If X = L9(RY) with 1 < ¢ < 0o, then reflexivity guarantees
LY (0,T; LY (RY)) = LP(0, T; LY(RY)*,

for any 1 < p < o0.

(2) If X = Co(R?), then X* = M(R?). Of course, reflexivity is not true, so that the
first criterion by Philips fails. Also, the map z € R? — 6, € M(R?) embeds
R? into M(RY) as an uncountable and discrete subset. Therefore, M(R%) is not
separable neither, so that Dunford-Pettis criterion fails too. Indeed, M(RY) fails
RNP because L' (R%) is a subspace failing RNP, see [8, Example 2.1.2].

For those cases, representation is achieved in terms of weak-* Lebesque-Bochner spaces.

Definition A.2 (w* Lebesgue—Boschner spaces [26], 41], 42}, 59]). Consider a Banach space
X. We will define
(f,x) € LP(0,T) forall z € X,
L0, T X7) == f:[0,T] — X" and sup | (f,z) Il e 0,1y < 00,
[zl x <1

for any 1 < p < co. So defined, L%, (0,T; X*) becomes a Banach space with norm

HfHLfU(O,T;X*) = sup |[[(f, ) ||LP(0,T)-
llzllx <1

Again, we identify it with its quotient by another (different) relation
frg<= (f(t),x) =(g9(t),x) a.e te[0,T], forany z e X.

Notice that for =, the negligible subset of [0,T] depends on x € X, as opposed to ~ in
Definition [A 1.

The most delicate point of Definition [A.2lin contrast with Definition [A.T] is that functions
f € LE,(0,T; X*) are not necessarily measurable, but only weak-* measurable. In particular,
~ and ~ do not agree. However, they do agree if X is separable. If indeed X* (thus X)
is separable, measurability and weak-* separability agree and LP(0,7T; X*) = L%,(0,T; X*).
We end this section by recalling the Dinculeanu-Foias theorem, see [41], [42 p. 95 and 99]
and also [59, Theorem 10.1.16], [26] Theorems 12.2.11 and 12.9.2].
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Theorem A.2 (Dinculeanu-Foias). Let X be a Banach space, set any exponent 1 < p < 0o
and define the mapping

b,: L5(0,T;X*) — LP0,T;X)", <~ >
f — q>10[f]7
for any g € LP(0,T;X). Then, <T>p 18 a surjective isometry.

In particular, we conclude that LP(0, T; Co(R%))* = Lg (0, T; M(R%)), for any 1 < p < oo0.
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