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ABSTRACT. Hydrodynamic systems arising in swarming modelling include nonlocal forces in the form
of attractive-repulsive potentials as well as pressure terms modelling strong local repulsion. We focus
on the case where there is a balance between nonlocal attraction and local pressure in presence of con-
finement in the whole space. Under suitable assumptions on the potentials and the pressure functions,
we show the global existence of weak solutions for the hydrodynamic model with viscosity and linear
damping. By introducing linear damping in the system, we ensure the existence and uniqueness of
stationary solutions with compactly supported density, fixed mass and center of mass. The associated
velocity field is zero in the support of the density. Moreover, we show that global weak solutions
converge for large times to the set of these stationary solutions in a suitable sense. In particular cases,
we can identify the limiting density uniquely as the global minimizer of the free energy with the right
mass and center of mass.

Keywords: hydrodynamic models for swarming, viscous compressible flows, nonlocal interaction
forces, long time asymptotics

1. INTRODUCTION

Continuum hydrodynamic descriptions for collective behavior of particles/agents are a very useful
tool in mathematical biology to efficiently model the behavior of large populations of cells moving due
to interactions produced by adhesion or chemical cues, and in large groups of animals via visual or
sensory interactions. These models have been derived either phenomenologically, as in [50, 37|, or by
the methods of kinetic theory, see [25, 15, 10, 28, 18, 22, 26, 27, 1, 40, 12] and the references therein.
Particles are assumed to interact nonlocally via attractive and repulsive forces modelling a range of
these effects such as cell adhesion, chemotaxis interaction or volume constraints. Nonlinear pressure
has been used as a model for volume size effects in cell or animal populations [50, 37, 38, 7] as it can be
seen as a very localized repulsive interaction. In this work, we are interested in qualitative properties
of the following hydrodynamic system

Oro + divy(ou) =0

1.1
Orou + divy(ou @ u) + aV, ™ = pAu+ Vi (A + p)divyu — (VK % 0)o — oV, P — pu (1.1)

considered in (0,7") x €, where the unknowns are: o(t) : @ — R for ¢ > 0 denoting the density and

u(t) : Q — R3 for t > 0 denoting the velocity field. Moreover, the interaction potential K : R® — R

encodes the nonlocal interactions (repulsive or attractive), ® : R? — R is a confinement potential that

maybe present or not, and the physical constants involved in the viscosity term and the nonlinear
1
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pressure satisfies the following assumptions

2 3
u >0, )\+§u20, a >0, m>§. (1.2)

The restriction for the nonlinear pressure exponent m allows for compactness properties for solutions
and approximate solutions.

The system (1.1) will be either considered in the whole space Q = R3 with a confinement potential
® and the right functional setting or in a bounded smooth domain supplemented with the Dirichlet
boundary condition:

ugn =0, (1.3)
with or without the confinement potential. In that case the convolution in the nonlocal term V K o
is defined by extending the density to the whole space by zero outside its domain of definition.

Our problem is supplemented with initial data (gg, mg) such that

0(0,2) = go € LL(Q) N L™(Q), ou(0,2) =mg € L'(Q) N L5 (Q) (1.4)
and the following compatibility condition is supposed to be satisfied

lmy|?

00

Stationary solutions to (1.1) with u = 0 in the support of p are intimately related to aggregation-
diffusion equations of the type

o + divg(ou) =0 with a = —aV, 0™ — (VoK * p)p — 0oV, P. (1.6)

Let us first point out that (1.6) can be obtained through a relaxation limit from (1.1) as in [41] for
zero viscosity coeflicients. On the other hand, if there is a solution g5 of the problem

aVg0y + (VoK % 05)0s + 0sV® =0, (1.7)

in Q, then the pair (gs,us = 0) is a stationary solution of the hydrodynamic system (1.1). The
connection between these two macroscopic models (1.1) and (1.6) is deeply rooted in their variational
structure. Both the hydrodynamic system (1.1) and the aggregation-diffusion equation (1.6) dissipate
the total free energy defined as

mg = 0 whenever gy = 0, € LY(Q). (1.5)

1 1
E(t) = / —olu|* dz + Flp] with  Flp] = / [ ¢ 0"+ (K x0)o+ 0P| dx. (1.8)
Moreover, the dissipation of the free energy for the hydrodynamic system (1.1), formally given by
d
CB(r) = —/ [1]Val? + (A + p)|divul? + ofuf?] dz, (1.9)
Q

vanishes for zero velocity field due to the boundary conditions. Therefore, the stationary solutions for
the hydrodynamic system (1.1) have a density satisfying (1.7).

In fact, finding conditions leading to a balance between repulsion, modelled by nonlinear diffusion,
and aggregation, modelled by nonlocal interactions, has been very popular in the last 10 years due to
its importance in mathematical biology and other applications for particular potentials in gravitational
mechanics. Finding stationary densities that satisfy the balance of forces (1.7) is a very challenging
question by itself. It is related to finding minimizers of the free energy Flp| in the set of densities
integrable in L' N L™ () sense. General convexity conditions for smooth confinement and interaction
potentials allowing for unique minimizers of the free energy F[p] were obtained in [23].
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The most classical instance corresponds to the choice of attractive Newtonian interaction for K
in the whole space without confinement. This case appears both in gravitational collapse and in the
mathematical biology literature as a hyperbolic counterpart of the Keller-Segel model, and it is known
as the FEuler-Poisson system. Conditions on m ensuring the existence of compactly supported Holder
continuous stationary solutions which are minimizers of the free energy F|p| are given in [2, 47, 24,
11, 19]. Stability/instability of these stationary solutions together with qualititative properties for the
Euler-Poisson system have been analyzed in [45, 46, 31, 43, 44, 29, 49]. A generalization of this case for
homogeneous interaction kernels K (z) = |z|¥/k, k € (—d, 0), in the whole d-dimensional space without
confinement has been recently obtained in [17, 8, 9, 20]. The balance of forces happen in general for
the range m > 1 — § regardeless of the mass of the initial data, known as the diffusion-dominated
case. The uniqueness of stationary solutions (1.7) has also been established in [19].

The other interesting case corresponds to quadratic nonlinear diffusion m = 2 with integrable
attractive kernel K (x). This case is directly linked to approximate concentrated repulsion forces by a
Dirac kernel in the interaction potential leading to o( VK * o) ~ %VQQ. In this case, minimizers of the
interaction energy JF|p| have been studied in [3, 5, 6, 39]. In short, they show the existence of a unique
compactly supported Holder continuous stationary solution for all masses if m > 2 using arguments
from [19]. These stationary solutions and their uniqueness, for a given mass and center of mass, are
valid both for the whole space and the bounded domain case. The presence of an external potential
in the whole space is not needed in order to have a unique stationary state. Adapting [19] to allow for
uniformly convex external potentials ® in the whole space satisfying the assumptions from the next
section is a simple matter.

The energy dissipation (1.9) implies that if we are able to find the suitable analytical framework
to show global existence of solutions to the hydrodynamic system (1.1), the long-time asymptotics of
the system (1.1) should be governed by the stationary solutions whose densities are given by (1.7).
This is the main goal of this work that we will achieve by finding suitable approximation systems
and compactness arguments based on ideas developed by Lions [42], and by Feireisl and collaborators
[32, 33, 34, 35, 36]. Notice that the uniqueness of stationary densities satisfying (1.7) discussed above
allows us to uniquely identify long-time asymptotics of hydrodynamic system (1.1) via compactness
methods.

The confining potential ® is needed in order confine the mass in the whole space, see [21]. Removing
® completely is a challenging issue, at least for certain interaction potentials, well known in the
aggregation-diffusion literature, see [11, 19, 24] for instance. In some cases, quadratic confinement
potentials correspond to hydrodynamic systems with expanding self-similar solutions due to repulsive
nonlocal interactions in the self-similar variables as in [14].

Further previous results related to systems of the form (1.1) include long-time asymptotics and
critical thresholds without pressure terms in one dimension [13, 14] and weak-strong uniqueness and
nonuniqueness results [16] for the corresponding Euler equations. As far as the Navier-Stokes-Poisson
(NSP) system is concerned, various questions like existence, long-time behavior, and stability of solu-
tions have been studied during the last 20 years. In the case of Newton potential modelling attractive
(gravitational) force in the whole R3, the existence of global in time weak solutions was proved by
Ducomet et al. [30]. Their proof works also in the case of repulsive potential (i.e. Coulomb force) and
in this case it has been further studied by Bella in [4]. The last of the mentioned results concerns the
long-time asymptotics of solutions to NSP. It was shown that these solutions converge to the unique
(non-trivial) solution to the stationary problem. In this work we deal with long-time asymptotics for
the full hydrodynamic system with nonlocal potential that might be even more singular at the origin.
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The rest of the work is organized as follows. Section 2 is devoted to the precise hypotheses under
which we obtain the main results: existence of solutions for the system (1.1) and long-time asymptotics.
Section 3 deals with all the approximation procedures, compactness arguments and estimates needed
for the global existence of weak solutions to the system (1.1). Further properties related to center of
mass and confinement of the mass are obtained for the full space case at the end of this section. Next,
in Section 4, we analyses the long-time asymptotics showing that the w-limit set of the constructed
weak solutions is determined by the set of stationary solutions satisfying the balance of forces (1.7).
Finally, in Section 5, we discuss the extension of our results to the case of system (1.1) augmented
with terms modelling the alignment.

2. MAIN RESULTS: GLOBAL EXISTENCE AND LONG-TIME ASYMPTOTICS

Let us start by being more precise on the interaction and confinement potentials. In case = R3,

we will assume that ® € W/llg’coo(R?’) is a confinement function in the sense that it satisfies that there

is R, > 0 large enough and C,v > 0 such that

|V, @(x)| < C®(x) for |z| > R,, (2.1)
and
, d(x)
1 = 2.2
|:1:\1£>noo ]x]”” ( )

The ensemble of hypotheses & € I/Vll’oo(]RS), (2.1) and (2.2) will be referred to as (HC). In case

oc
we work in a bounded domain €2, the confinement potential can be taken as zero if desired. The

interaction potential K () is assumed to be symmetric and satisfying

1
K € LY(R?), where max {1, 1} < q < o0, (2.3)
m —
and
VK € LY(R?), where max L,l <q, 0 =min 2m— 1,1 . (2.4)
’ 2(m —1) + 0 ’ 3 4

This set of assumptions will be referred as (HI).

Remark 2.1.

i) The hypotheses (HC) on the confinement potential are rather natural in order to get a control
of the moments of the density by means of the dissipation of free energy (1.9), see also [23, 21].

ii) If the interaction potential is smooth K € C%*(R3) with K,VK,D?K € L' N L>®(R3), the
assumptions (HI) are met. A particular ezample is K (x) = +exp(—|z|?). By the recent result
[39], under the further assumptions that K is radially symmetric K(x) = k(r) with k bounded
below, strictly increasing with zero limit as r — oo and k" (0) < 0, the existence and uniqueness

of compactly supported stationary solution to (1.7) with m = 2 without confinement is ensured.
Again, a particular ezample to consider would be the attractive potential K (x) = — exp(—|z|?).

iii) Assumption (2.3) is needed to control the interaction term in the energy (1.8). In fact, we
obtain that (K x 0)o € L*(0,T;L'(R?)) by using o € L>¥(0,T; L'(R3) N L™(R?)). More
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precisely, using the Hélder, Young, and interpolation inequalities respectively we show that

‘/QK*QCLT

< llelaages) 1K el ey gy < el 1K lzages)

2(1
< CllelZS el oy 16 Loy < Clell 2 eyl K o) (2.5)
where ¢ = 2(p{1). Therefore one needs to assume that
1 1-
1<p<m, -= a+g, 0<a<l, and 2a<m.
P 1 m

From this, we deduce two relations between q and m, mnamely 2( < q and %1 < q.

-1)
Therefore for m close to 2 5, the second one is most restrictive. Note that for m <2, —5 >
Sy, and that form > 2, 1 > 5oy, This leads to our assumption (2.3).

If the interaction potential behaves at zero as a power law, in the sense that K(z) ~ r? and
VK ()| ~ r~1 for small r, the integrability hypotheses in (HI) are met locally near the
origin by taking ¢ — 17 as soon as b > —2 and m > % after some easy computations using
W = 1 in (2.4). Of course, the potential has to be modified at infinity in order to
satisfy the assumptions (HI) globally. This case includes a large class of potentials for which
the results in [19, 8, 9] apply giving the existence of radially compactly supported stationary
solutions to (1.7) without confinement. This class therefore allows for potentials that are locally
even more singular than Newtonian interaction. Our present results do not include the case
of the purely attractive/repulsive Newtonian interaction for which uniqueness of the solution
o (1.7) is known [11, 19], see also [ ]

Notice that by taking in (2.4) m — 2 , 0 — 0T, and therefore q >

We will denote by D the space of smooth compactly supported functions, by D2(Q) — the space

i)

of locally L!-integrable functions with gradient in L?(2). The symbol Cyeqr ([0, T]; L4(Q2)) stands for
the space of all vector-valued functions on [0, 7] ranging in L9(€2) continuous with respect to the weak
topology. Let us first define the concept of weak solution that we deal with in this work.

Definition 2.1. Let Q = R3 or be a bounded smooth set in R3. Given the density o € L>(0, T} Ll+ N

L™(Q)) with 0 € Cyeak([0,T]; L™(2)) and the velocity field pu € C’weak([O,T];L%(Q)) with u €
L*(0,T; W&Q(Q)) in the case of bounded domain or u € L*(0,T; DY?(Q2)) in the case Q = R3, we say
that the pair (o, u) is a bounded free energy weak solution to the hydrodynamic system (1.1) if

0 > 0 is a renormalized solution of continuity equation (1.1); on (0,T) x Q: for any test
function ¢ € D([0,T) xQ), any T > 0 and any b € C1(R) s.t. ¥'(z) = 0 for all z large enough,
say z > My, the following holds

/ / 0)0up + (b(o)) - Vap — (b (0)o — b)) div,uyp) drdt = — /Q b(00)p(0, ) dz.  (26)

Moreover, (2.6) holds on R? provided o, u is extended to be zero on R3\Q in case of 2 bounded.
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ii) The equation (1.1)q is satisfied in distributional sense, i.e.

T T
/ / (ou- O+ ou®@u: Vo + ap™divye) dadt :/ / (uVmu Ve + (A4 u)divxudivr<p) dzdt
0JQ 0JQ
T
+ / / (VoK % 0+ V3P)o+ pu) - pdadt
0JQ

- /Qmo ~(0) dz,

for any test function ¢ € D([0,T) x ;R3) and any time T > 0.
iii) The following energy inequality

¢
E(t) +/ / (1| Vu? + (A + p)|diveul* + olul?] dzdt < E(0)
0 JQ
holds for a.e. t € (0,T), where

B0) = [ (Ge0ROF + om0 + 505 00+ o) .

Our main result concerning global existence of weak solutions in the whole space case reads as
follows.

Theorem 2.1. Let m > % and Q = R3. Assume that the interaction potential K and the confinement
potential ® satisfy (HI) and (HC) respectively, and that the initial data satisfy (1.4)-(1.5) together
with 0o® € L'(R3).
Then there ezists a global in time bounded free energy weak solution to the system (1.1), (1.4), in
the sense of Definition 2.1. Moreover, for 6 = min{%m -1, i}, o satisfies additionally
o€ L™9((0,T) x R?). (2.7)

loc

Remark 2.2. Assumption (2.4) will be used to control the interaction term for obtaining the higher
integrability of the density (2.7) locally in space, and the weak sequential stability of the nonlocal term,
see Lemma 3.3 below.

In the bounded domain case, there is no need for the confinement potential, the assumptions (2.1),
(2.2) do not have to be satisfied, in particular, we may take ® = 0. Moreover, for the bounded domain
the hypotheses (HI) on the nonlocal force VK x g can also be reduced to their local versions. We will
refer to that set of hypotheses as (HI);,.. This is due to the fact that for densities supported inside
a ball of radius R we only need values of K(z) or their derivatives inside a ball of radius at most 2R.
Therefore, given a potential K satisfying (HI);,., we can change K outside of the ball of radius 2R
to satisfy (HI). Therefore without loss of generality, we can assume in the theorem (HI);,. although
we will use in the proofs (HI) if needed. Then the main result for the bounded domain is:

Theorem 2.2. Let m > % and Q0 a smooth bounded domain in R®. Assume the interaction potential
K satisfies (HI)je, ® € W1°(Q), and that the initial data satisfy (1.4)-(1.5).

Then there ezists a global in time bounded free energy weak solution to the system (1.1), (1.3), (1.4),
in the sense of Definition 2.1. Moreover, for 8 = min{%m -1, %}, o satisfies additionally

o€ L™((0,T) x Q).
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Now, we can also discuss the main result concerning the long-time asymptotics of the hydrodynamic
system (1.1). Given a curve of weak solutions in ¢ € Cyeqr ([0, 00); L™(2)) N L>((0, 00); L' N L™(Q)),
we define its w-limit set w(p) in L™(§2) as the set of all possible accumulation points of the curve as
t — o0, i.e.,

w(o) = {o € L"™(Q) such that I{t, }nen o0 : {o(tn, z) }neny — 0(x) strongly in L™(Q)} .

Theorem 2.3. The w-limit set w(p) associated to global weak solutions (o(t),u(t)) to the hydrodynamic
system (1.1) obtained in Theorems 2.1 and 2.2 consists of stationary solutions with zero momentum
and densities with the same initial mass Mo = || 0o||11(q), satisfying the balance of forces relation (1.7)
in D' (). Moreover, we have

Jim [[Vu(#)]|z2) = 0,

and
tlim [u(®)|[s() = 0 in case of bounded domain €2 (2.8)
—00
tlim ot)ut)?dz =0 for Q=R> and Q bounded. (2.9)
—00 [¢)

Additionally, if the solution to (1.7) with mass My and zero-center of mass density is uniquely given
by 0s, and there exists co € R3, such that

lim zo(t)dz = ¢y,

t—o0 R3
then
lim ||o(t,z) — 0s(z — o)l pmr3) = 0.

t—o00

Remark 2.3. According to [39], if m > 2 and K(z) =1 — exp(—@) the solution to (1.7) is unique
up to translation and given by a Hélder continuous compactly supported radially decreasing profile os.
Therefore, the convergence towards the unique steady state holds for the corresponding hydrodynamic
system (1.1). For a more general set of assumptions on K and m under which the uniqueness up to

translations of solutions to (1.7) holds, we refer to [39].

3. PROOF OF GLOBAL EXISTENCE

In the following section we prove existence of solutions to the system (1.1). Our proof is based on
the existence of solutions from [34]. The result therein holds for the Navier-Stokes system on bounded
domain and without damping, confinement and nonlocal terms. In this section, we concentrate on the
whole space case, and therefore we introduce three levels of approximations:

e We introduce an approximation by bounded domains: balls of radius r, that will converge
later to whole space R3 as r — oo.

e As in [34], we introduce artificial viscosity term in the continuity equation related to the
parameter €, which later converges to zero.

e As in [34], we introduce the artificial pressure term related to the parameter ¢, which later
converges to zero.

In order to prove the existence on bounded domains we can skip the first point of the approximation
and it will be easy to observe that confinement is not needed, since (2.1), (2.2) is crucial only for the
case of unbounded domain, in particular as r — oco.
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3.1. Approximation. In order to prove existence of global in time weak solutions to (1.1) let us start
with the following approximation:

Let Q. ={z € R®: |z| <7}, 7>0. (3.1)
For 6 > 0, e > 0 and § > max{4, m} we introduce the following system which approximates (1.1)
0o + divy(ou) =eAp in (0,7) x Q,,

di(ou) + divy(ou ® u) + Va(ag™ + 60°) + eV,0Vou = pAu + (A + 1)V (divyu) (3.2)
—ou— (V,K*x0+V,®)o in (0,T) x Q,

supplemented with the boundary conditions on 952,
Vo 1nlsq, =0, ulsq, =0, (3.3)

where n is an outer to {2, normal unit vector. Parameters u, A and m satisfy (1.2). Moreover we
complete the system with the initial data:

05(0) = 00,56 € C*T(Q), 0<0< 0os(z) <0< ooin,

e (3.4)

(,qu(;)(()) =mys € C (QT)
3.1.1. Ezistence of solutions to the approximation. The proof of existence of solutions to the system
(3.2), (3.3), (3.4) with Q, satisfying (3.1) follows the blueprint of [34]. We proceed analogously, since
the new terms (damping, confinement, and nonlocal) do not cause any additional difficulties as proved

below. Namely, one can construct Faedo-Galerkin approximation scheme in the following way (see
[34, Section 2.2] for details):

(1) Velocity field is spanned in finitely dimensional space of functions of suitable regularity (eigen-
functions of the Laplacian).

(2) The continuity equation (3.2); with initial data (3.4) has then classical solutions.

(3) Let us call k-approximation any such constructed approximation. In order to use fixed point
argument which provides existence of k-approximations, we notice that due to assumptions on
the initial data, on K, and ®, the nonlocal and confinement terms are bounded.

(4) In order to prove weak sequential stability, we discuss only the novelty related to the nonlocal
term. The analysis of k—approximation provides that g — o strongly in L*((0,T) x €,) and
a.e. in (0,T) x Q,. Since V,K € L(R3) with ¢ > 1, prolonging g by zero outside of €,
VK * g is bounded in L*((0,7) x R?), (VoK * gx)ox is bounded in L?((0,T) x Q,). To
identify the weak limit of (VK * ox)or let us notice that for any ¢ € L2((0,T) x Q,;R3)

T
/0 / (VoK o) o - ¢ — (Vo K * 0)0 - ¢dadt

T
N /0 /Q (VoK % (0k — 0))ok - ¢ — (VoK x 0)(0r — 0) - ¢ dxdt.

By the above properties one easily concluded that both terms on the RHS vanish as k — oo,
consequently (VK * g;,)or converges weakly to (VK x g)o in L2((0,T) x ;).

(5) The confinement term does not bring new difficulties since ® € W/llo’coo(R?’), similarly as the
dumping term.
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3.1.2. Vanishing artificial viscosity limit. Next goal is to pass to the limit in (3.2) with ¢ — 0. Let us
denote weak solutions to (3.2), (3.3), (3.4) by {0e, u:}e>0. Then the following proposition holds:

Proposition 3.1. Suppose 8 > max{4,m}. Let Q. C R3 satisfy (3.1), 005 and mqs satisfy (3.3),
(3.4). Let K satisfy (HI), ® € W1°(Q,). Lete > 0, § > 0. Then there exists a weak solution
{0e,ucte=0 of the problem (3.2), (3.3), (3.4) such that

sup ”QE(t)H?m(QT) < C(E5,7",€(O)a K, ¢) ’ (35)
t€[0,T]
6 sup [lo:=(t)l1 (g, ) < (Esre(0), K, @), (3.6)
t€[0,T
sup [|v/2e (00 22, ) < (B e (0), K, @), (3.7)
te[0,7
T 2 2
/0 [cl|72(q,) + 1Vauellz2qg,) dt < c(Esye(0), K, @), (3.8)
sup ||QE(t)(I)HL1(QT) < C(Eé,r76(0)7 K, CD) ) (39)
t€[0,T]
T
= [ I9sele, ot < (5,5, 00,0, ) (3.10)
0
d 1 2 a m 6 B
it [zt + e+ gt e

—i—/ € [a’y|ng€\297*2 + 65|V$g|296’2} dz —i—/ [ulvxu(f + (A + p)|divu|* + leuem dz
Q.

< _/Q [Qavxq) cue + Qs(vxK * Qe) : ug} dx

holds in D'(0,T), alongside with its integrated version

t
Eé,r,a(t)Jr// 5|:a7|vx:_0€|2Q7_2+5B|VxQ|QQB_2} dz dt
0 Ja,
t
—I—/ / (1| Voue)® + (A + p)|diveu: | + o-u. %] dz dt
0 Ja,

< E&,r,a(o) - / [stxq) s Ue + Qs(vxK * Qs) : us] dx

Qr
for a.a. t € (0,T), where
1 a 0
Esre(t) = /QT {295|u€|2 + m@? + 5—Q?+] dz,

and

1 |mg 4> a 4]
Esr(0) :/ [2 200 Tz 198?5 + ﬁ@gﬁ dz.

There ezists also s > 1 s.t. Opoe, Aoe € L*((0,T) x ;) and continuity equations is satisfied a.e. in
(0,T) x Qp, and
0: =0 i Cuear((0,T); LB(QT))' (3.11)
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Moreover there exists a constant ¢ independent of € s.t.
|0z llLm+1 (0,1 x ) T l0ell L1017y <0,y < €(0, 00,6, Mo 5, K). (3.12)

Details of the proof can be found in [34, Section 2]. One needs only to modify it due to presence
of damping, nonlocal, and confinement terms. Estimates (3.5) — (3.8) are a consequence of the en-
ergy inequality, application of the Poincaré and the Young inequality, and assumptions on K and .
To justify the estimate (3.12) an additional step is to give uniform bounds for damping, nonlocal,
and confinement terms in the momentum equation tested by (¢t)B[o. — ko], where B denotes Bo-
govski operator, kg = \Qilrl er oe(z)dz, ¢ € D(0,T), 0 < ¢ < 1. Then as B[o- — ko] is bounded in
L>(0,T; L>®(2)) as 5 >4, (3.5) - (3.9) hold, and by assumptions on V,K and on ® we find that

T T
/0 ¥ /Q esuaB[gs—ko]dxdt\Scl /0 1vael 2o | vE0el 2 1Blee — kolll =) dt < e,

T T
/0 1?/9 (VoK * 0:)0:B|o: — ko) dxdt‘ < 01/0 VoK *0: | L2 (0,) |02 | L2 (0, [1Bloe ko] | Lo (o) At < c2,

T
/ Y [ (Va®)o:Blo: — ko dxdt'
0 Q

T
< 01/0 <Hvzq)HLm’(QmBRO)HQ&HLM(QTQBRO) + Hq)Qs”Ll(QT\BROO |1Blos — kO]HLOO(QT) dt < co
where Bp, centered at zero with radius R, given in (2.1).
Let us notice that as o. satisfies continuity equation in a weak sense then we get that for all
¢ € C(Q,), the family { Jo 00 dx} . (t) forms a bounded and equicontinuous sequence in C[0, T
T e>

(since by (3.5), (3.7), o bounded in L*°(0,7; L™(£2,)) and p.u. bounded in L“(O,T;L%(QT))).
Then, by the Arzela-Ascoli theorem

/ o-pdx — / oe¢pdx in C([0,T7]) for any ¢ € C°(£2,).
Q. Qr

As (3.5) holds, the above convergence extends to each ¢ € L™ (Q,) (see [33, Corollary 2.1]) and
therefore we get

0 = 0 in Cueqr([0,T]; L™ (). (3.13)
So, by (3.6) we get that (3.11) holds as well. Similar arguments as for (3.13) applied to g.u. and
momentum equation combined with (3.7), (3.8) provide

oo — ou  in Cuear([0, T]; L1 (0,)). (3.14)

Combining this with the weak convergence of the gradient of u. allows us to pass to the limit in the
convective term, using the Div-Curl argument.

With the Proposition 3.1 at hand, we may pass with ¢ — 0 in the continuity and momentum
equations (3.2) and obtain (in a weak sense):

0o+ divy(pu) =0 in (0,7) x Q,, (3.15)
O(ou) + divy(pu @ u) + Vb = pAu+ (A + p)Vy(divgu) — pu — (VoK * 9)p — oV, ® in (0,7) x £,
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Here, p is a weak limit of apl” + 595, namely by (3.12)

o™ — g™ weakly in L5 ((0,T) x ,), (3.16)
595 — 508 weakly in L%((OvT) X §2). |

and so p = ag™ + dp°. By (VK * 0)o we denote the weak limit of (VK * g.)o- in L5((0,T) x £2,.)
for some s > 1, due to (3.5) and assumptions (HI) on K.
To show that
p=aom+60°, (3.17)
we will follow arguments used in [34, Section 3.4], in particular let us state the following result
concerning weak sequential stability of the so-called effective viscous flux:

Lemma 3.1. Let {g:, u:}e>0 be a weak solutions to (3.2), (3.3), (3.4) as in Proposition 3.1 and (o, u)
be a weak solution to (3.15). Then
T

T
lim v [ plag™ 4 607 — (A + 2p)diveu,) o, dzdt = / v [ o(@— (A4 2p)divyu)odedt
0 Q,

e—=0t Jo Q,
for all ¢ € D(0,T), & € D().

The proof of Lemma 3.1 is almost the same as for [34, Lemma 3.2]. We only need to take care of
damping, nonlocal and confinement terms when testing the momentum equation by properly chosen
functions, passing to the limit and checking if these terms converge properly to their counterparts. To
this end let us denote

@ = 1p(t)d(x)Aloe]
where v € D(0,T), ¢ € D(2,), . is extended by zero outside of €2, and the inverse divergence operator
A is defined by

Alv] = {A;}ic123, A = A7 (04,0) (3.18)
In particular, for A;[h] = A719;h by Lizorkin theorem we have
3
A; 0 LP(R3) — LY(R®) with ¢ = ﬁ, l<p<gqg<oo, p<3. (3.19)

Notice that ¢ defined above is a proper test function for momentum equation, particularly for nonlo-
cal, damping, and confinement terms. Namely A[o.] € L*°(0,T; L>(R?)), as Alo:] € L*°(0,T; WHP(R?))
and 8 > 4. The properties of operator A give

[A[]llwrs,) < c(s, Q) [[vllLsmsy  with 1 <s < oo.
Then by (3.11) and (3.12) we get
Aloe] = Alo] in C((0,T) x Q). (3.20)
Hence by (3.20) and (3.14), we deduce

/ / 0euc - Y (t)p(x).Aloe dxdt%/ / ou - (x)A[p]daxdt ase— 0.

By (3.20), one obtains

T
/ / (VoK # 0.)o- - (t)6(x) Alo.] dadt — /0 / VoK 7 0)o- v(1)é(x) Alg dzdt  as e — 0.
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Note that this term is precisely what we obtain by testing the limit momentum equation by the
function ¥ (t)¢(z).Afg]. Next, since ® € Wl o2(R3), (3.20) and (3.16) provide that

/ / 0V ® - ) (t)p(z).Aloe] d:zdt—>/0 /Q oV ® - )(t)p(x)Alo] dzdt  as e — 0.

Lemma 3.1 is crucial to provide strong convergence of the density sequence. For the rest of the
details we refer to [34]. Just shortly, it is based on the fact that P(z) = az™ + 02" is a monotone
function, and one can use a Minty type arguments to prove a.e. convergence of the density sequence

0e =~ o ae. in (0,7) x Q,,
and that (3.17) is satisfied. Moreover, thanks to uniform estimates on the density, we have that
0e — o0 strongly in LP((0,7) x £2,), 1<p<p+1.
So, using (HI) we identify also
(VoK * 0)o = (V2K x 0)o.
In this way we are able to conclude the following result.
Proposition 3.2. Let Q. C R? be bounded domain of the class C**V, B > 4. Let K satisfy (HI)

and ® satisfy (HC). Let (3.4) be satisfied. Then there exists a free energy weak solution (o,u) to the
problem

0o+ divy(ou) =0  in (0,T) x Q,,
A (ou) + divy(ou ® u) + Vi (a0™ + 60°) = pAu + (A + )V, (div,u) (3.21)
—ou— (VoK*x0+V,®)o in(0,T)xQ,,
ufpo, =0
for any fired r > 1 and § > 0.
Let us denote by {o,, 0, },>1 a family of weak solutions to (3.21). Then o, € LT1((0,T) x ;) and

the continuity equation holds also in renormalized sense (provided o, u, is extended by 0 outside of
Q). Finally (or,u,) satisfy for each r > 1 and § > 0:

lor (D)l L1,y = ller(0)llL1(q,) < ¢ for a.e. £>0, (3:22)
Sup 00 (1) [y < e(Esp (0, K), (3.23)
te[0,T]
5tSElp lor(t )HLﬁ(Q ) = (Eér(o) K),
€0

SUI} [V or(t U—THL2 ) < c(Es,(0), K),
telo

T
/H%mﬁumﬁéd%A%K%
0

sup ”QT(I)”Ll(Qr) < c(E5,(0), K),
te[0,7)

sup [|(K * or)erllL1(e,) < ¢(Esr(0), K), (3.24)
t€[0,T]
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and the integrated version of the energy inequality

By (t) + /Ot/ W Vaw 2 + A+ wldiveu | + or[u,l?] dedt < Es, (0)
fora.e. t € (0,T), where ’”

1 a o 1
E‘Svr(t) - / |:Qr|u7"’2 + Q;n + 71@7@+ §(K * QT)QT‘ + qu):| dz,
Qr m -

2 —1 B

1 |myg s 2 a 1) 1
Esr(0) = / [2’ Qoa| T 1@675 + = 1@35 + §(K * 00,6)00,6 + 00,5P| dz.

is bounded uniformly w.r.t. the parameters r > 1 and § > 0.

Let us notice that the boundeddnes of Es,(0) results from the assumptions on the initial data and
(2.3). Then the estimates (3.23) — (3.24) are direct consequences of the energy inequality, application
of the Poincaré and the Young inequality, assumptions on K (in particular see (2.5)) and ®. Moreover,
(3.22) is implied by the continuity equation.

3.1.3. Euzistence of solutions on unbounded domain. Passing with r — oo. Let {2, },~0 be given by

(3.1). Let us notice that we may extend o, and u, by zero on the whole R? such that Proposition 3.2
holds true on R3.

Let ¢ € D([0,T) x R?) and ¢ € D([0,T) x R3;R3) be arbitrary, but fixed. Let us fix a number
7 € (R,0) large enough, such that Q7 contains supports of both test functions. Thus, as in previous
steps, we can pass to the limit in all terms of the weak formulation of the continuity and momentum
equations (3.21) since our considerations can be reduced to the set Q.

The passage to the limit in the pressure term p, = ao]* + ¢ g,@ , and in the nonlocal term o, K * o,
are similar as in the case of vanishing of the artificial pressure § — 0, therefore the details of this
discussion are postponed to the forthcoming subsection.

Proposition 3.3. Let (3.4) be satisfied on whole R and let 0 < T < co. Then there exists a bounded
free energy weak solution (o,u) to the problem

dro +divy(ou) =0 in (0,T) x R?,
A (o) + div,(ou ® u) + Vi (ag™ + 60°) = pAu+ (A + p) V. (div,u) (3.25)
—ou— (VK % 0)o—V,Po in (0,T) x R,
for each fixzed § > 0. In particular, the following energy inequality holds for a.e. t € (0,T)

t
Es(t) +/ / (W Vaw 2 + A+ )ldiveu, P + orfu,[2] dedt < s, (0),
0 Q

where . 5 )
a
Es(t) = oM@+ —— 0"t + —— 0 + = (K do | d
0= [ (GO0 + om0+ 5210 4 (oot o)
1 |mg 5|2 a § 5 1

E5(0) = - Mo, mo 9 (K ®oos| dz.

+0) /RS [2 w0y mo1%s g%t 5 c0s)eos T Paos| de
Denoting by {05, us}s>0 solutions to (3.25), the following estimates hold

sup |05 ()| 7m g3y < ¢(E5(0), K), (3.26)
t€[0,T
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5 sup |los (D175 g < c(E5(0), K),

te[0,T
sup H\/Qg(t)lléH%Q(Rg) < ¢(Es(0), K), (3.27)
te[0,7)
T
| 19005y < e(E5(0), ), (3.29)
0
sup ||Q5(I)||L1(R3) S CE0,5[Q07 myo, K]7
te(0,7
and
sup |[(K * 05)0sl|L1(rsy < c(E5(0), K). (3.29)
t€[0,T]

Let us notice again that estimates (3.26) — (3.29) are direct consequences of the energy inequality.
Moreover the total mass is conserved in time.

Lemma 3.2. Let (g5,u5) be a free energy weak solution to (3.25). Then the total mass is conserved
wm time
Ms(t) = / os(t, ) dz = / 00, dz. (3.30)
R3 R3
Proof. From energy estimates the confinement term provides
/ Qo5 (t,x)de < Cp  fort € [0,T]. (3.31)
R3
As (3.31) and (2.2) hold we infer by the Chebyshev inequality the following
1
05r(t,x)dz < / a:H”Q(;, t,x)dx
[N Ly I E R )

1 Cr )
< W /RS @QQ,T’(tax) dx < W for R > R.

(3.32)

Next, one deduce that

C
/ 03.(t) dir = / 03 (t) dir + / 05 (1) da < / o () dr+ L (3.33)
R3 B(0,R) R\B(0,R) B(0,R) R

Thus, by sending r — oo by weak convergence of density in Lllo C(R?’) we deduce for almost all ¢ € (0,7)
that

Mo = / osodz = lim [ p5,(t)dz = / 05(t) dz + O(e).
R3 = B(0,R)

oo R3

Since the above holds for any R we conclude that M, (t) is a constant of motion as desired.

Also the following higher local integrability result holds.

Lemma 3.3. Let {05, us}s>0 be a sequence of free energy weak solutions to the artificial pressure
approzimation (3.25) on R3. Then there exists a constant ¢(T) independent of § s.t.

T
/ / agg”—"e + 5Q§+9 dzdt < ¢(T, B)
0 B

for any compact B C R3, where 6 = min{%m -1, i .
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Proof. For the proof we follow [21, 34] with some slight modifications. For a given compact set B

we introduce a test function
@s(t, ) = 1(t) Alp(x) 0§ (t, x)] where ¢ € D((0,T)), ¢ € D(R?), (3.34)
0<¢<1, ¢=1o0nB,|Vy0| <ConR3 and supp¢ C 2B, '

where A is given by (3.18). By (3.23) and the choice of ¢ in (3.34), we get

s@dtade< [ s@dtades [ @t
R3 {z:05<1} {z:05>1}
< |Supp ¢| + C(E5(0)7 K) = C(¢, 00,65 m0,5)
and consequently by (3.26), (3.30)
0
HCZ)Q(SHLOO(O,T;LlﬁL%(]}@)) < C(¢a 00,65 mO,(S)'

Then using Mikhlin multiplier theorem, (3.19), the classical Sobolev embedding theorem we get (for
more details see [36, Section 3)):

. m
Vsl Lo msy < ¢ with 11 € (1, ﬂ : (3.35)

. . 6m
H.A[dlvx(gi)ggu(;)}HLQ(QT;LQ(R:;)) <c¢ withrye (1, s 60] , (3.36)

) 3
||806HLOO(O7T;LT3(R3)) S & with r3 € <2, OO:| s (337)
) 3
“A[Q?uavmﬂHL2(0’T;LT4(R3)) <c with T4 € <2, OO> 5 (3.38)
and

. . 3 6m

"A[¢(d1vxu(5)gg]HL2(0’T;LT5(R3)) <c¢ withrse€ (2, 69—|—m] . (3.39)

The above estimates provide us that s is a proper test function for (3.25)2 by density arguments,
and therefore we obtain

T 0
/ / (a@’gbw + 5Q§+ ) ¢ dxdt
0o Jrs

T T
= — / / (05us)0pps dadt —/ / (osus ®@ ug) : Vs dadt
0 Jrs o Jrs

T T
+ / / (uVus 2 Vaps + (A + p)diveusdiveps) dedt + / / (V2K * 05)0s - ps dadt
0 R3 0 R3

T
+/ / osus - s + 05V ® - o5 dl‘dt—/ my 550, 7) dz
0 R3 R3

=L+ DL+ I3+ 14+ Is. (3.40)

Then by (3.30) and (3.26), the sequence {gs}s is bounded in L°°(0,T; L'™(R3)) with m = 677_”69 <m.

4m

This together with (3.28) and the Sobolev embedding gives that | osusl|z2(0,7,1rrs)) < ¢ With p =
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=bm . Consequently, by (3.36), (3.38), and (3.39) for p' = 69+m we deduce
11| = 3(@5115)&:% dﬂcdt’
<||Q§“6||L2 0,T;LP(R3)) (T )(HA[ (1- )Qédlvxué]np 0,T:L7 (R3)) + ||-A[Q§u6vx¢”|L2 0,7;L7' (R3))

+ HA[din(¢95u5)HL2(0,T;LP’(R3))> S C. (341)

Next by (3.35)

|| = (0su5 @ ug) : Veps + uVaus : Vaps + (A + p)diveugdiveps dxdt‘
R3
< ||Q§u5||L2(O,T;LP2 (R3))HU||L2(0,T;L6(R3))Hvz%”Lw(o,T;Lm (R3))
+ c(D)|uVausl L2002 ®3) IV aps || 20,702 (r3))
- oT) (i MVl 20,72 IV o) < e (3.42)
where py = 22 and p3 is s.t. — + + -= = 1. For the estimate of the nonlocal term we use that due

m+1
to Sobolev’s imbedding we have

9 9
|05l Lo (0,751 (r3)) < CHQJHLOO(O,T;LWN(R?’) = C||Q6||Loo(o,T;Lm(R3))v

if only m/0 > 3, meaning that m < 3. The case of m > 3 is straightforward. We therefore can proceed
analogously to (2.5) to deduce

T
13| = /O/Q(VxK % 05)05 - s dwdt| < Cllosl oo msy I Ve | Lo |01l T (0 7 m (r3))
< ClleslZ 1 o,7;0r oy IV K ll Loges),
where we denoted ¢ = (p 7y If p=5-75 <m,ie qg> ﬁ’ then we can interpolate ||05(t)|| 1 (r3)

between || 05(t)]| L1 (rs) and [|os(?)]| Lm(]R3) Wthh are bounded uniformly in time. If on the other hand p >

m, we can use the interpolation inequality between the spaces L>°(0, T; L™(R?)) and L™9((0, T) x R?)
to get

los ()13 gy < Cllos(lI7on s 08 () 13%s0 cs), (3.43)

with the restrictions

2 1 11—« «
d = +

m < 0<a<l, and 2a<m-+6.

20—1" p m m—+6’
This leads to inequality 2 (1 — —) < 0, or in other words m < p < 57, where 0 = mm{gm 1 %},
or finally, in terms of ¢ we get

Mg 0=mindim-1,t
om-1)+0 T "7 3 4
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Then to get rid of the term |]Q(5(t)|\2L‘3‘n+9(
the Young inequality. Next, by (3.37)

R3) from (3.43) that contributes to the RHS of (3.40) we use

T
//Qau(s-soszer@Qa'%dwdt—/ my s50s(0, ) dz
0o Jrs R3

<llosus|| L1 (0,10 ®3) 196l oo (0. 7. 10" (B3

|1y + I5] =

+ (chcq)HLm/((o,T)x(QmBRO))HQEHLm((O,T)x(QmBRO)) + HCI)QE”Ll((O,T)x(QT\BRO))) 05| oo (0,7; 200 (R3))

+ [[mo s 21 HA[qﬁQg,é]HLN(R?’) <ec (3.44)
Here, p = 57272”6 and Bp, is a ball centred at zero with radius R, given by (2.1).

Collecting the estimates in (3.40), (3.41), (3.42), and (3.44), we infer the claim in Lemma 3.3.

3.1.4. Artificial pressure limit § — 0. In previous subsections we provided existence of weak solutions
to the artificial pressure approximation on R3. Let us now pass with 6 — 0. For this reason let
us consider general initial data gp, mg satisfying (1.4) and (1.5). Then, we can find a sequence of
approximations to the initial data as

=

005 € C*TV(R3) s.t. 0 < gos(x) <377, 0o5— 0o in L™(R?) N LL(R3) as § — 0
and
mys — mg in L'(R?) as § — 0.
With (3.25)1, (3.30), (3.26), and (3.27) at hand, we can deduce, similarly as for (3.13), that
05 =0 i Cuear([0, T]; L™ (R?)). (3.45)
Similarly, by (3.25)2 and the estimates obtained in Proposition 3.3, we infer
055 — o in Cuyear([0, T]; L1 (R3)).

Then, using (3.28) and Div-Curl type argument we deduce also that

6m
osus @us — pu®u  in L*(0,T; L3 (R?)).

loc

Due to Lemma 3.3 we also have

m—+6

o —=p=0" inL, ((0,7)xR3).

loc

Therefore, the estimates given in Proposition 3.3, Lemma 3.3 and the Banach-Alaoglu theorem
allow us to pass to the limit as 6 — 0 in the continuity and momentum equation (3.25). We find that

T
//Qﬁtw—(gu)-vmsodxdtZ/ 00 (0, x) dx
0 R3 R3
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for all p € D([0,T) x R3) where the continuity equation is also satisfied in renormalized sense, i.e.
(2.6) is satisfied, and

T
/ / ()9 + (ou @ 1) : Vyp + pdivap dadt
0 R3

T
:/ / uVau: Ve + (A + v)divyudivee + (ou)p + <(V93K *x0)o+ QVICI)) - dxdt
o Jrs

- my - (0, x) dz
R3

for all p € D([0,T) x R?).

The terms with the bars cannot be identified yet, as we do not know whether the density sequence
0s converges strongly to p. In order to prove it, we use Feireisl’s technique [32] that allows to treat
the cases of non square-integrable densities. We introduce the following truncation operator:

z

Ty(2) = kT(k

), 2eR, k>1,
with T € C°°(R) such that
T(z)=zfor <1, T(z)=2forz>3, T concave, non-decreasing.
We use as the test function in the approximate momentum equation the function
s = Y()V (@) AT ¢Tk(05)] = (1) p(x) A[Tk(05)], k € N,
and for the limit equation the test function
p = (t)p(x) VAT Ti(e)] = (1) p(x) ATk (o), k € N.
Here, 1 € D((0,T)) and ¢ € D(R?). Subtracting the resulting expressions, we obtain the following

T
i [0 [ o(agi Teles) — (1-+ 2udivusTi(es) dade
0 Q

6—0+

T -

T T
——Jim [0 [ 609K« 05 AlTi(en)] dadt+ [0 [ 60V g ATI0) dod
0 Q 0 Q

§—0t
+ (51—1>%1+ R(0s5,us) — R(o,u).
The last two terms contain all the contributions coming from the time derivative of momentum, the
acceleration, confinement, and friction. Following [32] and [21], we can show that these two terms

cancel out when 6 — 0. The other two terms on the r.h.s. of (3.46) cancel out as well. Indeed,
according to our definition, T} (0s) is a good renormalization function, we therefore have

9¢(Tk(0s5)) + dive(Tk(0s)us) + (05Tx(05) — Tk(0s))divyus = 0,

in the sense of distributions. This provides and estimate of the time derivative of T (gs), and since
the operator A ”gains” one spatial derivative, we find that

AlTi(05)] = AlTi(e)] in C([0,T] x R?).
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On the other hand, we know that
0sVK % 05 — oVK o weakly in LP((0,T) x R?), for some p > 1,

and therefore

T T
im [ ¢ / b0sVK * 05 - AlTi(03)] dadt = / ¥ / $oVE 0~ AT(2)] dedt.
0 Q 0 Q

6—0t

As a consequence we obtain the so-called effective viscous flux equality

T
tim [0 [ 6o Tiles) — A+ 20)div. usTi(os)) dod
=0+ Jo Q

— /OT¢/Q¢(ng,€(Q)— (A+2u)divqu(Q)) dzdt.

Once this equality is guaranteed, the proof of strong convergence of the density follows exactly as in
[34] . The slight modification concerning additional damping, confinement, and nonlocal terms similar
to the case of ¢ — 0 limit above. Notice that when passing to the limit with 6 — 0 in our weak
formulation due to the compact support of the test functions, we may restrict our considerations to
some )5 set containing the support of a test function. In particular

807 = 0 in LY(0,T; L}, (R%), 05— o0 in L"™(0,T; L. (R%)),

loc

and so

p(0) = ag™, (V.K *0)o= (VK %0)o, ae. inR>
With this Theorem 2.1 is proved.
3.2. Properties of solutions.

Corollary 3.1. Let (o,u) be a free energy weak solution to (1.1). Then the total mass is conserved
mn time
My(t) = / o(t,-) dz = const. (3.47)
R3

The above is a consequence of Lemma 3.2.

Lemma 3.4. Let assumptions of Theorem 2.1 be satisfied. Let us assume that xoy is bounded in
LY(R3). Then xo(t) is bounded in L'(R?) for all times and it solves the equation

d? d
dtQ/Rg:Ude—dt RBQudx——/RB(,Qu—i—QVz@) dx .

Proof. Let us multiply the continuity equation of the system (3.21); by 1¢ € C°(R3) such that
YPe(x) = x in L™ N L%(QT) as ¢ — 0 and let us integrate over R® (extending g5, and us, by zero
on R3\ Q,). Letting ¢ — 0, 7 — oo and § — 0 we obtain

d

— acgdx:/ oudz, (3.48)
dt R3 R3

2m
as o(t) € L™(R3) and pu(t) € Lm+1(R3) for a.e. t € (0,7). When passing to the limit the first
moment is controlled in a similar way to (3.32) due to assumption (2.2). Now, we repeat an analogous
procedure to momentum equation (3.21)y with » = 1. Note that the boundary term coming from
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the pressure function and nonlocal term vanish due to the symmetry of K and the proper choice of
boundary conditions for the approximation. Consequently, we get

d

— [ oudz = —/ (VoK % 0)o+ ou+ oV,®) dx
dt Jps R3

= —/ (ou+ oV, ®) dz,
R3
and solving the ODE, we conclude that

t
/ (ou)(t)dx = e * < mg dx —/ es/ oV, ddx ds> . (3.49)
R3 R3 0 R3
Therefore (3.48) together with (3.49) give

T t
/ (xo)(1)dx = / e tdt < mydx — / es/ oV, ®dx ds) +/ xpodz. (3.50)
R3 0 R3 0 R3 R3

In order to show that the RHS of (3.50) is bounded we notice that

‘/ oV, ® dx S/ QVQC(I)\de/ vaq)d.%'-i-/ o® dx
R3 R3 lz|<R |z|>R

and the RHS of the above is bounded as ® € I/Vli’fo(R:s), (3.47), and ®p € L*(0,T; L*(R?)) by energy
estimates. This finishes the proof of Lemma 3.4.

3.2.1. Global in time existence. We prove global in time existence by patching local-in-time solutions
since the estimates on the energy provide uniform in time bounds.

Lemma 3.5. Let Q = R3 or let Q be smooth bounded set. Let assumptions of Theorem 2.1 or
Theorem 2.2 be satisfied respectively. Then solutions to the system (1.1) are global in time, namely
exist on time interval [0,00).

Fix any Tp > 0. Then there exists weak solution (o1, u1) on [0,27p). Let us introduce

1 te[0,Ty — K]
¢ty =< —LTo—t| te(Ty—r,Tp)
0 otherwise.

Let us set (" with ¢ € D([0,T") x Q) as a test function for continuity equation (in the renormalized
sense)

To
/ / 01)p dxdt—i—/ / (01)0¢pC" + b(01)ug - Vol — (V' (01)01 — b(gl))divxulgog'“) dzdt

'—(A;b(go)w(O,?C”(O)dl

for all ¢ € D((0,T) x R3). Letting x — 0
To
/ / (01)0¢p + (b(o1)wr) - Vo — (' (01)01 — b(01))diveuip) dzdt

—/M(%J)Uhﬁm—/wmw&dm
Q

Q
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Hence (p1,u1) is a free energy weak solution of the continuity equations on the closed interval [0, Tp]
with extra boundary term at ¢t = Ty. We may apply the same argument to the momentum equation
so that (o1, 1) is a weak solution on [0, 7p] with boundary term at time ¢ = Tp. By uniform in time
bounds at Tj) one can construct new solutions (g2, uz) defined on [Ty, 2Tp) x Q such that

Elo2,u2] < Efoo, o] t € [Ty, 2Tp).
Then the couple (p,u) given by
(01,m1) t€(0,Tp]
;u)(t) =
(e u)(?) { (02,u2) t € (Tp,2Tp)

is a solution on [Tp,2Ty) x Q. A solution for all times is readily obtained by iterating the above
procedure.

4. LONG TIME ASYMPTOTICS

In this section we consider the long-time asymptotic of solutions to (1.1). In particular, we give
here a proof of Theorem 2.3. Let {¢,},>1 be a sequence s.t. t,, — 0o as n — oo and let us define the
sequences:

on(t,x) = o(t + tn, ), u,(t,z) =u(t+t,,z) forte(—1,2), x €. (4.1)

Let us note that for each n € N a couple (gn,u,) is a weak solution to the system (1.1) in a sense
of Definition 2.1 and obtained in Theorem 2.1, Theorem 2.2 respectively on Q@ = R3 or © bounded.
Using the bounds obtained in previous sections we get the following estimates.

Lemma 4.1. Let Q = R3 or be a bounded smooth domain in R3. Let (0,,u,) be given by (4.1) where
(0,u) is a solution to (1.1) given by Theorem 2.1, Theorem 2.2 respectively. Then

2
Jm [ IVl + lea o Pl d =0, (42)
sup  (llonllzm(e) + llon(VaK = 00)ll L1 + llen®ll 1) + llonlun*ll 1)) < c (4.3)

neN, te(—1,2)

/an(t)dx:/ggodx, (4.4)

and
2
/ / o0 dadt < ¢(B)  for allT >0 and ¢ € CP(R3), 0< ¢ <1, supp¢ C B (4.5)
1 R3

where 6 = min{2m — 1, 1}, here g, is extended to be zero on R*\ Q if needed.

First, let us notice that (2.8) and (2.9) are direct consequences of (4.2). Moreover due to (4.2)2,
(4.3)1

||Qnun||L2( : < Wenunll2(—12.2()) [Venll Loe (—1,2:0m)) — 0 as n — oo, (4.6)

1,2 LM (Q)
what comes from the Holder inequality for Bochner spaces.
The compactness deduced from the uniform in time energy bounds provide the existence of functions

Os, D s.t.
on — 0s weakly in L™((—1,2) x Q), (4.7)
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ao)' = pp, — p weakly in LY(—1,2; L?OC(R?’)) or weakly in LI(—1,2; LI(Q)) for © bounded
0 (4.8)
with 1 < g< 7
m

Taking the limit n — oo in continuity equation, by (4.6) and (4.7) we get

2
/ / osprdrdt =0 for all ¢, € C°((—1,2) x Q).

Thus g5 is independent of time. Notice that similarly as for (3.33) for = R? we have

1 [? 1 [? 1 [?
/ ogdx = lim — / / opdxdt = lim |- / / op dxdt + = / / o dadt
R3 n—oo3 J 1 Jrs n—oo | 3 ./ _1.JB(0,R) 3 /-1 Jr3\B(O,R)

1_ Cr
= osdxdt + =3 .
/B(O,R) 3 Ritv

Then for any ¢ we find R s.t % < . Therefore ng osdxr = fRS oo dz. Observe that for the case 2
bounded we do not need to use assumption (2.2) in order to prove an analogous property. Therefore

we can conclude that
/gsdx:/ggdx.
Q Q

Next we pass to the limit n — oo in the momentum equation. Directly by (4.2), (4.6) we have that

n—oo

2
lim / / (onuy - Orp + (0nuy @ Uy — uVau) @ Ve — (A 4 p)divyudive) dedt
—1/e (4.9)

+ /Q (ontn)(—1) - p(~1) dzr = 0

for any ¢ € D([—1,2) x Q; R3). Then proceeding as in as in Section 3.1.3 and by (4.7), ® € T/Vli:o(R:s)),
(4.8) we infer

2
lim / / (ao)'divep — (VoK % 0p)0n - 0 — 0n. V@ - ) dadt
“1Ja

n—o0

2 (4.10)
= / / (ﬁdivw — (VoK * 05)0s - p — 05V - so) dzdt
—-1JQ

for any ¢ € D([—1,2) x Q;R?). Summarising (4.9) and (4.10) since g; is independent of time we obtain
the balance of forces relation

VaP = —(VoK % 05)0s = VaPos  in D'(Q).
It only left to prove that
p=agl" and (VoK x0)0s = (VoK * 05)0s. (4.11)
In particular we claim that
0n — 0s  strongly in L9((—1,2) x B)  for q € [1,m) for any compact B C R>.
Since (4.3) holds, it is enough to show that
on — 0s in L'((—1,2) x B). (4.12)
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With this aim, we essentially follow the proof of [32, Theorem 1.1]. Uniform in n bounds in Lemma 4.1
imply that we can adopt the arguments from [32] to show that
On — 0s a.e. in (—1,2) x Q (4.13)

and consequently (4.12) with (4.11). Moreover let us notice that (4.13), (4.3), (4.4) and (4.5) give
uniform integrability of {o,}n>1 in LY(Q2) with ¢ € [1,m] (in both cases € bounded and unbounded)
and consequently by Vitali’s Theorem

on — 0s strongly in L ((—1,2) x Q)
holds true. Moreover as for (3.45), we get
on = 05 in Cyear([—1,2]; L™(2)).
Consequently we infer that
o(tn) = 0s strongly in L™ (Q) as t, — oo.

This finishes the proof of the characterization of the w-limit set in L™ (2) and of in Theorem 2.3, since
if we are in the whole space case the confinement term allows us to pass to the limit the first moment
if it has a limiting value.

Finally, Lemma 3.4 gives us two particular cases in which we can discuss the long time asymptotics of
the first moment. If we have quadratic confinement Lemma 3.4 gives a closed second order differential
equation for the first moment. Moreover, the confinement provided by the energy estimate on the
integral of ®p allows to pass to the limit the first moment.

Corollary 4.1. Let assumptions of Theorem 2.1 be satisfied and let ® = @ Then we have that

lim zo(t,x)dx = 0.

t—o0 R3

Moreover, the w-limit set w(g) of the solution in L™ () consists of densities centered at zero, ¢y = 0
in Theorem 2.3.

If we are in the bounded and symmetric domain case, we can allow to have no confinement and also
get a nice behavior asymptotically of the first moment.

Corollary 4.2. Let assumptions of Theorem 2.2 be satisfied and let ® = 0 and €2 be symmetric, i.e.
Q = —Q. Then we have that

/ng(t,:r) dx:/gxgo(x) dx+(1—e_t)/9modx.

Moreover, the w-limit set w(o) of the solution in L™ () consists of densities centered at the asymptotic

value
coz/azgo(x)d:c—i—/modx
Q Q

Notice that the symmetry of the domain €2 is needed to say that the contribution of the nonlocal
term is still zero since a symmetrization argument is used in Lemma 3.4.

in Theorem 2.3.
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5. EXTENSIONS — HYDRODYNAMIC SYSTEM WITH ALIGNMENT

In this section we shortly discuss how to extend the above results to treat alignment terms at the
hydrodynamic level as in [16]. In fact, given a symmetric kernel 1y > 0 with ¢ € L*(R3), we can
consider the following nonlinear damping term in the right hand side of (1.1)

oft.a) [ wta =) (utt.9) =~ ult.))olt.n) dy (51)

instead of the damping term —pu. In this case, the energy identity (1.9) is changed by replacing the
term o|u|? on the right-hand side by

/ / b — yolt, x)o(ty) [u(t,y) — u(t, 2)? dzdy. (5.2)
QJQ

It turns out that for such system there are stationary travelling wave solutions (also called flock
solutions) corresponding to constant in space velocity field u = uy € R? and o(t,z) = o, (z — tug),
with gg verifying the balance of forces relation (1.7).

The proof of Theorem 2.1 can be generalized to this case, the changes are minor and consist in
treating the new term (5.1) as we have done for the interaction forces term o(VK * p). This is clear
as we may split the term (5.1) as follows

o(¥ * (ug)) + ou(y * ). (5.3)

Then, due to energy estimates and since 1 € L®(R3), we are able to prove that for each level of
approximation the sequence related to the term (5.1) converges weakly in L? for some ¢ > 1. In
consequence, as soon as we know that the density function converges a.e. and strongly in L™ and the

momentum converges in Cyeqr([0,7); LY%LI), we are able to characterise properly the limits for both
terms of (5.3).

Concerning the long-time asymptotic, solutions are expected to converge generically towards trav-
elling wave flocks in the co-moving frame for the particular case ® = 0 and © = R3. More precisely
this happens if ¥ > 1y > 0, the solutions to the system

Oro + divg(ou) =0
Ot(ou) + divy(ou @ u) + aV, 0™ = pAu+ V(A + p)divyu — (VK * 0)o

(5.4)
—o [ bla =) (ult) — u(t.) olt.9) dy.
given by the Definition 2.1 exist globally and if they satisfy
d? d
— de = — dr =0. 9.9
dtQ/Raw TT A s O (5:5)

Note that our existence result, Theorem 2.1, cannot be applied in this setting, since there is no
confinement, ® = 0 in R?. Below we give a sketch of the arguments implying what the long-time
asymptotic of such solutions would be. On one hand, the dissipative term (5.2) provides that us(t,z) =
u,(t,y) for z,y € supp(gs). On the other hand, thanks to identity (5.5) we obtain

/ o(t)u(t)dx = / oougdzx = mydr and / zo(t)dx = / zoodr +t [ modx.
R3 R3 R3 R3 R3 R3
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Then let us define a vector Uy = (ul,, u2,,u3,) in R? as follows
Mouf)O = mé dx  where My is the initial mass.
R3

Changing variables such that
Y= — U, T=1,

@(7—7 y) = Q(tv T — tuoo)a ﬁ(Ta y) = u(t> T — tlloo),
we can check that the new velocity and density functions satisfy the very same system of equations
(5.4). Moreover, this change of variables leads to

/ oudy = 0.
R3

Note that since ¥ > 1y > 0, the integral (5.2) implies analogue of (4.2), and so, we can proceed as
in Section 4. Therefore, the limit system for the long time asymptotics appears to be the same as
for (1.1). Namely, the w-limit set w(g) associated to the global weak solutions (g(t), 6()) of (5.4)
consists of stationary solutions with zero momentum and density g5 corresponding to the initial mass
My. In particular, this solution satisfies the balance of forces relation

aVgoy + (VoK % 05)0s = 0.
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