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Abstract

The models that describe a collective dynamics of interacting particles belong to a wide
class of kinetic models with non-local interaction. A notable example of such model is the
classical Vlasov equation. One of the model-defining factors is the kernel of the potential
generating the motion. The purpose of this thesis is to analyse one of such models i.e.
the Cucker—Smale flocking model with a singular kernel; to approach the problem of well—
posedness for this model and to understand the impact of the singularity on its qualitative
and quantitative properties.

For the Cucker—Smale particle system with singular kernel ¢(s) = s for @ € (0, 1)
we prove that the trajectories of the particles can collide and stick together (the latter phe-
nomenon does not occur in case of the model with regular kernel). Moreover we provide the
first proof of weak existence and uniqueness of solutions for this range of singularity.

After reducing the range of singularity to a € (0, %) we prove existence and uniqueness of
strong solutions. Further we apply this result to obtain existence and conditional uniqueness
for the singular Cucker—Smale kinetic equation with compactly supported Radon measure as
the initial data. This part is achieved by a modified version of the mean—field limit approach
resulting in a framework that translates uniform regularity of the particle system to the exis-
tence of the measure solution to the kinetic equation. In particular the usual assumption that
the solutions of the particle system are stable with respect to the perturbations of the initial
data can be omitted.

In the second part we analyse the kinetic Cucker—Smale equation with regular kernel
coupled with equations of non-Newtonian shear thickening fluid. We obtain existence and
uniqueness of strong solutions in space dimension d = 3.

Keywords: alignment, flocking, singular kernel, singular potential, kinetic equation,
non-Newtonian fluid.
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Chapter 1

Introduction

Flocking, swarming, aggregation - there is a multitude of actual real-life phenomena that
from the mathematical point of view can be interpreted as one of these concepts. The mathe-
matical description of collective dynamics of self-propelled agents with nonlocal interaction
originates from one of the basic equations of kinetic theory — Vlasov’s equation from 1938.
Recently it was noted that such models provide a way to describe a wide range of phenom-
ena that involve interacting agents with a tendency to aggregate their certain qualities. This
approach proved to be useful and the language of aggregation now appears not only in the
models of groups of animals but also in the description of seemingly unrelated phenomena
such as the emergence of common languages in primitive societies, distribution of goods
or reaching a consensus among individuals [3,37,40,51]. The general form of equations
associated with aggregation models reads as follows:

Ouf +v -V +div,[(k* £)f] = 0, (1.1)

where f = f(x,v,t) is usually interpreted as the density/distribution of particles at the time
¢t with position x and velocity v. Function k is the kernel of the potential generating the
motion. It is responsible for the non-local interaction between particles and depending on
it the particles may exhibit various tendencies like to flock, aggregate or to disperse. The
common properties required from kernel k£ in most models include Lipschitz continuity and
boundedness and it is the case due to the fact that many standard methods work well with
such assumptions. For instance if k is Lipschitz continuous and bounded then the particle
system associated with (1.1 is well-posed, the characteristic method can be performed for
(I.1) and one can usually pass from the particle system to the kinetic equation by mean-field
limit. The main goal of this thesis is to consider & that is singular and refine the mean-field
limit approach to be applicable in such scenario. We study this problem in a particular case
of the Cucker-Smale (C-S) flocking model.



1.1 Cucker-Smale flocking model

In [17] from 2007, Cucker and Smale introduced a model for the flocking of birds associated
with the following system of ODEs:

d
— X Vi,
dt N (12)
d .
P Z m;(v; —viy(lx; — x]),

=

where N is the number of the particles while x;(¢), v;(#) and m; denote the position and
velocity of ith particle at the time ¢ and it’s mass, respectively. Function ¢ : [0, c0) — [0, 00)
usually referred to as the communication weight is nonnegative and nonincreasing and can
be vaguely interpreted as the perception of the particles. The communication weight plays a
crucial role in our investigations and we will focus on it more in a while. We refer to system
(1.2) as the C-S particle system or the discrete C—S model (sometimes we omit ’C-S’).

As N — oo the particle system is replaced by the following Vlasov-type equation:

O.f +v-Vf+div,[F(f)f1 =0, xeR?, veRY, (1.3)
FO0 = [0l = v = v)f .y,

which can be written as (1.1)) with k(x, v) = wi/(|x|). As mentioned before we are considering
(L.3)) with a singular kernel

s for s>0,
co for s=0,

|

We refer to equation (1.3)) as the kinetic C-S equation, the Vlasov-type C-S equation or the
continuous C—S model (sometimes we omit *C-S’).

Before we proceed with a more detailed statement of our goals let us briefly introduce
state of the art for models of flocking and the motivations behind studying such models
with singular kernels. The literature on aggregation models associated with Vlasov-type
equations of the form (I.I)) is very rich thus we will only mention a few examples on some
of the more popular branches of the research. Those branches include the analysis of time
asymptotics (see e.g. [29]) and pattern formation (see e.g. [2850]) or analysis of the models
with additional forces that simulate various natural factors (see e.g. [[12,21]] - deterministic
forces or [16] - stochastic forces). The other variations of the model include forcing particles
to avoid collisions (see e.g. [[14]) or to aggregate under the leadership of certain individuals
(see e.g. [15]). A good example of a paper in which a well rounded analysis of a model
that includes effects of attraction, repulsion and alignment is [8]. The story of C—S model
should probably begin with [52] by Vicsek et al., where a model of flocking with nonlocal
interactions was introduced and it is widely recognized to be up to some degree an inspiration
for [[17]. Since 2007 the C—S model with a regular communication weight of the form

a>0. (1.4)

wCS(S) = B = 0, K>0 (1.5)

(1+s5)7



was extensively studied in the directions similar to those of more general aggregation models
(i.e. collision avoiding, flocking under leadership, asymptotics and pattern formation as
well as additional deterministic or stochastic forces - see [2,/11,27,30,42,47]). Particularly
interesting from our point of view is the case of passage from the particle system (1.2)) to
the kinetic equation (I.3), which in case of the regular communication weight was done for
example in [31] or [32]. For a more general overview of the passage from microscopic to
mesoscopic and macroscopic descriptions in aggregation models of the form (I.1)) we refer
to [9.,[18L[19].

1.2 C-S model with a singular communication weight

In the paper [31] from 2009 the authors considered C—S model with singular weight
obtaining asymptotics for the particle system but even the basic question of existence of so-
lutions remained open till later years. The main goal of this thesis is to answer this question.
More precisely the goal is to approach the problem of well-posedness for kinetic equations of
the type (I.I) with a focus on the C—S model with a singular weight. This problem required
a complex approach ranging from quantitative and qualitative analysis of the C-S particle
system to applying such analysis in the passage to the kinetic case.

It turned out that system (I.2)) possesses drastically different qualitative properties de-
pending on whether @ € (0, 1) or @ € [1,0). In [1] the authors observed that for @ > 1 the
trajectories of the particles exhibit a tendency to avoid collisions, which they used to prove
conditional existence and uniqueness of smooth solutions to the particle system.

On the other hand in [43]] (which results are included in this thesis) we proved existence
of what we called piecewise—weak solutions to the particle system with @ € (0, 1) and gave
an example of solution that experienced not only collisions of the trajectories but also stick-
ing (i.e. two different trajectories could start to coincide at some point). This dichotomy is
an effect of integrability (or of the lack of thereof) of ¢ in a neighbourhood of 0. It is also
the reason why the approach to C—S model should vary depending on @. One of the latest
contributions to this topic is [[10] where the authors showed local in-time well-posedness
for the kinetic equation (I.3]) with a singular communication weight (I.4) and with an op-
tional non-linear dependence on the velocity in the definition of F(f). They also presented a
thorough analysis of the asymptotics for this model. The other more recent addition is [44],
where we proved existence and uniqueness of W' strong solutions to the particle system
with a singular weight and « € (0, %). The paper [44] is a part of this thesis.

There are a few reasons for considering C-S model with a singular weight. Aside from
the fact that it appears to be an interesting mathematical problem in itself (as in most models
involving singular potentials), there are also some more involved motivations. To understand
one of these motivations one needs first to take a closer look at the model with regular weight.
In (L.2)), the purpose of a regular  of the form (I.5)) is to suppress the interactions between
distant particles. It is only natural to expect that particles that represent members of a flock
interact mostly with their closest neighbours However in some instances such effect can be
insufficient. Suppose that we have two groups of particles separated by a very large distance.

6



The first group (A) consists of two particles while the second (B) consists of the remaining
N — 2 particles. In such situations it is often reasonable to expect that from the point of
view of the model, the interactions between the groups are insignificant compared to the
interactions within each group. However if N is large enough, assuming that all particles
have the same mass (i.e. m; = ]%,) then the factor m; = % in 2 makes it so that the
interaction between any two particles (including those from group A) is negligible compared
to the impact that B has on A. Often such phenomenon is undesirable. There is a couple of
ways to deal with this situation (perhaps the most natural can be found in [39]) and one of
them is taking ¢ of the form (T.4) which not only suppresses the distant interactions but also
emphasises the local interactions. The other motivations include the rich dynamics of C-S
model with singular communication weight that depending on « allows for the trajectories
of the particles to stick together or makes it more difficult for them to even collide. Both of
these qualitative phenomena are absent in the case of regular weight. They are on the other
hand quite welcome from the modelling point of view. The first indicating a stronger than
usual tendency for pattern formation and emergent phenomena, and the second taking into
the account that in typical physical scenarios the particles avoid collisions (e.g. birds or fish).

1.3 Models of flocking for fluid-embedded particles

One of other directions of research is the analysis of the motion of agents (described by a
kinetic model of the type (I.I))) in their natural habitat. Hence, parallely to the analysis of
the kinetic models themselves, research in coupling models of kinetic theory with models
of hydrodynamics was performed (see [SH7,13,23H25]]). From the point of view of this
thesis the most important examples of such research is the paper 7] in which the coupling of
Navier-Stokes system (N—S) with Vlasov equation is considered and the paper [5]] in which
the approach of [7] is applied to N—S coupled with C-S (since C-S equation is actually a
Vlasov-type equation). The secondary goal of this dissertation is to modify the approach
used in [7]] and [S]] and couple C—S model with models of non-Newtonian fluids, which up
to this point was not done.

Our goal is to consider particles embedded in an incompressible, viscous, non-Newtonian
shear thickening fluid, i.e. we aim to couple (I.2)) with the system

{ O+ (- Vu+Vrn—div(t) = fou, (1.6)

divu = 0,
which describes a motion of such fluid in R¢. The function
u= I/l(t, X) = (ul(ta X), u2(t’ X)a ceey l/ld(t, -x))

represents velocity of the fluid at the position x and time ¢. Equation (1.6), expresses the
conservation of mass, while @1 expresses the conservation of momentum. The term 7
in (1.6); denotes a symmetric stress tensor that depends on Du — the symmetric part of the
gradient of u i.e. T = 7(Du), where Du = %[Vu + (Vu)T]. In our considerations we assume

7



that 7 is derived from some scalar potential ¥} and through some specified later properties
of ¥ we actually impose various other assumptions on 7 including polynomial growth or
coercivity. Lastly function f,,, represents an external force.

The coupling of (1.2) with (I.6) is done via the drag force

Fut x,v) = u(t,x)—v,

that influence the motion of the particles and the fluid. This way of coupling and such drag
force is adopted from [7] and [S] and originally it was used for the modelling of thin spray
and fluid (see also [6,(7,23-25]]). Explicitly, the coupled system reads as follows:

O f +vVf+div,[(F(f)+Fof]l = 0,
o+ (u-Vyu+ Vr —div(r) —d j]gd Fyfdv, (1.7)
divu = 0.

Let us briefly discuss the difference between coupling of the C—S model with Newtonian
and non-Newtonian fluids. In [7]] and [5]], the authors obtained weak existence for their
coupled systems and on top of that in [5]], the authors obtained asymptotic flocking. In
particular there was little hope to obtain regularity or uniqueness for coupled N-S-Vlasov
or N-S-C-S systems without previously obtaining it for N-S system. However in case of
coupling with a non-Newtonian fluid, existence, regularity and possibly uniqueness depend
on the value of the exponent p and regularity of the external function f,,,. For uncoupled
2d

non-Newtonian system l| weak existence is known for p > =5 and f., € (W'P)* and it

is obtained by Lipschitz truncation method (see [20,22]). On the other hand if p > 3;:22 and
foxs € L2(0, T; L*(T%)), not only do we have existence of strong solutions but also uniqueness
(see [46]]). Therefore, on top of the interesting asymptotics similar to those from the paper
[S]], we may expect the possibility of better regularity and of uniqueness for the coupled
system. However it depends on p and the structure of the external force, which in our case

equals

fext = —df (u— V)fdv.
R4

Moreover for p € (24, 222) in case of the coupled system it appears that a combination of

our approach with the Lipschitz truncation method should make obtaining existence of weak
solutions possible but it is outside of our scope.

1.4 Main results

The following thesis presents my contribution in the development of the existence theory for
the C—S model with a singular communication weight. It should be viewed as a step towards
well-posedness for this system. Since 2014 we have managed to make a first successful
attempt on proving:



e existence of piecewise-weak solutions to the C—S particle system for the range of sin-
gularities @ € (0, 1), published in [43]];

e existence and uniqueness of strong solutions to the C—S particle system for the range
of singularities & € (0, 1), published in [44];

e existence and conditional uniqueness of solutions to the C—S kinetic equation for the
range of singularities a € (0, %), included in the preprint [41]];

e possibility of sticking of the trajectories of the particles, published also [43]].

To our best knowledge these are the first results on existence for the C—S model with sin-
gular weight with @ € (0, 1) and one of the first steps in the direction of well-posedness for
this model, which is important from the point of view of applications and numeric analy-
sis. Due to the lack of existing theory we had to develop relatively new (often elementary)
techniques or to significantly modify the existing ones. The analysis of the particle system
was performed with the methods that originated from elementary techniques of the theory
of systems of ODE’s. On the other hand the analysis of the kinetic equation was done by
passing from the particle to kinetic description. Such passage was performed using much
more sophisticated methods: originating from the stochastic analysis of complex many-body
systems, mean-field limit method, was used to establish the kinetic equation as a limiting
case of the particle system. The topology in which the limiting process was performed was
generated by the Wasserstein W1 metrics (sometimes referred to as Kantorovich-Rubinstein
metric or bounded-Lipschitz distance). In order to apply this method in the case of singular
communication weight we had to significantly modify it. We explain the methodology more
thoroughly at the beginning of Part[l]
Additionally we obtained

e existence and uniqueness of strong solutions to the C—S kinetic equation with a regu-
lar communication weight coupled with equations of non-Newtonian shear thickening
fluids. This work is based on the modified methods from [7]] and [S]] coupled with
results from [46]] and [38] and is included in the preprint [45].

This goal is achieved throughout Part

The dissertation is organised as follows. It is divided in two major parts: Part[l|in which
we present the results concerning the existence theory for the C—S model with a singular
communication weight and Part [[I| in which we present the coupled kinetic-fluid system.
These parts are somewhat independent and thus at the beginning of each of them there is a
section dedicated to introducing the part-specific notation and presenting a precise statement
of the results. The general overview of the strategy of the proofs is also part-specific and is
introduced at the beginning of each part. At the end of the dissertation we included Part [[I|
with appendices into which we moved the more self-contained and/or tedious proofs.



Part 1

Cucker-Smale model with a singular
communication weight
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Chapter 2

Part I: Introduction

The main goal of the dissertation is realized in the next three chapters. We aim to prove that
for any initial Radon measure fy and T > 0 the Vlasov-type C—S equation

Of +v-Vf+div,[F(f)f1=0, xeR? veR?, 2.1)
FOYw = [ oty = 0w =) fow ey,
R2A

with singular weight

s for s>0,

o for s=0, a>0 (2.2)

o]
admits solutions in the interval [0, T'], provided that the range of singularity of  is less than
1 (i.e. @ €(0,1)).

The general strategy is standard and can be summarized as follows. It is natural to expect

that the analysis (be it qualitative or quantitative) of the particle system associated with the
C-S model

ix =
di ;\; (2.3)
d .
i Z m;(v; — vy(lx; — xil),

=

is more approachable than in the continuous case. Here again N is the number of particles
while x;(¢), v;(t) and m;(¢) are the ith particles’ position velocity and mass, respectively. We
define the solutions to (2.1]) by approximation with the solutions of (2.3)) with the number of
particles N going to infinity. We use the mean-field limit approach. Given a Radon measure
Jo = fo(x,v), where x € R4 and v € R? as an initial datum, we divide it’s support into
congruent cubes Q;, C RY x R of diameter € > 0 (the centres of the cubes, denoted by

11



(Xie, vie), form a lattice-shaped e-net on the support of f;). In the centre of each of the cubes
we place a Dirac’s delta of a mass m; . equal to the total mass of f; restricted to the cube i.e.

Mje = fo(x,v)dxdv.
Oie

This way, denoting the number of cubes by N,, we obtain

Ne
Joe = § mi,eéx,',f ® 6Vi,s
i=1

which we prove that converge{] to fo as € — 0. However, alternatively we may look at
the Dirac’s deltas m; .6,,, ® 9,,, as a description of starting points of the particles in the sys-
tem (2.3), where x;., vie and m; . denote the initial position and velocity and the mass of
ith particle, respectively. Then the solution of the particle system (denote it by (x,, v.)) can
be again interpreted as measure valued function f. from the time interval [0, 7]. Then we
converge with € — 0 and hopefully extract a subsequence that converges to some measure
valued function f, which serves as a candidate for the solution to (2.1)). This general strat-
egy is utilised for example in [31], where the authors prove well-posedness for the kinetic
equation (2.I) with a regular communication weight. However they strongly relay on the
Lipschitz continuity and boundedness of ¢, which allows them to obtain well-posedness for
the particle system, which makes the convergence with the approximate solutions f straight-
forward. On the other hand in case of singular communication weight there is little hope for
the well-posedness for the particle system, which in turn makes extraction of the convergent
subsequence much more difficult.
We follow the presented above strategy in the next 3 chapters:

e In Chapter |3| we focus on the case of existence for the particle system with the
range of singularity @ € (0, 1). We prove that for any initial data in the form of finite
number of particles there exists piecewise—weak solution with various useful struc-
tural properties. We also provide an example of a solution with trajectories that stick
together in a finite time (such phenomenon cannot occur in the case of regular com-
munication weight).

e In Chapter 4] we strengthen the results from Chapter [3| proving that by restricting the
range of admissible « to (0, %) we obtain existence and uniqueness of strong solutions
to the particle system (2.3). This is the closest result to the well-posedness for the C—S
particle system with a singular communication weight.

e In Chapter [5| we use the results from Chapter [] to obtain existence for the kinetic
equation with a singular weight with @ € (0, %). We adopt the mean-field limit
method that we sketched at the beginning of this section. The restriction of admissible
a to the interval (0, %) comes directly from Chapter 4| and should be understood in

"We define the appropriate topology later.
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the following way: in order to obtain existence for the kinetic equation by mean-
field limit one needs sufficient regularity of solutions to the particle system that grant
compactness of the sequences of approximate solutions. In other words, our technique
works if only the solutions to the particle system are regular enough.

2.1 Part I: Preliminaries and notation

Throughout Part |l x = (xi, ..., xy) € RY?, where x; = (x;1, ..., Xiy) denotes the position of
the particles, v = X is their velocity, while N and d are the number of the particles and the
dimension of the space respectively. Moreover by B;(t) we denote the set of all indices J,
such that up to the time ¢, the trajectory of x; does not coincide with the trajectory of x;.
Assuming that the trajectories, once coinciding cannot separate, we define it as

Bi(t) :=tk=1,...,N : x,(t) # x;(t) or vi(t) # vi(1)}, 2.4)

since any two particles with sufficiently smooth trajectories have the same position and ve-
locity at the time ¢, if and only if they move on the same trajectory. Further, let Q C R? be
an arbitrary domain with d € N. By W*?(Q) we denote the Sobolev’s space of the functions
with up to kth weak derivative belonging to the space L”(Q), while by C(Q) and C'(Q) we
denote the space of continuous and continuously differentiable functions, respectively. Here-
inafter, B((xo, vo), R) denotes a ball in R?? centred in (xo, vo) with radius R. On the other hand
B(xo,R) and B,(vy, R) denote balls in R? with radius R centred in x, and v, respectively.
For any positive a, by aB,(vy, R) we understand a homothetic transformation of B,(vy, R),
1.e., B,(voa, Ra).

Definition 2.1.1. We say that ith and jth particles collide at the time t if and only if
x;(t) = x;(t) and we say that they stick together at the time t if and only if x;,(t) = x;(t)
and vi(t) = v(t).

Throughout the dissertation C denotes a generic positive constant that may change from
line to line even in the same inequality.

2.1.1 Piecewise-weak solutions of the particle system

Before we present the definition of the piecewise—weak solutions let us mention one very
reasonable characteristic that we would like to make sure that they possess. Namely, that
the trajectories of the particles cannot separate if they stick together at some point. This is
somewhat related to uniqueness of solutions to the particle system with regular communi-
cation weight since (even though in such case sticking of the trajectories is impossible) if
two particles have the same position and velocity to begin with, then they cannot separate.

13



However, since ¢ is singular at 0 it may happen that the solutions of the C-S model with ¢
are not unique and that the trajectories may split as in the case of the well known example
y= cx3. In fact a loss of uniqueness may happen at each time ¢, such that there exist i and j,
such that x;(r) = x;(r). It is problematic because such times ¢ include not only each time of
collision but also each time at which some particles are stuck together. Thus if for example
two particles x; and x; start with the same position and velocity, then we may lose uniqueness
at an arbitrary time ¢ > 0. Therefore we will enforce that the once stuck trajectories cannot
separate, by replacing equation (2.3)) with (2.5), which does not distinguish trajectories that
once stuck together. Therefore in Chapter [3] and to some extent in Chapter {] we consider
C-S model defined by (2.5). For this model we still do not necessarily have uniqueness but
the times at which we lose it are restricted only to the times of collisions, which as we will
prove occur in some sense rarely.

Definition 2.1.2. Let 0 = Ty < T, < ... < Ty, be the set of all times of sticking and
Tn.+1 :=T be a given positive number. For n € {0, ..., Ny}, on each interval [T,, T,1], we
consider the problem

dxi

- =V
) 1
v.

— == Vi = vl (lxe — xil), (2.5)
Xi = Xj if ]€ B,(Tn)

fort € [T,, T,), with initial data x(T,), (T},).

We say that (x,v) solves (2.5)) on the time interval [0, T1, with weight given by (2.2)) and
arbitrary initial data x(0) = xo, v(0) = vy if and only if, for alln = 0, ..., N, and arbitrarily
small € > 0, the function x € (C'([0, T))N? is a weak in (W>'([T,, T\r1 — €]))V solution

of (2.3).

Remark 2.1.1. In the above definition and throughout the thesis we sometimes say that a
pair such as (x, v) satisfies some equation weakly in W>!. In reality we mean that x € W>!
satisfies the equation and that v = x € W'! (and not necessarily does v belong to W>!).

Remark 2.1.2. Definition [2.1.2] may seem not clear at the first glance. Between any two
times of sticking T, and T, the solution exists in a W*! sense. However as we approach
T,,1 we lose absolute continuity of v and thus we have to separate ourselves from 7, by
some arbitrary € > 0. In general, such separation rises a question of how the piecewise—weak
solution on [T, T},;1] influences itself on the next interval [T},+1, T,,12]. In particular is it really
influenced by the initial data beyond the time ¢ = 7' at which the first separation occurs? The
answer lies within the continuity of both x and v, which enables us to continuously prolong
the solution up to 7,,; and in such a way to establish a unique initial data for the solution
on [T,:1, Th+2]. This way we obtain a continuous function (x, v) defined on [0, 7], that truly
corresponds to the initial data and solves (2.5) weakly on each interval [T, T;,+1 — €] .
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Remark 2.1.3. As mentioned before, in Definition[2.1.2]the purpose of redefining the system
(2.5) at each time of sticking 7, (by including the set B;(T,)) is to ensure that once stuck
together trajectories cannot separate. However, in Chapter 4| under the assumption that a €
(O, %) we prove existence and uniqueness of W>! solutions to and for such solutions
trajectories cannot separate anyway and thus there is no need to redefine the system as in
Definition [2.1.2l However we prove that in case of @ € (0, 1), the solutions in the sense of
Definition [2.1.2] are also unique (whether they belong to W*! or not — see Theorem
and in this case sets B;(T,) are crucial.

2.1.2 Bounded-Lipschitz distance

In Chapter [5| we frequently use the bounded-Lipschitz distance (also known as the flat met-
ric), which in the sense explained in [48] p. 26 is a version of Kantorovich-Rubinstein
distance (or Wasserstein-1 distance).

Definition 2.1.3 (Bounded-Lipschitz distance). For any probabilistic measures y and v

we define
f gdu — f gdv
Q Q

where the supremum is taken over all bounded and Lipschitz continuous functions g,
such that ||gll < 1 and Lip(g) < 1.

b

d(u,v) = sup
8

In the above definition ||g||., and Lip(g) represent L™ norm and Lipschitz constant of g.
This also leads to a need of distinction between spaces of measures with different topologies
i.e. we denote M = M(Q) = (M, TV) as the space of finite Radon measures defined on
Q with total variation topology and we denote (M, d) as the space of finite Radon measures
defined on Q with bounded-Lipschitz distance topology. The importance of the space (M, d)
comes from the prime difference between the bounded-Lipschitz distance and the total vari-
ation. Namely for x; # x,, we have TV(d,, — 6y,) = 2, while d(6,,,9,,) < Clx; — x|. In
particular, if x, — x in Q then 6,, — ¢, in d, which is not the case in T'V.

In our considerations a crucial role is played by

M, :={u € M: puisnonnegative}

both with TV and d(-, -) topology. If Q is a compact subset of R?, then M is isomorphic to
(& b(Q)) There is a very convenient relation between the weak * topology in (C,(Q2))* and
the topology generated by bounded-Lipschitz distance on M that we present below.

2This nice property does not hold in general. For example if Q = R? then (C,(Q))* is isomorphic to the
space of regular bounded finitely additive measures, while (Cy(€2))* is isomorphic to M.
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Definition 2.1.4. We say that a sequence {u,},enx C M converges narrowly to a measure

u e Mif

lim f P(xX)dp(x) = f $(x)du(x)
n=ee Ja Q

for all ¢ € Cp(Q).

Remark 2.1.4. The narrow convergence is exactly the weak * convergence in (C,(€2))* which
is equivalent to the weak convergence of measures (which should not be confused with the
weak convergence in the sense of functional analysis). It may seem redundant to introduce a
new notion for weak * convergence of measures but it is justified if we consider the spaces of
measures defined on whole RY. Assuming that Q = R? the space of all Radon measures M
with TV topology is isomorphic to (Cy(£2))* which is by no means isomorphic to (C,(€2))*.
Then the weak * convergence in (Cy(£2))* (which plays the role of weak convergence of
measures in M) is different than the narrow convergence.

Remark 2.1.5. In our framework we usually assume that Q is compact in which case, as
mentioned before, the narrow convergence is exactly the weak convergence for measures
in M. Alternatively, since the C—S model has the property of conservation of mass we
could consider probabilistic measures and for them the narrow convergence is also equivalent
to weak convergence. Either way, throughout Part [I the narrow convergence, the weak *
convergence in (C,(€2))* and the weak convergence in M are equivalent.

Definition 2.1.5. We say that a sequence {i,},ey C M is tight if for all € > O there exists a
compact K, CC Q such that for all n € N we have

lual(\ Ke) <€,
where |u| is the total variation measure of .

For compact Q, the relation between the narrow convergence in M and the convergence
in (M, d) is as follows.

Proposition 2.1.1. Suppose that Q is compact and let {u,},en be a tight sequence in M and
let u € M. Then u,, — u narrowly if and only if d(u,, u) — 0 and {i,},en is bounded in M.

The proof of Proposition [2.1.1]is a modification of the proof of Theorem 2.7 from [26].

Proof of Proposition[2.1.1) (=) Suppose that y, converges weakly * to 4 € M Then by
Banach-Steinhaus theorem we have sup, . [u,(€2) < oo i.e. {u,},en is bounded in M. Using
the definition of d(:, -), we obtain

d(y, ) < sup {f gldu, —dp) : lglle <, Lip(g) < 1} +fQ Ld(|un] + )
K

\K
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for any compact K c Q. Thus by tightness of {u,},c«v for any € > 0 there exists K. cC
such that

sup((ua] + )@\ K,) < g

Let
Ac =g llglle < 1. Lip(g) < 1,suppg € K.},

where K, cC K. cc Q. Then by Arzela—Ascoli Theorem (Theorem |A.4.1) set A is compact
in C,(€). Therefore there exists a finite set of Lipschitz functions {g;};<, in A such that

(SUP || (€2) + I,HI(Q)) sup {f llg - gillm} <
neN g€A, i=1,....ke

.....

W m

and thus

d(pn, p) < max f (i, — 1)+ = + =
i=1,...ke Jk, 3 3

.....

Due to the narrow convergence of {u,},cn, there exists m, € N such that

% f gid(/ln - ,u)
Ke

for every n > m,. This implies that d(u,, 1) < € for every n > m, and thus d(u,,u) — 0 as
n — co.

(&) Let d(u,, 1) — 0 and let sup, oy |1,|(€2) < co. We will show that p, — u narrowly. Fix
¢ € Cp(€2). Then for any € > 0 there exists a Lipschitz continuous and bounded ¢, such that

lp — Pelloo < €. Moreover
fd)fd/’tﬂ - f¢edﬂ| s
Q Q

f¢dﬂn - f¢dﬂ‘ < f(¢ - ¢E)d/ln - f(d) - ¢e)dlu' +
Q Q Q Q

where the last term converges to 0 since d(u,,u) — 0. For the first term on the right-hand
side of the above inequality we have

f (6 — ddp, — f (6 — ddi
Q Q

which by arbitrarity of € proves that y, — u narrowly. O

€
< —
3

< (SUP |l (€2) + I,UI(Q)) l¢ = ¢ell < Ce,

neN

In our considerations we will deal only with nonnegative measures, which equipped with
the bounded-Lipschitz distance are a complete metric space.

Proposition 2.1.2. The space (M., d) is a complete metric space.
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The following corollary is the very reason for which we use the bounded-Lipschitz dis-
tance. It serves us as a topology with pointwise sequential compactness for measure valued
functions. What we mean is that if f, : [0,7] — (M,d) and f, are uniformly bounded in
L>(0,T;(M,TV)) then for each ¢ € [0, T] the sequence f,(?) is relatively compact in (M, d),
which is one of the assumptions of the Arzela-Ascoli theorem (Theorem[A.4.).

Corollary 2.1.1. Let {u,},en be a sequence bounded in (M., TV) with supports con-
tained in some given ball. Then u, has a subsequence convergent in (M., d).

Proof. Since the supports of u, are uniformly bounded then there exist compact sets K CC
Q cc R? such that

U suppu, C K.

n

Thus we may treat {u,},cv as a sequence of measures defined on a compact . Since
then (M, TV) is isomorphic to (C,(€2))*, which is a separable normed vector space then
by Banach-Alaoglu theorem (or Theorem [A.4.2)) the set {u, : n = 1,2,...} is sequentially
weakly * compact in (C,(Q))*. Therefore there exists a measure u € (C,(€2))* such that up
to a subsequence u,, converges to p weakly * in (C,(Q))*. Proposition[2.1.T]implies that the
weak * (Cp(€2))" convergence i.e. the narrow convergence is equivalent to the convergence
ind(-,-) if only {w, },env 1s tight (which is true since u, vanish on Q\ K). Thus y, converges to
@ in d(-, ). Finally since by Proposition (M, d) is a complete space we conclude that
actually u € (M,, d) and the proof is finished. O

Lastly we present a useful lemma related to the bounded-Lipschitz distance.

Lemma 2.1.1. Let d(-,-) be the bounded-Lipschitz distance. Then for any u,v € M and
any bounded and Lipschitz continuous function g, we have

fgdu—fgdv
Q Q

Proof. The proof of this lemma belongs to the standard theory and can be found, for example,
in [31]]. ]

< max{|lglle, Lip(g)}d(u, v).

2.1.3 Measure solutions of the Kinetic equation

We introduce the following weak formulation for (1.3)) that will play the major role in Chap-
ter 5k
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Definition 2.1.6. Let T > 0. We say that f is a weak solution to with the initial
data fy € M., such that suppfy C B(Ry) with Ry > 0 if

1. feL®0,T;M,)ando,f € LP(0, T, (Cé(B(R)))*)for some p > 1;
2. suppf(t) € B(R) fort € (0, T] for some positive constant R;

3. The following identity holds:

T T
f f flo,¢ + vVldxdvdt + f f F(f)fV,¢dxdvdt = (2.6)
0 R2d 0 R2d

=— | foC,0dxdv (2.7
RZd

for all ¢ € G, where

G :={¢p € C'([0,T) xR*) : 0,0, V¢, V,¢ are bounded
and Lipschitz continuous and ¢ has a compact support in t};

4. The function g(x,y,v,w,t) := (w — vIW(|x — y|) is integrable with respect to the
measure f(x,v,t) ® f(y,w,t), i.e. term F(f) is defined as a measure with respect
to the measure f. In particular by Fubini’s theorem the integral

T T
f f F(f)fV,¢dxdvdt = f f gV, f ® fdxdvdydwdt
0 R2d 0 R4d

is bounded and the term div,[F(f)f] is well defined as a distribution;

5. For each pair of concentric balls B((xo, vo), r) C B((xg, Vo), R), the following state-
ment holds: if

suppfo N B((xo0, vo), R) C B((xo, o), 1) (2.8)
then there exists T* € [0, T], such that

3R+ r

r+R) (2.9)

suppf(H) N B ((xo, Vo), 5

) CB ((Xo, Vo),

forallt € [0,T].

Remark 2.1.6. There is a natural question of the correspondence between solutions to (2. 1))
in the sense of Definition[2.1.6and solutions to (2.3)). The answer to this question is to some
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merit positive, which we explain below. Let
N
o, v) = ) i, (%) ® 8, (v) (2.10)
i=1

with Zﬁil m; = 1. Then f, defines an initial data xo = (x; 9, ..., Xny0), Vo = (V10, ---, Vn,0) fOr the
system of ODE’s (2.3)). For this system let (x,v) be a sufficiently smooth E] solution. Then
the function

N
FO,1) 1= D mi(x) 8 6, () 2.11)
i=1

is a solution of (2.1) in the sense of Definition [2.1.6| with the initial data f;. Indeed, if we
plug f defined in (2.T1) into (2.6), by a simple use of a chain rule, we obtain

T N
fe mi((at¢)(xia vi, 1) + vi(Ve)(x;, vi, f))

i=1

N
+ " mim(lx; = XD, = v)(Vo@)(xi, vir Ot

ij=1

TN N
= f Z m;—@(x;, vi, )dt = — Z m;iP(xi, vip, 1) = —f Joo(-, -, 0)dxdv
0 53 dt =1 R2d

forall¢ € G.

The converse assertion that a solution to (2.1)) in the sense of Definition [2.1.6|corresponds to
a solution of (2.3) is also true provided that the initial data are of the form (2.10). However,
the proof is much more involved and it is in fact the second part of Chapter [5]

Definition 2.1.7. We say that f is an atomic solution if it has the form ([2.11)).

Remark 2.1.7. Point 5 of Definition requires some explanation. Its purpose is to
establish a local control over the propagation of the support of f. Basically if we can divide
the support of fj into two parts of distance R — r, then in some small time interval [0, T*] the

distances between those parts is no lesser than R;’.

Remark 2.1.8. In Chapter[5|and especially Section[5.2) we frequently test our weak solution
by various test functions that at the first glance may seem not admissible. In particular we
test with functions with derivatives in x and v not necessarily Lipschitz continuous. This
is however correct since by simple density argument we may test (2.6) with C' functions.

3 By sufficiently smooth” we mean for instance that (x,v) € W1 ([0, T1), which is a reasonable assumption
in view of Proposition[5.0.3]
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Moreover we test (2.6) with functions that are not compactly supported in time. In such case
we get a version of (2.6) with both endpoints of the time interval, i.e. by testing in the time
interval [0, f] we get

T T
f f flo,¢ + vVldxdvdt + f f F(f)fV,¢dxdvdt =
0 R2d 0 R2d
= [ fwoc. - odxdy - f FobCer -, O)dlxd.
RZ[I RM

The justification of the above equation is standard but we present it anyway in the proof of
Proposition [5.0.3](v) in Appendix [A]

2.2 Part I: Main results

Having all the necessary preliminary definitions and remarks we are finally in position to
present the main results of the first part of the thesis. The first one states that the C-S
particle system (2.3) with singular weight with « € (0, 1) admits at least one piecewise-weak
solution.

Theorem 2.2.1. Let « € (0,1). For all T > 0 there exists a (C'([0, T1))V solution of
(2.3) with arbitrary initial data. This solution is in the sense of Definition[2.1.2]

The second result concerns the existence and uniqueness of classical solutions to the C—S
particle system with singular communication weight provided that the range of singularity is
reduced to a € (0, %).

Theorem 2.2.2. Let a € (0, %) be given. Then for all T > 0 and arbitrary initial data
there exists a unique x € W>'([0,T]) c C'([0, T]) that solves with communication

weight given by weakly in W>'([0, T]).

The third result is complementary to Theorem [2.2.1] stating that any piecewise—weak
solution to the C-S particle system with singular weight with & € (0, 1) is unique. Thus it
could be expected to appear in Chapter [3] however since the methodology of the proof is
developed in Chapter 4] we decided to introduce it separately in that chapter.

Theorem 2.2.3. Let @ € (%, 1) be given. Then the solution in the sense of Definition
[2.1.2] which existence is ensured by Theorem [2.2.1]is unique.
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The last result answers the main question of existence and uniqueness of solutions to
the C-S kinetic equation with singular communication weight completing at the same time
the analysis of the C—S model with singular weight with @ € (0, 1). It states that for any
compactly supported initial Radon measure there exists a solution and if the initial measure
is atomic then the solution is also atomic and unique.

Theorem 2.2.4. Let 0 < a < % For any compactly supported initial data fy € M, and
any T > 0, the Cucker-Smale’s kinetic equation (2.1) admits at least one solution in the

sense of Definition[2.1.6] Moreover if fy is atomic (is of the form ) then f is atomic
(is of the form (2.11))) and it is unique.

Additionally we present proposition of minor importance from the point of view of this
thesis but is an interesting addition to the qualitative analysis of C—S model. It’s proof can
be found at the end of Chapter 3] (in Section [3.6)).

Proposition 2.2.1. The C-S particle system with singular communication weight
(2.2) with a € (0, 1) allows sticking of the trajectories of the particles.

Remark 2.2.1. The above proposition is important from the point of view of applications as
explained in Section [[.2] From the modelling point of view it is good to understand what
repertoire of qualitative behaviour does the model exhibit. It may be the lack of sticking
of the trajectories typical for the C—S model with regular weight or the lack of collisions
whatsoever that is generally expected for the model with singular weight with @ > 1. In case
of the C—S model with singular weight and « € (0, 1) there is a possibility of sticking of the
trajectories that we discovered in paper [43]] and included in this dissertation.
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Chapter 3

Cucker-Smale model with singular
weight: piecewise-weak solutions

Our first goal is to obtain existence of piecewise-weak solutions to with singular weight
(2.2) and @ € (0, 1). Let us briefly present difficulties and ideas how to overcome them. When
dealing with the C-S model with bounded weight one makes use of it’s Lipschitz continuity
as well as the structure of the model itself. As an example we present a simple application
of the properties of the structure of our model. Namely, we prove that the average velocity
of the particles

N

1
OB IO

i=1

is constant in time. Assuming that x = (x, ..., xy) and v = (vy, ..., vy) is a sufficiently smooth
solution of (2.3]), we calculate the derivative of ¥ to get

N

d 1+
2,vi= 2 = vl — ) = (3.1)

dt i=1 i,k=1

1 < 1 <
v 20 = v = b + 5o > i = vu(l = ul) =0,

ik=1 i,k=1

where the latter summand in the second line is obtained by substituting i and k. Clearly
each such structure based property of the C-S model will remain true regardless of the com-
munication weight ¢ as long as it is nonnegative. This is the first piece of information on
which we base our hope to obtain some existence for C-S model with singular weight .
The second piece of information is that in case of singular weight given by (2.2)) Lipschitz
continuity and boundedness of ¢ fails only at 0, which means that our main problem will
be to prove existence in a neighbourhood of each time #, at which some particles collide.
However, roughly speaking, in a neighbourhood of each such point we have

xi(1) — xj() = t(vi(ty) — vj(ty)) = t(vi(t) — v;(1))
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and since in (2.3), the function 7 — ¥ (|x;(¢) — x;(¢)]) comes always multiplied by v;(z) — v;(?),
we have

: (6i(t) = () - Wid) = v(1))
(Pxict) = x;(0D) = wlxi(o) = x,(0)) @@—@m|j

~ Y(lxi(0) — x;(ODIvi®) — v;(0)]
1

with W(s) := msl“’ being a primitive of ¢, which is a Holder continuous function, thus
there is hope for some better regularity of v.

These two observations were already used in [31]] to obtain asymptotic flocking for C-S
model with weight y. Occurrence of asymptotic flocking is a further clue that a C-S model
with singular weight inherits some nice properties from the model with a smooth weight.

In the following sections we prove existence for the discrete C-S model (2.3) with a
singular communication weight given by for a € (0,1) (Theorem [2.2.1)). Our strategy
is based on the observation that the function ¢ — (|x;(t) — x;(?)|) is Lipschitz continuous in
a neighbourhood of each time 1y, such that for all 7, j, we have x;(ty) # x;(ty), which makes
local existence in such points trivial. The idea is that if we prove that the particles collide
in some sense rarely, then the only difficulty is to establish existence in a neighbourhood of
each point of collision of some particles. Technically we obtain existence of solutions by
approximating them with solutions of C-S model with bounded weights.

3.1 Approximate solutions

First, let us define the approximate solutions and present some of their most important prop-
erties. For each n let

U(s) it s>@n-1)s,
Un(s) =3 smooth and monotone if e <s< (n—- 1)‘$,
n if s<na

for all s € [0, c0) with ¥ given by (2.2)). For all n, functions i, are smooth and bounded, thus
C-S systems associated with these weights have unique solutions. This can be expressed by
the following proposition.

Proposition 3.1.1. For each positive integer n and for arbitrary initial data, the system

< :
= >0 = v - ) G2

has a unique global classical solution x" belonging to the class (C*([0, T1))V.

The proof of this proposition is standard and we omit it. The following properties of the
solutions will play an important role throughout the chapter.
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Proposition 3.1.2. Let x" be a solution of the C-S model associated with weight ,,. Then
X" has the following properties:
1. It belongs to the class C* in a neighbourhood of every such point t, that
W) = X:(0)] > 0
foralli,j=1,...,N.
2. The average velocity of the particles is constant:
1 &
N ZI: Vi(t) = const.

3. Velocity V" is bounded: there exists a constant M(n) such that for alli = 1, ..., N,

we have
IV =0 < M(n).

4. If the initial data x"(0),v"(0) are uniformly bounded, then also V" is uniformly
bounded: there exists a constant M such that foralli =1,...,Nandalln =1,2, ...,
we have

Vi llz=qo,ry < M.

5. Acceleration V" is bounded:

Vi 1lz=qo.r7) < 2M(n)n.

6. If at some point t we have x(t) = x;f(t) and vVi(t) = v;?(t)for anyi,j=1,..,N, then
X! = x;’ onlt, T].

7. If at some point t we have vi(1) = V(1) for all i, j = 1,..., N, then V" is constant on
[z, T].

Proof. 1. Since x" is continuous, if at some point ¢ all the particles have different positions

Le. |[x!() — x’]’.(t)l > (O foralli, j=1,..,N thenitis also true in some neighbourhood of
t. Moreover in this neighbourhood of ¢ the right-hand side of (3.2), is differentiable,
which by iteration implies that x" is smooth at .

2. This part was already done at the beginning of this chapter (in particular in (3.1)).
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3. Let r,(1) := X, (Vi () = Vi(D)*. By (3.2),, we have

N 1 N 1 N
=2 ) 0=y Z(vz =V} = ) = Z(vz D2 CAEEA)
ij=1 = =
N
R AR A (4 —xk|>—— Z 0 = VIO = VDUl = 2).

=1 thl

ZIN

Again, we substitute i and k in the first summand and j and & in the second summand

to obtain
1 N
= D W= VDO = v - xk|>+— Z(vk—v"xv — V(] = X)
i,j,k=1 1]k 1
1 N
-5 ;lw — V) = V(! - k|>—— ;w — VDO = V(X = X))
i,jk= bJ,

1 N
=~ Z(v;’—vsz(ix?—x;n)— Z<v VP - )

i,j,k=1 z]k 1
2
= =2 ) O] = VU] - X)) < 0.

Thus for each n, function r, is nonincreasing with it’s maximum at 0 i.e. r,(¢) < r,(0).
Now let V" be the average velocity, which as we know from property 2 is a constant.
We have

$ (5300

i=1 \ j=1

%I~

N ) N 1 N
;(\_/n_v?) :Z[ﬁzvy— l]

i=1 j=1

< ( -V < —rn(O)

uMZ

1
N

N
W< W) =T+ 17 < | D0 = V2 + 5] < CN) Y (0) + 7]
i=1

< C(N) \ry(0) = M(n),

Lastly

where C(N) is a generic constant depending on N.

4. We simply note that if initial velocity is uniformly bounded, then M(n) < M for some

M independent of n.
Point 5 follows immediately from property 3 and equation (3.2)),, while points 6 and 7 are
obvious consequences of uniqueness of the solutions. O
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Remark 3.1.1. Property 6 from the above proposition implies that the acceleration equation
(3.2), can be replaced by:

1
V= D 0k =g - . (3.3)

keB;(t)

where B;(t) is defined by (2.4), with v = 0 should set B;(r) be empty. Indeed, by (3.1.1) we
have

1 1
V) = — V) = VHOW, (X @) = X)) + — VHE) = VIO, (X () — Xt
(1) N@Zj({)( 1) = VO (X0 = X)) Nk;,.@( AOERAONACAGEEAG)
and by the definition of B;(¢) the second term above disappears at ¢ (as for all k£ ¢ B;(?),
vi(t) = vi(1)). Property 6 from Proposition @ implies that this is true also for all s > t,
thus we may actually ignore the second term altogether, which leaves us with (3.3). This
technical observation will be useful later on.

Until the end of the chapter we use M(n) and M in the same roles as in Proposition [3.1.2]
We end this section with an important lemma that is in fact our way to deal with existence in
a right sided neighbourhood of a point of collision.

Lemma 3.1.1. Let x" be a solution of C-S system on the time interval [0, T| with weight ¥,
and initial data x(0),v(0) — independent of n. Then there exists an interval [0, t], such that
all velocities V"' are uniformly Hélder continuous on [0, t].

To prove this lemma we need yet another, technical lemma.

Lemma 3.1.2. If x;(0) = x;(0) and v,(0) # v;(0), then for all n, there exists an interval (0, "],
such that

(Vi (s) = V}(5)) - (x](s) — x}())]

Vi(s) = vi(s)l < 4 )~ 200) (3.4)
for s €(0,1").
Proof. By property 5 from Proposition[3.1.2, we have
VI(s) = Vi(s) = Vi) = V(0) + u(s),  Iu(9)] < 2lsIMm. (3.5)

Moreover as x} — x’ is a C? function, by Taylor’s formula

X(5) = Xi(8) = 5+ ((0) =V} (0)) + 04(5) = 5 (V/(5) = Vi) = $u()) + 0u(5). (3.6

where

on(s) := f s(v;? — V(s = 0)db,  lox(s)| < 2ls*Mn.
0
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Thus
(Vi () = V()X (s) = X ()] =
= [s(V}(s) = V1())? = sOF(5) = VI())pa(s) + (V] (5) = Vi(5)0u(s)]
> 5] (5) = Vi(9))* = sl (5) = VI()pn(8)] = (V] (5) = Vi(5))ou(s)] 2 %(V?(S) —Vi) (37

assuming that s € (0, #*], where ¢" is the supremum of all times s,, such that for all s € (t, s,,],
we have

1
IEn( < 27 () = Vi)l lou(s)l < ;iIV?(S) —Vi(9)l. (3.8)

To check that #* > 0, we notice that for
_ v;i(0) = v;(O)l

Sp 1= OMn (3.9)
and s € [0, s,,], we have
1 s
()| < glv?(o) =ViO)l,  loa(s)l < §|V7(0) — V0, (3.10)
which together with (3.5]) implies that
4
SO = Vi) < i (s) = vi(s)l (3.11)

and condition (3.8) is satisfied. Therefore by taking s, given by (3.9) we get (3.7). Now by
(3-3) and (3.6) on (0, s,] we also have

|} (8) = Xj(9)] < 25]v/ () = Vi(s)l, (3.12)

which together with (3.7) proves that there exists s, > 0 such that on (0, s,] inequality (3.4)
holds. Now we define 7" as the supremum of all such times s,. This finishes the proof. O

Next we proceed with the proof of Lemma[3.1.1]

Proof of Lemma(3.1.1] The proof will follow by 2 steps. In step 1 we prove that for each n
there exists an interval [0, #'] on which v" is Holder continuous with a constant independent
of n, while in step 2 we establish a lower bound on #* that is independent of n.

Step 1. It suffices to show (3.4) separately for all particles, thus let us fix i = 1, ..., N and
consider x;. By Remark [3.1.1]for all s, we have

1 ’ n n n
<y 2 [ v v - dpas

keB;(0) Y9
1 s 1 s
== f Vi = Vil — iDde + - > f v — vl (1 — X6
keB? 0 keB} 0

=1 +11,

Vi(s) — VI(O)] = | f ¥(0)d0
0
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where
B! :={j € B(0) : [x/(0) — x0)| = 0}, B} :={j € B(0) : [x;(0) — x:(0)] > 0}

and B;(0) is the defined by set of all particles that have different trajectories than x;
(we assume that B? and B; are nonempty since otherwise I = 0 or /I = 0 and the estima-
tion is even easier). We estimate / and I separately starting with 1. For j € B?, we have
Iv?(O) —v?(0)] > 0 and by it’s continuity there exists 7" such that Ix?(s) —x!(s)| > 0 and conse-
quently ¢, (|x}(s) = x7 ()]) < Y(|x(s) = x](s)]) in (0, "]. Together with Lemma@it implies

that
0 - ") @ -
Z f oW = 2o,

jeB?

We claim that, since ¥(|x!(0) - x;f(O)l) =0forall je B?, then

0=V - (=) o
fo Y~ XD = )~ 5D,

where W(s) = ﬁsl‘“ is a primitive of . Indeed, we have
P(|x)(s) - X)) = f (P = x71)) o

I(x" )V = vl
f Y(lx; - do
Xt — x|

J

and since ¥ > 0 we can substitute the above inequality with an equality provided that on
(0, £*] the function &(s) := (x;?(s) — xlf’(s))(v;?(s) —v!(s)) has a constant sign. It suffices to show
that |¢] > 0 in (0, '], which is an immediate consequence of Lemma[3.1.2]and (3.11). Thus
we proved that

I<~ Z\Pux () = () = Wi —a Z [SHOESAC)

]GBO
4pM- - -
a< —a
N(l—)§|| _1_ M

where we use inequality Ix”(s) x!(s)| < M|s| that follows from property 4 from Proposition
To estimate 11 we ﬁrst notice that since for all j € B, we have Ix”(O) -x/(0) >0
then there exists 6 > 0 such that |x”(0) x!(0)| > ¢ for all j € B. Then, by property 4 from
Proposition there exists an n independent interval [0, 75] on which Ix’} — x| > ¢ for all
J € BY. On this interval

Ya(1X(s) = X[ () < 67
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Therefore

1 —Q (07 —Q -
s D 21sIM6™ < 266 M5~)sl'

JjeB;
and adding our estimations of / and /1 we get
VA(s) = V)| < Ls|'™

with L = 4’1"’_' ;a + 2t M6~ on interval [0, '] N [0, 1y]. For simplicity let us denote min{z", 7}
again by ¢". This finishes step 1.

Step 2. In step 1 we proved that for each n there exists an interval [0, #'] in which v} is Holder
continuous with a constant independent of n. Now we prove that there exists ¢ > 0, such that
for all n, we have ¢ < " and thus in [0, 7] all functions v are uniformly Holder continuous.

There are exactly 3 instances, when we bound 7 from the above:

1. In the proof of Lemma[3.1.2]

2. While ensuring that for all k£ € B? we have Vi —v!| > 01in [0, 7"].

3. While ensuring that for all k € B? the function £ is positive in (0, '].

If each of these bounds from above can be bounded from below by a constant independent
of n, then so can be ¢" for all n.

1. In Lemma [3.1.2] #* was the supremum of all times s,, such that for all s € (0,7"]
conditions (3.8) and (3.12) are satisfied. However from step 1 we may estimate ¢
better than we could in the proof of Lemma[3.1.2] We have

|$a(s) < 2LIs|'™ and |on(s)| < 2L|s*,
thus by taking

(1 \TE
t.:(lo—lek(O)—vi(O)l) , (3.13)

we ensure that (3.10) and consequently (3.8) is satisfied. With the same 7 we obtain
also condition (3.12).

2. For k € B? we have [V{(0) — v(0)| > 0, thus
Vi(s) = Vi ()] = Vi(0) = v}(0)] - 2L|s|',
which is positive for s < 7.

3. To prove that & has a constant sign in [0, '] we applied Lemma [3.1.2] concluding that
|€(s)| 1s positive, provided that s belongs to the interval on which the thesis of Lemma
holds and we proved above that this interval includes (0, 7].

Therefore all bounds from points 1,2 and 3 are satisfied for #, defined by (3.13)) and it is
clearly n-independent. Thus we proved that there exists an interval [0, 7] with ¢ > 7 in which
all functions v! are uniformly Holder continuous. |

30



3.2 From approximate solutions to the piecewise-weak so-
lutions

Before we proceed with passing to the limit with the approximate solutions (x", V") we have
to introduce some of the basic notions of piecewise-weak solutions in the language of ap-
proximate solutions. In Definition a crucial role is played by the times at which one or
more particles stick together. However, as mentioned in Remark [3.6.1] sticking of the trajec-
tories cannot happen in case of regular weight and the approximate solutions are associated
with regularised communication weights. Thus we need to redefine the times of sticking
(and for technical reasons also the times of collisions) in terms of the approximate solutions.

Remark 3.2.1. Property 4 from Proposition [3.1.2] implies equicontinuity of x", thus by
Arzela-Ascoli theorem there exists a (C([0, T1))M? convergent subsequence x". From this
point we pick one of such convergent subsequences and for simplicity of notation assume
that X" = x"™.

Having the above remark in mind we present an alternative definition of the times of colli-
sions by the following recursive formula:

t; »=1inf{r > 0 : min lim |x] — x’}l =0},

i=1,.,.N n—oo

t, :=inf{t > t,_; : min lim [x} — x’}l =0} for n=2,3,...
i=1,..,.N n—oo

JEBi(th-1)

assuming that ¢, = co provided that there is no ¢ > t,_;, such that

min lim |[x] — x| = 0.
i=1,..N n—co J

JEBi(th-1)

Remark 3.2.2. Clearly if ¢ < ¢, then there exists 6 > 0, such that

in lim |x}() — x}(0)| > 6,
{:1 ..... N n—oo

which further implies that for all i, j, there exists ny such that for all n > ny, we have
X} (1) — x;?(t)l > 6. On the other hand

lim |x}(;) — xj(t;) =0, for some i=1,..,N and je€ Bi(0)
and assuming that x is a (C([0, £;]))¥ limit of x", we have

xi(t) = x;(t),

which means that ¢, is indeed the first time of collision for x. Similarly z#, is the nth time of
collision for x.
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Remark 3.2.3. The natural question arises whether ¢, — oo with n — oo, as it is otherwise
not clear if [0, '] € [0, #,]U U, [#:, tn+1]. The answer to this question is in some sense "yes’,
but to specify it and prove it, some careful analysis is required. In fact we will prove it at the
very end of this section in the proof of Theorem [2.2.1]

3.3 Existence up to the time of collision
In this section we prove that the approximate solutions converge in every interval
[Oa t] - [Oa tl)

, where #; is the time of the first collision of the particles. Additionally we will prove that
their limit is a weak solution in (W>!([0, ]))¥¢. We begin with the following proposition.

Proposition 3.3.1. For n = 1,2,... let X" be a solution to the C-S system on interval
[0, T] with weight ,, and an independent of n initial data x(0) and v(0). There exists
an interval [0, 1)) such that for any [0,t] € [0, ) solutions X" have a subsequence that
converges to x in (C'([0, t]))V.

Proof. If for all i, j = 1,...,N we have v;(0) = v;(0) then by property 7 from Proposition
3.1.2] we have v* = v(0) for all n and the assertion holds with #;, = T. Thus assuming that
there exist i, j = 1, ..., N such that v;(0) # v;(0), we have two possibilities:

(A) Foralliand j € B;(0) we have x;(0) # x;(0).
(B) There existi and j € B;(0) such that x;(0) = x;(0).

(A) In this case for all ¢+ < t;, there exists 9, > 0 such that for all 7, j and all n we have
| — x;?I > 6, and y(|x! — x;?I) < 6;% on [0, ¢]. Thus all velocities V" are uniformly Lipschitz
continuous on [0, ] and by Arzela-Ascoli theorem there exists a (C'([0, ¢]))? convergent
subsequence of x".

(B) In the second case, there exist i and j, such that x;(0) = x;(0) and v;(0) # v;(0) and we
may not proceed as in case (A). However for this situation we have prepared Lemma |3.1.1]
which implies uniform Holder continuity of v* in some neighbourhood of 0. Therefore for
sufficiently small sy and j € B;(0), such that x;(0) = x;(0), we have

lx (s) — x;f(s)l > (Iv,-(O) -v;(0)] - 2Ls1_“) > s%lv,-(O) —v;(0)] =:6,>0

for s € [0, so]. On the other hand, for all j € B;(0) such that x;(0) # x;(0), from property 4 of
Proposition [3.1.2] we have

X7 (8) = x3()] = 1x;(0) — x;(0) - 2M's > 6,
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foralln =1,2,...and all s € [0, s;] with O < s5; < 1 possibly smaller than s,. Thus in s; we
end up in a situation from case (A) with

|xi (s1) = X[ (sl = 6,

and all velocities v" are uniformly Holder continuous on [0, s;] and uniformly Lipschitz con-
tinuous on [y, ¢] for all # < ¢;. Again by Arzela-Ascoli theorem, there exists a (C'([0, ¢]))V
convergent subsequence of x". O

Remark 3.3.1. As in Remark even though x from Proposition|3.3.1|is a limit of some
subsequence of x", we will assume that it is in fact a limit of the whole sequence x" (by
restricting the approximate solutions to only those, which approximate x). Such assumption
will pose no threat to our reasoning as long as they will not involve uniqueness of x.

Corollary 3.3.1. Let x be as in Remark Then x is a local classical solution to C-S
system in the interval (0,t,). Moreover

1. Foralli,j=1,..,N, we have |x; — x;| > 0in (0,1,).
2. The function x is smooth in (0, t;).

Proof. By the definition of #; we get assertion 1, which on the other hand implies that in a
neighbourhood of each ¢ € (0, #,) all the derivatives of x" are uniformly bounded, which by
Arzela—Ascoli theorem implies that x is smooth in (0, #;). With this, to prove that x solves
C-S system with weight , it suffices to take a (C*([—¢€, 1+ €]))M¢ limit of systems associated
with weights ¢, with [t — €,1 + €] C (0,1y). O

Our next step is to show that the function x actually satisfies our problem in a weak sense
in every interval [0, f] C [0, #;) (though to prove that it satisfies Definition [2.1.2] we still need
continuity of v at #;).

Proposition 3.3.2. For all t € [0, ] the function x is a weak (W*>'([0, 1]))¥ solution of

2:3).

Proof. From Proposition and Corollary it follows that x € (C'([0, t,)))"¢ and that
f; is the time of the first collision of the particles. It suffices to show that x satisfies (2.3)
weakly in intervals [0, 7] for  / t,. Since x" satisfy (2.3); and x" — x in (C'([0, 1]))V, then
x satisfies 1 with v = lim,,_,., v". Now for ¢ € (C°([O, 1)), we have

t n ' Ny ' 1 5 n n n n
fo‘ Vigds = _\fo‘ Vigds = —jo‘ N ;(vk —VO,(x] — x;¢ds
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and the left-hand side converges to foz véds. Thus it remains to show that the right-hand side

converges to [— fot vods], where

1 N
V= 5 0= v = ). (3.14)
k=1

To this end we require for example that V" — v in (L'([0, £]))™?, which follows from Lemma
applied to functions f, = v = V!, f = v —vi, g = Y(|x] — x}D), & = ¥(|xi — xil). O

Remark 3.3.2. In the above proof, we actually have v — v in (L'([0, #]))¥¢, which can be

proved using Vitali’s convergence theorem.

As our last effort in this section let us make an obvious remark involving properties stated in

Proposition [3.1.2]

Corollary 3.3.2. Properties 1,2,6,7 from Proposition remain true also for the so-
lution x on [0, t). Moreover the following version of properties 3 and 4 holds:

(4") For all initial data x(0) and v(0) and all i = 1, ..., N, we have
WVill e o,y < M,

where M is the constant from property 4 from Proposition[3.1.2}

Proof. Properties 1,2,4" follow by similar argumentation as in the proof of Propositionm
Property 6 follows by the definition of our system (namely by substituting equation (2.3),
with 2) and property 7 follows by calculating the derivative of r(z) := }; (v — vt O

Remark 3.3.3. In general, property 5 from Proposition does not hold on [0, #;) even
though it holds on [0, 7] for ¢  #; due to the blowup of (|x; — x;|) at the time of collision of
ith and jth particles.

3.4 Clustering at the time of collision

In the previous section we established existence of solutions on the interval [0, #;), where #
is time of the first collision of some pair of particles. The solution x belongs to

(W10, DM N (€1 ([0, 1))™ N (C(10, Tol )™

forall 0 < ¢ < 1, and satisfies in a classical sense in (0, ¢;) and weakly in (W>!([0, ¢]))¢.
Therefore we know that v is a Lipschitz continuous function in each interval [0, ¢] C [0, 1),
however we do not know anything about it’s behaviour in a neighbourhood of #; — with our
current knowledge the limit of v(¢) as ¢t — #; may even not exist. In this section we provide a
proof of continuity of v on whole interval [0, #,].
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Definition 3.4.1. For each i, j = 1, ..., N we define a relation i~j if and only if j ¢ B;(0)
or forallt < t;, we have

f Y(lx; — xj])ds = oo.

This relation is clearly symmetric and reflexive but not necessarily transitive. This leads us
to another definition.

Definition 3.4.2. For each i, j = 1,...,N we define a relation ~ with the following two
statements:

1. Ifi~j, theni ~ j.

2. Fori+j, we have i ~ jif and only if there exists k, such thati ~ k and k ~ ].

Remark 3.4.1. Relation ~ is an equivalence relation. Since ~ is symmetric and reflexive
then so is ~. Transitivity of ~ follows directly from the definition. Equivalence classes [i]
of ~ provide us with a partition of the set of indexes {1, ..., N} with the following property:
giveni, j=1,..,Nif j ¢ [i], then Y(|x; — x;|) is integrable in every interval [z, #].

Now let us for eachi = 1, ..., N define w; = wﬁo by the system of ODE’s

1
w; = N Z(Wk = wr(|x; — xi),

keli]

in [fy,t;) with the initial data w;(ty) = v;(¢y) for all i = 1,...,N. All structure based
properties 1,2 and 4" from Corollary hold also for the functions w; as in their proof we
never make use of the fact that x = v. We introduce the functions w; as a tool to study the
evolution of v in a neighbourhood of #,. First we ensure that w; and v; are in some sense close
to each other and behave in a similar way.

Lemma 3.4.1. Fort € [ty, 1), we have
Vi) = wi(D] < w(ty = 1),

for some nonnegative continuous function w with w(0) = 0.
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Proof. Let r(t) = Y (vi(t) — wi(1))*. We have

F= % Z (vi —w;) ((Vj —vi)—(w; — Wi)) Yllx; — x;)

i,jeli]
2
Y i;m(vi —w)(v; = vi(lx; — x;)) =: I + I1.

By a similar to the proof of property 3 form Proposition [3.1.2] application of the symmetry
we conclude that

2
N i,jze[i] (s = w ;= w)) = v = wi )l = x;)
1
Y Z ((Vi —wi)— (v — Wj))2 Y(lx; — xj) < 0.
i.jelil

On the other hand /7 is integrable by Remark [3.4.1] Therefore, since r(ty) = 0, for t € [1), 1),
we have

7|
r(t) < f [I|ds =: (1) — to),
)

where w is a nonnegative continuous function with w(0) = 0. O

Our next goal is to prove thatif i ~ j then [w;() — w;(1)] — 0 as t — ;. However before we
begin let us make another purely technical assumption that

Zwi =0. (3.15)

This does not make our reasoning any less general since by the same argumentation as in
property 2 from Corollary [3.3.2] this sum is constant in time — thus we may as well assume
that it equals 0. Thus our goal can be rewritten in a equivalent form: prove that

limw;(f) =0 forall i€ [i]. (3.16)

-1
The first step of the proof is to show the following slightly weaker assertion.
Lemma 3.4.2. If i~j, then there exists a sequence s, — t|, such that |w;(s,) — w;(s,)| — 0.

Proof. 1f j ¢ B;(0) then x; = x; and w; = w; and the assertion holds. If j € B;(0) then the
proof follows by contradiction. Let us assume that i~ j and there is no such sequence s, i.e.
there exists 6 > 0, such that [w;(s) — w;(s)| > ¢ for s € [f,#;). Since i~ j both i and j belong
to [i] and thus for all s € [1, #;) and for r(s) := >4 jey(Wi(s) — wi(s))?, we have

2
F= D =) O = e = 5ul) = O = W = ).

k,l,meli]
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By the usual symmetry argument

=2 Z (Wi — W) Y(lxi — xi)).

k,le[i]

Now since |w; — wj| > ¢ and by property 4" from Corollary also 6% < r(s) < NM? and
we have
(W,‘ - Wj)2 262

(Inr) < 2yl - x) < -

(lxi — x;l)

and consequently

252 (s
-l i—xj)do
2 <r<e me Jo wtizaib r(to),

which is impossible since ft OS Y(|x; — xj|) — oo as s — 1. Therefore no such ¢ exists and the
proof is complete. O

Our next step is a technical lemma which is vaguely based on the fact that velocities of the
particles only "pull" each other but never push away (which for example means that w; which
is the furthest from 0 may not go any further away from 0 because there is no other velocity
to pull it there).

Lemma 3.4.3. Foreachk =1, ...,d we denote Wf? — the kth coordinate of w; and assume that
up to permutations w’l‘(t) <..< wﬁ‘v(t). Then the sums

/ N
ZW?O), and wa(t), I=1,.,N
i=l

i=1
are respectively nondecreasing and nonincreasing.

Proof. We prove the assertion only for the first sum as the other differs only by sign. For all
[=1,...,N, we have

I t I N
(Z Wf] = > 0k =Wl = )+ D Y 0k = whl = xj) =2 1+ 1.
i=1 i,j=1 i=1 j=l+1

By symmetry / = 0. On the other hand for j > [ as long as w’;. —w¥ >0, we have /I > 0 and

the sum Y/_, w] is nondecreasing. O

Now we may proceed with our goal which is the following proposition.

Proposition 3.4.1. Ifi ~ j then

tlir;l lwi() —w;(?)] = 0. (3.17)
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Proof. 1t suffices to show that the assertion holds if we substitute w; with w¥ — it’s kth co-
ordinate, thus let us assume for simplicity of notation that w; = w¥. Therefore w; are real
functions and their sum equals to 0 by (3.15]). The proof follows by 3 steps.

Step 1. For ¢ € [to, 1), let R(?) := maxe;; w;(r). First we prove that if at some point
t € [ty, t;) we have

w;(t) = R(t) -6, (3.18)
then
sup w; < R(@) — i (3.19)
se[t,tpl) T NU '

The proof follows by induction with respect to the number of velocities w; that are bigger
than w; at the time 7. For n = 1 we are in a situation when there is only one w;, such that
R(1) = wj(t) > wi(t) and (3.18)) implies that R(r) — w;(t) = 6. Now let

p(s) := max{wi(s) : wi(s) < R(s)}, for se€[t,Typ)

Clearly p(t) = w;(¢) but it is possible that some other velocity may become bigger than w; at
some point in time and this is the only reason to introduce the function p, which will serve us
by pointing the right-hand edge of the set of velocities smaller than R. Clearly w; < p < R
in [z, T)). Moreover Lemma [3.4.3]implies that the sum p + R is nonincreasing. Therefore

R(@) 2 R(s) + p(s) = p(1) 2 2wi(s) — wi(1) = 2wi(s) — R(1) + 6,

which implies that

)
sup w; < R(t) — <.
sE€[t,11) 2
Now let us assume that condition (3.18)) implies that

sup w; < R(t) —
se[zE) (n+1)!

(3.20)

in case when at the time ¢ there are exactly n velocities bigger than w;. We will prove that
this implies that if (3.18)) holds, then

0
sup w; < R(r) —
SE[Z‘,E) (l’l + 2)‘

(3.21)

if only there are exactly n + 1 velocities bigger than w; at the time ¢. In such case we define

p(s) :=max{wi(s) : k¢ G}, for seltt),
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where G is the set of indexes of the n + 1 biggest velocities at the time 7. Denoting S (s) :=
Ykeg Wi(s), by Lemma[3.4.3] the function S + p is nonincreasing as long as

p(s) < rgggn wi(s), (3.22)

thus
n+2)p(s) <SS+ ps) <SSO+ pt) =S@t)+R(@#) —06 < (n+2)R(t) — 0, (3.23)

0
<R(t) - ——
P(s) <R~ ——
as long as 1i holds. However if at some time sy, we have p(sg) = R(t) — ﬁ then all of
the inequalities in (3.23) become an equality which means that also p(sy) > mingeg wi(so).

At that point there are at most n velocities bigger than p and the distance between p(sy) and
R(so) is no less than §" := -2 Therefore by (3.20)), we have

5’ 0
p(s) < R(so) — m <R - (n+2)!

for s € [s0,1).

This proves (3.21)). Noticing that n < N — 1 we get (3.19) and finish step 1.

Step 2. Our next step is the following simple observation.

Lemma 3.4.4. If Proposition does not hold, then there exists a class of relation ~
denoted by [i], € > 0 and a sequence s, — t|, such that for all i € [i] there exists j € [i], such
that

Wi(sn) = wji(sp)l > 0 and  |wi(s,) —wj(sy)l > €
for some subsequences {s,,},{sn} C {s,}.

Proof. Stating that Proposition [3.4.T|does not hold is equivalent to stating that there exists a
class [i] that does not *collapse’ at ¢ i.e. it is not true that for all 7, j € [i] we have

lim [w;() — w;(H)| = 0.
-1

Now suppose that Lemma 3.4.4]also does not hold. Then by Lemma there exists i € [i]
such that for all j € [i] we have

lim [w;(¢) = w;(®)] =0
11—
and it immediately implies the ’collapse’ of [i]. O

Step 3. We finish the proof by contradiction assuming that Proposition does not hold.
Let [i] be the 'non-collapsing’ class of indices and let us fix 7 € [fy, t;) and assume that w; (for
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i € [i]) is one of the biggest velocities at the time ¢ i.e. R(f) = w;(r). Lemma [3.4.4] ensures
existence of j € [i], such that

lwi —w;| — 0 (3.24)
on one subsequence converging to #; and
lwi —w;| > € (3.25)

on some other subsequence converging to #; for € independent of i and j. Thus (3.25]) implies
that at some time s € [z, ;) either w; or w; (say w;) is farther from R(¢) than €. Then step 1
implies that
<R(1) — —
sup w; < - —.
0€(s,t1) ! N!

Moreover (3.24) implies that at some other time r € [s,#;), we have

wir) < R(t) - —

2N!
and after that point (again by step 1)
sup w; < R(¥) — L.
felrn) (2N1)?

This procedure can be performed with any velocity w; that at some time equals to R as many
times as we want. Therefore we may make sure that R(¢) is arbitrarily small at some time
t < t;. The same can be done with £(#) := minje;; w;(?) to conclude that the diameter of
velocities converges to 0 as ¢+ — #; and this contradicts (3.25) and by Lemma [3.4.4] implies
that Proposition [3.4.1] holds. This finishes the proof. |

Remark 3.4.2. In Proposition we proved that for all i € [i] we have w; — 0. However
this was under our assumption (3.15). Now it is time to drop this assumption and conclude
that in general there exists a constant v := }’;.;; w;, such that for all i € [i], we have w; — .

Our last goal in this subsection is to clarify what does Proposition [3.4.1|imply to the motion
of v.

Corollary 3.4.1. For all i € [i], we have

lim v;(t) = v.
-

Proof. From Lemma [3.4.T]and Proposition [3.4.1] given € > 0, we have
Vi(s) = 7] < i(s) = wl(s)] + [W(s) = ] < w(ty — to) + [Wi(s) — V| < €
for #, and s sufficiently close to ;. O
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This finally proves that the function v has a limit at #; and we may extend it continuously to
[0, 71].

We finish this section by a corollary that enables us to extend our solutions up to the first
time of collision as long as it is not the first time of sticking as well.

Corollary 3.4.2. Let x be as in Proposition Then if t, is not a time of sticking for
x then x is a weak (W>'([0, t,])V solution of (2.5).

Proof. By Corollary [3.4.1]if i ~ j then ith and jth particles stick together at #,. Conversely
if no particles stick together at #; then for all i, j = 1, ..., N we have i » j and in particular for
all i, j = 1,..., N the function ¢ — (|x;(¢) — x;(#)|) is integrable in a left-sided neighbourhood
of ;. Therefore v is absolutely continuous on [0, #;] and x is a weak (W>!([0, #,]))™ solution

of (2.5). |

3.5 Global existence

In this section we combine our efforts from Sections [3.3 and [3.4] to obtain global existence
in the sense of Definition 2.1.2] Proposition [3.3.2] ensures existence of weak solutions in
[0, 7] € [0, #;) with a continuous velocity v. On top of that Corollary [3.4.2] ensures existence
of solutions up to any time of collision as long as none of them is a time of sticking. As-
suming that #; is a new initial point with initial data equal to x(#,;) and v(#;) and applying
the same reasoning again we conclude that the solution exists on [0, #,], where #, is nth time
at which some particles collide. Therefore for arbitrary initial data there exists a solution
x € CY([0, T*])?N satisfying weakly in W21([0, T*]), for any T* satisfying the following
conditions:

1. T* < Ty, where T} is (as in Definition [2.1.2)) the first time of sticking of the particles;
2. 31, such that T* < t,, which ensures that [0, 7*] is included in [0, #,] U UL, [#;, fi+1].

The above conditions ensure the existence of W>'([0, T — €]) weak solutions, where 0 < € <
T is arbitrary and T is either the first time of sticking of the particles (and then beyond that
point condition 1 fails) or the first density point of the times of collisions (and then beyond
that point condition 2 fails), whichever comes first. Thus our remaining goal is to ensure that
we may extend the solution beyond 7.

Proof of Theorem[2.2.1] Tt suffices to show that we may extend our solution up to an arbitrary
T > 0, knowing that it exists in [0, T — €] c [0, 7], where

(a) T is the first density point of the times of collisions (and no particles did stick together
before T), or
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(b) T is the first time of sticking of the particles (and there was no density points of the times
of collisions before T).

Ad. (a). We will show that if T is a density point of the times of collisions then it is a
time of sticking, which will reduce case (a) to case (b). Let 7, be a sequence of the points of
collision and t, — T. We will prove that T is a point of sticking for some particles x; and x -
Clearly there exist i and j € B;(0) and a subsequence 1,,, such that x;(,,,) — x;(t,,) = 0, which
by Lipschitz continuity of x (property 4 from Corollary implies that

xi(t) — xj(t) = 0 (3.26)

ast — T and T is a point of collision of x; and x;. Now it remains to show that for some i, j
satisfying 1) we have vi(f) —v;(t) > Oast — T. If there exist i, j, such that

T
f Y(|xi — x;))ds = o0 (3.27)

for all + < T, then by Corollary - we are done. On the other hand if for all i, j the
function ¢ = Y (|x;(2) — x;(2)]) is 1ntegrable in a left sided nelghbourhood of T then velocity v
is in fact uniformly continuous at 7~ and in particular has a limit at 7. Therefore there exists
a limit of v; — v; at T. If this limit equals O then, again, we are done. If on the other hand
it equals to some & # 0, then in a left-sided neighbourhood of T we have v; — v; € B(&, £,

where B(¢, %) is a ball centred at £ radius % This implies a clearly false statement that

O = xi(tnk+1) - xj(tnk+1) € (tnk+1 tnk)B (f |§|)

with t,, and t,,,, sufficiently close to 7. This contradicts the assumption that £ # 0.

Ad. (b). We have shown that in both cases (a) and (b) we actually know that T = T,
which is the first time of sticking of any particles. Corollary [3.4.1implies that there exists a
left sided limit of v at T;. Thus it may be extended continuously up to [0, 7;]. Moreover T
can be treated as a well defined initial time for on [T, T] Then we may further extend
our solution beyond 7. Finally, since there can be at most N — 1 times of sticking, then for
all T > 0 either we find T, such that 7, > T or all the particles stick together before time T
and travel with constant velocity for as long as needed. Such extended solution is not weak
in W>!([0, T)) but it satisfies Definition [2.1.2 nevertheless. o

3.6 On the case of two particles — flocking in a finite time

In this section our goal is to discuss the possibility of a finite in time alignment in case of
two particles (N = 2). First let us recall that asymptotic flocking was studied before in most
papers mentioned in the introduction, see e.g. [31] and we refer to those papers to see general
definitions and results. Here, we consider the most strict form of flocking, which is sticking
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of the trajectories of the particles in a finite time. By property 2 from Corollary [3.3.2] the
average velocity of the particles is constant, which means that

ViE-—V+V
for some constant ¥. Without a loss of generality we may assume that ¥ = 0. The above
observation implies that

x1(1) = =x2() + 1 + (x1(0) + x2(0))

and assuming without a loss of generality that also x;(0) = —x,(0), we get x; = —x,. Thus
both, average velocity and the centre of mass of the particles are equal to 0. Therefore the
particles move parallely to each other, either on two separate parallel lines or on the same
line. In the former case, the distance between particles is always no less than the distance of
respective lines, thus there is no possibility of a finite in time alignment. In the latter case
the distance between particles can by arbitrarily small, thus hypothetically a finite in time
alignment may occur.

In order to simplify our calculations, since particles move on the same line, then by a
simple change of variables we may assume that d = 1. Altogether we have two particles
x; and x,, with x; = —x, and v{ = —v,. Therefore they are unequivocally defined by the
function ¢(t) := x,(¢) — x;(f). Then the C-S model (2.3)) (or (2.5), since in this case they are
the same) can be rewritten equivalently as

$(1) = =29 (p())), (3.28)

with ¢(0) = x2(0) — x;(0) > 0 and ¢(0) = v,(0) — v;(0) € R. Moreover Lemma [3.4.3]implies
that if at some time ¢ we have ¢(r) = 0 then it will be constantly equal to O from that point
in time. This implies that ¢ may not change sign and this farther implies that there may be
at most one collision of the particles. Finally let us notice that by Theorem [2.2.1] there exists
a solution to (3.28) with arbitrary initial data and we can easily prove that if ¢(0) > 0, then
this solutions is unique. Now we are ready to state our main result of this section.

Proposition 3.6.1. Ler ¢ be a solution of (3.28) with ¢(0) > 0. Then the following
statements are equivalent:

1. There exists a time ty < oo such that ¢(ty) = ¢(ty) = 0.
2. Initial data satisfy:
$(0) = —2%(4(0)), (3.29)

where WY(s) := ﬁsl‘“ is a primitive of .
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Proof. Since there is at most one collision of the particles and we know that they stick
together, thus ¢ = |¢| and by simple integration of (3.28) we conclude that the function
¢ satisfies:

¢(1) = =29(¢(1)) + 2¥(¢(0)) + $(0) (3.30)
Substituting ¢ with 7 in (3.30) we obtain
0 = 2%¥(¢(0)) + ¢(0),

which is exactly condition (3.29). Now let as assume that (3.29) is satisfied. We are going to
prove existence of #y. First note that in our case (3.30) is satisfied on the set {7 : ¢(¢) > 0} and
it has the following form:

¢(1) = —2%($(1))- (3.31)
From (3.31)) and by the definition of  we obtain

¢(1) = —%d)(t)w((b(t))
and

d(1) = e~ Tx b VOEMs gy,
Thus, since max;ejo,,) ¢(f) = ¢(0), we have

9() < e TTV0g(0),
which can become arbitrarily small in a finite time. Now forn = 2,3, ... let
t, :=inf{t > 1,1 : ¢(t) < 27"},

with #; := 0. We have

2 n
%5 ) w(@s)d
B(t,) = € T I VOB
2l = pTa I voNs.

(tn - tn—l)za(n_1> .

m2=_2_ f " (b(s))ds >
1 -« fo 1

1-a
Therefore

(ty = tp1) < A= @) 02500
n n— = 2

and ¢, is a partial sum of a convergent series. Thus ¢, converges to a finite limit #, such that

(to) = ¢(t0) = 0. O
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Remark 3.6.1. Let us mention that a finite in time alignment may not happen in the case of
regular weight ., defined for example by (I.5)) since (3.28) implies that

|¢(t)| — e—Zfot lﬂc;(|¢(t)|)ds('ﬁ(0) > e—2t||¢¢-sllw|¢(0)| >0,

as long as ¢(0) # 0. Similarly we may prove that in case of singular weight i a finite in time
alignment of velocities is equivalent to sticking of the trajectories of the particles. Finally we
may just as easily prove that with unintegrable singular weight i, e.g. when y/(s) = s for
a > 1 in one dimensional setting not only particles cannot stick but they cannot even collide.

Remark 3.6.2. Conditions described in Proposition [3.6.1|refer to the function ¢ and in a
simplified case of one dimension. However they can be modified to cover more general
cases and refer directly to x; and x,. Thus the example of Proposition serves as a
proof of Proposition [2.2.1]
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Chapter 4

Cucker-Smale model with singular
weight: strong solutions

In this chapter we improve the results of Chapter 3| for @ € (0, %). We show that in such
case for any initial data, the piecewise—weak solution has an absolutely continuous velocity
component, is unique and satisfies in a W*! weak sense (and in particular a.e.), which
is significantly better than what we were able to prove in case of @ € (0, 1). The improve-
ment comes mostly from an inequality originating from [33]], that enables us to show a better
regularity of the solutions. This inequality is also the reason behind our restriction of the set
of admissible « to (0, %) as for a € (%, 1) it fails to hold and for a = % it does not suffice.

First let us rewrite the results of Chapter [3|in a more suitable and compact manner.

Corollary 4.0.1 (Summary). Let @ € (0, 1). For all initial data x, vy, there exists at least
one solution of Cucker-Smale’s flocking model with a singular communication weight
given by (2.2)). This solution exists in the sense of Definition[2.1.2] Moreover the follow-
ing properties hold:

1. For all € > 0, the function v is absolutely continuous on each time interval
[Tn, Tn+1 - E]-

2. The set of times of collision is at most countable, while the set of times of sticking
has at most N elements. Moreover if there exists a point of density of the times of
collisiorﬂ then this point itself is a time of sticking. Thus there are at most N points
of density of the times of collision.

3. Both x and v are uniformly bounded i.e. there exists an N independent constant
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C,, such that

max_sup |x(n)] < TC,
=N 1e[0,7]

max_sup ()] < C\.
i=1,...N 1€[0,T]

Proof. The proof can be found in Chapter[3] Existence of solutions in the sense of Definition
[2.1.2)is the subject of Theorem [2.2.1| while points 1. and 2. were proved along with Theorem

[2.2.1] Point 3. is a part of Corollary [3.3.2] ]

Our goal in this chapter is to prove Theorems [2.2.2] and [2.2.3] These theorems come
from the natural question of how much worse the piecewise—weak solutions are compared
to classical, regular solutions. In the effort to answer this question we found out that if we
discriminate two cases of a € (0, %) and a € [%, 1), we obtain significantly different results.
In the first situation with o € (0, %) we are actually able to prove that the piecewise—weak
solution has an absolutely continuous velocity component (and thus it is in fact a classical
solution) and that it is unique. On the other hand if « € [%, 1) our method is not sufficient to
show regularity of the piecewise—weak solutions, however we are still able to obtain unique-
ness thanks to the use of the sets B;(¢) in the construction of the solutions (as we mentioned
in Remark %EI) In case of @ € (0, %), by Corollary it suffices to prove uniqueness and
that v € W"'([0, T]) (i.e. that v is absolutely continuous). In case of @ € (0, 1) we only need
to prove uniqueness. We do it in the subsequent sections.

4.1 Absolute continuity of the velocity

In this section we prove the absolute continuity of v. First let us state it in an explicit way.

Proposition 4.1.1. Let @ € (0, %) and let (x,v) be a solution of in the sense of
Definition [2.1.2] Then there exists a constant M, dependent on «, T and the initial data
but independent of N, such that

1 T
— Vi(H)ldt < M.
2,

Thus v belongs to the space W' ([0, T) and is absolutely continuous.

To prove the above proposition we require the following technical lemmas.
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Lemma 4.1.1. Let a € (0, %) and let (x,v) be a solution of in the sense of Definition
[2.1.2] Then the function

N
R(®) = ) i) = viOPY(lx(e) = x,(0))
ij=1

is integrable and

T
f R(r)dt < N*C?,
0

where C is the constant from Corollary[4.0.1}3.

Lemma 4.1.2. Let a € (0, %) and let (x,v) be a solution of in the sense of Definition
[2.1.2] Suppose further that there occurs no sticking in the time interval sy, s;]. Then for all
i,j=1,..,Nandall § € (0,1), we have

52
f lxj — x| 70dt < 0.
S1

Lemma 4.1.3. Let f = (fi, ..., f,) : [0, T] = R? be a C'([0, T]) n W>'((0, T")) vector valued

loc
function that is nonzero a.e.. Moreover let h : [0, 00) — [0, ) be defined as

h(d) = A7,

for some 0 < 6 < 1. Then there exists a constant C, > 0 depending on ||f||. and 6, such that
we have

T T
[ ireaasma < e, [ RG T - R0, @.1)
0 0
provided that
T—€
f h(|f)dt < oo 4.2)
for all € > 0. Here, for HQ) = —1'"% — a primitive of h, we denote
1-6

fOf ©
R(f, 1) = { 0l Ig(lf(f)l) Ei ﬁg ;:e 8

4.3)

The proofs of Lemmas [@.1.1 and #.1.2] can be found in Appendix [Al On the other hand
Lemma[4.1.3]along with it’s proof comes in almost unchanged form from paper [33]]. Equa-
tions similar to (4.1)) with multiple examples and applications can be found in [33]] or [34].

Now we proceed with the proof of Proposition 4.1.1]
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Proof of Proposition[4.1.1|Let T and N, < N be like in Definition[2.1.2] Then, by Corol-
lary {.0.1] 1, velocity v is absolutely continuous on each interval [Ty, Ty, — €] for arbitrarily
small € > 0. Therefore, given k = 0, ..., N, by (2.3),, we have

—an“ E|v(t)|dt— Zf

Tir1—€

N
v = ) = vl - b dr
j=1

1 i kan—E
< — lvj = vily(lx; — xih)dr.
N2 = I, J J

Let us denote
Thr1—€
k= f v; = vil(lx; — xiDdt.
Ty
Then, we have

Tii1—€
i = f v = vil@lx; = D)’ - vy = vl P @lx; = xil)'ds,

Ty
where 0 < 6 << 1 is some very small number. We then apply Young’s inequality with > 0

and exponent g = == 25 € (1, ) (then it’s conjugate ¢ = 1+25) to get
. Tivr1—€ s s
e < €@ ’ v = vil #5 (@(|x; — xi) == dt
k
Tr1—€ > 25
+nC f v = viP@(x; — xD) = de =2 I+ 115
Ty
By Holder’s inequality with g = 1;(?5, q =1+26, we have
Tiy1—€ T+26 .
Iy < C() (f v = vily(lx; - xil)dt) (T —€=T)T5. (4.4)
Ty

To deal with the estimation of 1/ fjk we use Lemma @ First let us check whether, the as-
sumptions are satisfied. However we will check if the assumptions are satisfied on [Ty, Tj1]
instead of [T, Ty+1 — €] since we need estimates to be uniform with respect to € anyway We
take f = x; — x;, which by Corollaryis a vector valued C'([Ty, Tes ) N W loc ((Tk, Tii1)
function that is equal to O in at most countable subset of [T}, Ti,;]. Moreover we take
h(d) = (w(/l))% = =2 0 for 0 = f égaf € (0 1) provided that ¢ is sufficiently small. Fi-
nally Lemma 1mphes that assumption (4.2)) is also satisfied. Therefore, for R defined

by (#.3) and C; > 0 (note that C, depends on «, 5 and C,), we have

Tiy1—€
I, <nC (C2f [V; — vildt + R(xj — xi, Ty — €) — R(xj — x;, T)

Ty

Tir1—€ Tiv1—€
< nC(sz [v;ldt + sz [Vildt
Tx T

+ R(Xj — Xjy Ths1 — 6) - R(Xj - X, Tk)) (45)
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and by combining (4.4) with @ we end up with the estimate

26

Tiy1—€ C( Tir1—€ 1+25
7]) 5 1
[Vildt < —= (f lvj—vil“y(lx; — xil)dt) (Th+1 — € = T) %
N Zf; T ! ! *

i,j=1

Tir1—€
2Oy Z J, s 3 Z (ROt = x0Tt — ) = ROxj = 2. Ti)

i,j=1

which with a suitably chosen 7 leads to the inequality presented below. However before we state the
inequality let us mention that at this point for the sake of the simplicity of notation we give up on
controlling the constants — we will present them as soon as we finish the prove.

N 26

Tir1—€ Tir1—€ 5 T+25 |
= Z fT e < ey ( fT v = vilP(lx; - x,-|)dr) (T — €= TYT
k

i,j=1
C(C)
t v Z:l (R(xj = Xiy Tkr1 — €) — R(xj — xi, Tk)) .
i,j=
By the monotone convergence theorem and continuity of R (see the end of the proof of Lemma
[A.1.3)), we may pass with € to 0 obtaining

Tt
—Zf [vildt < —Z

l]l

26

Tie 5 T+26 1
(f vj—vil“y(lx; - Xil)dt) (Tysy — Tp) 75
T

C(C) v
2

R(xj = xi, Tre1) — R(xj — xi, Ty)
=
i,j=

and finally sum over k = 0, ..., N to get

26
Ny

1 N T Tk 1 ) 1426 1
52 f [vildr < Z > ( f —vilPy(lx; - xil)dt) Tk = TO T
i=1 Y0

ljlkl

C(Cy) &

+N2

(R(xj = x:. T) = R(x;j = x;,0)) =2 I + II. (4.6)
ij=1
We yet again apply Holder’s inequality (this time for sums) with exponents g = ﬂ andg =1+26
along with Lemma[4.1.1]to get

C N T 13—26 :
1<), ( f vj = vilPu(lx; - xil)dt) - TT5 < C(Cy, T, ). (4.7)
ij=1\W0

Moreover by the definition of R and Corollary 3, we have

Cc(C
Il < ( 2) Z (I vi(T) = vi(DIH(x(T) = x:(T)))

i,j=1
+[v;(0) = vi(OIIH(|x;(0) — x['(O)I)I)

<C(C1,C2, T, ). (4.8)
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After combining inequalities (4.6), and (4.8)), we obtain
N T
1 :
= f Wildt < C(C1, T,8) + C(C1,C2, T, @) =t M,
N = Jo

which finishes the proof. 0

Remark 4.1.1. Careful control over the constants in the above proof leads to the following estimation
of M:

2 CZ—(Z T l-a .

M<2CC? . TT% 4 — =
! (1-a)Cp !

4.1.1 Uniqueness of solutions

Our goal in this section is to prove uniqueness of solutions to (2.3) for @ € (0, %) and uniqueness of
the piecewise—weak solutions for a € (%, 1).

Proposition 4.1.2. Let a € (0, %). Then the W' weak solution of is unique.

Proof. Suppose that (x',v!) and (x?,v?) are two W>! weak solutions of (2.3), with weight ¢ given
by and a € (0, %) on the time interval [0, T'], subjected to the initial data (xg, vp). We will show
that in fact (x!,v!) = (x%,v?). The proof will follow by four steps. In steps 1-3 we prove uniqueness
in a small neighbourhood of the initial time ¢t = O considering three cases: non-collision initial data,
non-sticking initial data and initial data with particles that are stuck together. In step 4 we combine
our efforts from previous steps and conclude the proof.

Step 1. If there are no collisions at the initial time, which means that for all i # j, we have xo; #
Xo,j, then by the fact that X x2ecC 1([0, T1), there exists 6 > 0, such that for all i # j, we have
X" (s) — xT(s)l > § withm = 1,2 for s € [0,6]. The communication weight ¢ is smooth on the
domain [6, +c0) and thus, on the time interval [0, 6] system (2.3) is a non-linear ODE with a Lipschitz
continuous nonlinearity and uniqueness is standard.

Step 2. In the case of non-sticking initial data (which means that for all i # j if xo; = xo,; then
Vo, # vo,j) let us consider

N

OEDYCIOREOI

i=1

By the assumptions, r is an absolutely continuous function, thus it has a bounded variation and can
be represented as a sum of two functions, respectively nonincreasing and nondecreasing. Noting that
r(0) = 0, let

!
Fine(1) = f (F(s)4ds,
0
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where by (7). we denote the positive part of the function 7. Then if we prove that r;,. = 0 then we
will also know that 7 = 0 and that actually x' = x*. By (2.3))>, we have

Fine = Z(V v = vl = x;) = v = vl —X?I))‘ :
i,j=1 +

After substituting i and j in the above equation we obtain

d 1
d_trinc = N

:Mz'

Il
—_

(0] =D = 0F =) (0 = vhudlx = xfD) = 0% = v — x,-2|))}

gl’] +

(0 =vD) = 0F =v)) (0h = vh = 0% = D) w(lx — 1]y

S

<
Il
—

1

(@} =vH) = 0F =vD)) % = D) (wllx} = x} ) = w(l] - x?|>)}

1

<
1l

+
- =

+

1
N

SN

(0 =v2) = 0 =) wllxt = !

i,j=1

N
+ (0] =D = 0F =v)) 0% =D (v} = 2! ) — i —x|>)}

J=

—_

N
Zl(v =v]) = 0 = V)| V] = vl i) = ) = il = oD 4.9)

J:

By Corollary 4. 3 the factor |v - v2| is bounded uniformly with respect to i, j and ¢. Next, we fix i
and j and consider two cases:

Case 1: x;(0) # x;(0). This is in fact the situation from step 1, i.e. there exists 6 > 0, such that for all
i, j with x;(0) # x;(0), we have

|x}"—x§-”|26, m=1,2
n [0, 6]. Then
lwx) = x/D) = w1 = D] < L©) |(x] = x}) = (05 = x7)| (4.10)
for some Lipschitz constant L(9).

Case 2: x;(0) = x;(0). Let us recall that in this step we assume that if x;(0) = x;(0) then v;(0) # v;(0).
Therefore for our i and j we have v;(0) — v;(0) =: v;; # 0 and by continuity of v! and v? there
exist 0 > 0, such that

Ivl'-”—v’]’.1|26, m=1,2,

which implies that

95) = 0 = 30
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on [0, ] for all i, j and m = 1, 2. Thus, by mean value theorem
) = /D) = wls = x| <

1
—1-=
<C |(xj- - xl-l) - (x? - x?)'f |H|x} - xl.ll +(1- 9)|x§ — xi2|| ® 4o
0

‘—1—(2

5
< Clj = x) = (o = 2D |57

|(x}. - xl.l) - (x? - xl.2)|

< C(9) 17 . 4.11)

Moreover in either Case 1 or Case 2
|(xj0) = x} () = (50 — ()] < ¢ sup (Vi) = vi () = (Vi(s) = vi(s))|
se(0,7

<2t sup r(s) <2t sup Vrinc(s)

s€[0,7] s€[0,1]
< 2t \Jrine(t) (4.12)

and thus by combining inequalities (4.9), (#.10), (.T1)) and (#.12) with Hélder’s inequality one ob-
tains

%rinc < Cripc - f,

where
f(2) := max{2L(6)t,2C(8)|:|*},

which is an integrable function. Therefore Gronwall’s lemma implies that the solution is unique at
least on [0, 0] for a sufficiently small, positive d.

Step 3. The purpose of this step is to prove uniqueness in case, when at least two particles are stuck
together at the initial time, i.e. xo; = xo,; and vo; = vo,; for some 7, j = 1,..., N. We present this step
as a consequence of the following lemma, which proof, based on reasoning similar to step 2, can be
found in Appendix [Al

Lemma 4.1.4. Suppose that at some time ty € [0,T] and some i, j = 1, ..., N, we have x;(ty) = x;(to)
and vi(ty) = v;(to). Then x; = xj on [ty, to + 6] for some positive 6.

The above lemma in particular implies that on [0, §] any particles that are stuck together can be
treated as a single particle. From the point of view of uniqueness it means that we do not have to
consider the case, when two or more particles are stuck together, since they cannot separate anyway.
Thus if only the trajectory on which they move is unique then their respective trajectories are unique
too (since in fact they are the same).

Step 4. In this step we finish the proof of uniqueness by putting together all the information
obtained in previous steps. Suppose that we have two distinct solutions (x', v!) and (x?, v?) originating
in (xg, vo). Then, regardless of the initial data, by all three previous steps, there exists an interval [0, J]
on which x! = x? =: x. Without a loss of generality we may assume that for # = ¢ we have x;(r) # x;(1)
or x; = xjon [0,6] forall i, j = 1,..., N. Therefore, by step 1 and step 3 we may prolong the interval
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on which x' = x2. In fact we may prolong it as long as there is no collision between any particles.
Let 7 be the first time of collision. Then by step 1 and step 3, the uniqueness is ensured up to fy — €
for arbitrarily small € > 0. Now, by Corollary 4.0.1} (x,v) is continuous on whole [0, 7], thus it has
a unique left sided limit at ¢y, which prolongs uniqueness up to #p. Finally we may treat #y as the
new starting point and obtain uniqueness on [#y, ¢1]. Therefore the solution is unique between any two
times of collision and the (possibly infinite) sum of such intervals include all [0, T']. |

We end this section with the proof of uniqueness of piecewise—weak solutions.

Proof of Theorem The proof is almost exactly the same as of Proposition The first
difference is that the function r from step 2 was absolutely continuous by the fact that the solutions
were W>! weak on [0, T, while this time they are W?! weak on each interval [Ty, Tis1 — €] as stated
in Corollary #.0.1}1. This however is of no difference since we need r to be absolutely continuous
only on [0, 6] for some small 6 > 0. The second difference is that this time we actually do not need
Lemma [.T.4]since by Definition [2.1.2] and in particular by the use of sets B;(¢) (defined in (2.4)) we
already ensured that the trajectories remain stuck together indefinitely. O
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Chapter 5

Cucker-Smale model with singular
weight: kinetic equation

We aim to solve the issue of well-posedness for (2.1I)) with the singular weight (2.2) and initial data
from the class of Radon measures i.e. we aim to prove Theorem[2.2.4] The goal is twofold:

— We prove existence and analyse continuous dependence on the initial data. The existence is
obtained by approximating measure solutions to (2.1I)) by solutions to particle system (2.3)) using the
mean-field limit, similarly to [31f]. The key obstacle is the lack of sufficient information about the
continuous dependence with respect to perturbations of initial data for solutions to particle system
(2.3), thus we are not allowed to apply standard approach. To our best knowledge the most that can
be assumed is solvability of in the W!7- class that has been proved in Chapter |4{ (or in [44]).
Therefore by results from Chapter [4| we restrict our considerations to @ € (0, %) and modify the
mean-field limit procedure to that regularity.

— Concerning the second goal, we prove the property of weak-atomic uniqueness to system (2.1)).
It means that any weak solution is unique and corresponds to a solution to the particle system (2.3)
provided it initiates from a finite sum of Dirac’s deltas m;0y,;) ® 6,). Thus, any atomic solution is
preserved by kinetic equation (2.I), and since it is generated by particle system (2.3)), by Theorem
[2.2.3]it is unique.

The part of the proof concerning the issue of existence follows from analysis of approximation by
atomic solutions originating from sums of Dirac’s deltas, which correspond in the sense of Remark
to solutions of (2.3). The main idea behind this approach is twofold. Firstly, there is the very
reason why this approach is successful and why only for @ < % namely the better (and reasonable)
regularity of solutions of li for a < % It was in some sense hinted in Chapter where we proved
that for 0 < a < %, system 1) admits a unique W1([0, T1) solution (x, v), which by Remark[2.1.6
corresponds to a solution of (2.1)) in the sense of Definition [2.1.6] However, since in fact @ € (0, ap)
for some ag < %, we can push even further and prove that (x, v) is bounded in WP([0, T1) for some
p > 1. Such boundedness will provide us with equicontinuity of sequences of solutions of (2.3)),
which on the other hand will serve us to extract a convergent subsequence. The second idea behind
the proof is to change the way we look at the alignment force term

T
f f F(f) fnV,¢dxdvdt, S.D
0 R2d
where if f;, — f then it is not clear whether F(f,,)f, — F(f)f. It happens so, that it is useful to see
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@G.I) as

T
f f Y(lx = yw =)V, ddu,dt
0 R4d

for duy, := fu(t, x,v) @ fu(t,y, w).

The uniqueness part of Theorem [2.2.4]is explained and proved in section[5.2]

We begin with an overview of the proof of existence. Suppose that fy is a given, compactly
supported measure belonging to M, and assume without a loss of generality that

supp fo C B(Ry), (5.2)

Jodxdv =1, (5.3)
R2d

where B(R) is a ball centred at 0 with radius R. For such fy we take fo . € M, of the form

N
fO,e = Z miéxgvl. ® 6"(5)_," (5.4)
i=1

which corresponds to the initial data (xo ¢, vo¢) to particle system @ Moreover we assume that

e—0

d(fo.e, fo) — 0

and that the support of fj . is contained in B(2Rp). The existence of such approximation is standard
(we refer for example to the beginning of Section 6.1 in [31]] for the details). Now suppose that (x, v/
is a solution to (2.3) with the communication weight

Yn(s) := min{y(s), n}, (5.5)

subjected to the initial data (xo, vo,c), which by Remark [2.1.6] means that

N
fr=> moy @6y (5.6)
i=1

is a solution of (2.I)) with the initial data fj .. Our goal is to converge with € to 0 and with 7 to oo to
obtain a solution f of equation (2.T)) subjected to the initial data f.
The proof can be summarized in the following steps:

Step 1. Given T > 0, for each € and n, we prove existence of a solution f corresponding to the
initial data fy ¢ and satisfying various regularity properties.

Step 2. We take a sequence f, = f/ for € = % Due to the conservation of mass and the regularity
proved in step 1 we extract a subsequence f,, converging in L*(0,7; (M., d)) to some f €
L=, T; My).

Step 3. We converge with each term in the weak formulation for f;, to the respective term in the
weak formulation for f. This can be easily done for each term except the alignment force term
i.e. the term

T
f f Fo,(fu) fo, Voopdxdvdt.
0 JRrH
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Step 4. In the case of the alignment force term we cannot simply converge. Instead, we replace it
with an ng-independently regular substitute of the form

T
f f Fo(fu) [, Vodpdxdvdt.
0 R2d

We estimate the error between the alignment force term and it’s substitute proving that it can
be controlled in terms of m and uniformly with respect to n.

Step 5. For such subsequence we converge with the substitute alignment force term to

T
f f Fou(f)fVypdxdvdt.
0 R2d

Step 6. We are then left with converging with the substitute alignment force term to the original
alignment force term i.e. with m — co. We show that F(f) is an L! function with respect to
the measure f.

Step 7. We finish the proof by making sure that each and every point of Definition is satisfied
by our candidate for the solution.

Remark 5.0.2. As stated in (5.3) we assume that the total mass of the particles is equal to 1. This
assumption is purely for notational simplicity’s sake and will hold until the end of the chapter.

Let us state some various properties of the approximate solutions f7. It is in fact the first step of the
proof (as presented above) but since it is self-contained, quite lengthy and very similar to the proof
of Propositiond.1.1|from Chapter | we will present it in a form of a separate proposition the proof of
which can be found in Appendix [A]

Proposition 5.0.3. Given T > 0 let fy . be of the form (2.10). Then for each n = 1,2, ..., there
exists a unique solution f!' to kinetic equation that correspondsﬂ to a smooth and classical
solution (x",V") of particle system (2.3]). Moreover there exists an n and € independent constant
M > 0 and constants p,q > 1, such that the following conditions are satisfied:

(i) Forallt € [0,T] and all n and € the total mass of f!' i.e. the value fde fidxdyv is equal to 1.
(ii) The support of f!' is contained in a ball B(R), where R := 2Ro(T + 1).
(iii) We have
Ny

T T Nu
o |P
j(; E my, Mﬁe’ dt + ‘f; E mimjw,’i(lxzf - X7,5|)|VZE - v;?’EV’dt < M(R).
i=1

ij=1
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(iv) We have

T N

f E mimjlﬁZ(IxZE - xiel)lvze - vieldt < M(R).
0 =~
i,j=1

(v) For each Lipschitz continuous and bounded g : R*? — R, we have

d
H— f gf"dxdv < M,(Lip(g), R).
dt Jre

Lr([0,T])

Remark 5.0.3. Point (iii) of Proposition implies in particular that the sequence (x”, V") is uni-
formly bounded in W'»([0, 7). We mention this to keep the continuity with the idea of the proof
presented at the beginning of this section.

Remark 5.0.4. It is worthwhile to note that since by (iii) from Proposition the derivative of
velocity v is uniformly integrable, then

!
V! (6) = V! (0)] < f 197 Ids < w(f) = 0 as 1 — 0.
0

Moreover the function w is independent of i, n and e. This remark will be recalled later on.

5.1 Proof of Theorem 2.2.4| (existence)

In this section we follow the steps presented in the previous section and finish the proof of the exis-
tence part of Theorem [2.2.4]

Step 1. Proposition [5.0.3] and Remark ensure the existence of f” with properties (i)-(v)
from Proposition[5.0.3] We solve particle system (2.3)) with initial data (5.4) in the time interval [0, T']
under assumption that the communication weight is in form (3.1.1). By Proposition [5.0.3] we are
ensured that

W =M = 1,
WE.(fD f N ro,7:m) < M(T).

Step 2. We take € = % and denote f, := f}. Since f, is of the form (5.6) it is clear that

Ny
fR oy ey = ; Min = 1.

For each n the function f;, may be treated as a mapping from [0, 7] into the metric space (M, d).
For the purpose of showing that f, has a convergent subsequence we will use Arzela-Ascoli theo-
rem. We have to make sure that f,, is a bounded and equicontinuous sequence of functions with a
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relatively compact pointwise sequences f,(¢#). Uniform boundedness of f, is implied by the conser-
vation of mass, while relative compactness of f,(¢) follows from the uniform boundedness of f,(¥)
in TV topology and Corollary [2.1.1] Finally in order to prove equicontinuity of f, we take arbitrary
s,t € [0, T] and arbitrary Lipschitz continuous, bounded function g with Lip(g) < 1 and ||gllec < 1
and use estimation (v) from Proposition[5.0.3[to write

S d
f $de gfndxdvdr
t

Point (v) of Proposition states that functions ¢ — % fRZd gfn(t)dxdv are uniformly bounded in
LP([0,T]) for some p > 1, which in particular means that they are uniformly integrable. This on the
other hand implies that the function w is a good modulus of uniform continuity for the left-hand side
of (5.7). Now since this estimation does not depend on the choice of g (only on the choice of Lip(g)),
it is also valid for the supremum over all g, which implies that

[ st~ fonaza| - =: s = 1). (5:7)

d(fa(5), fu(D) < w(|s —1)).

The above inequality proves that the sequence of functions ¢ — f,(¢) is equicontinuous as a mapping
from [0, T'] to (M, d) (recall the bounded—Lipschitz distance defined in (2.1.3)). Thus the sequence
[ satisfies the assumptions of Arzela-Ascoli theorem. Therefore there exists f € L>(0, T; M,), such
that

ld(fn: Plleo = 0.

By (ii) from Proposition it implies that the support of f is included in B(R). Therefore with
0if € LP(0,T;(CY(BR)))").

Step 3. After a brief look at the weak formulation for f, i.e. (2.6), we understand that since
fu — fin L0, T; (M., d)), then in particular for ¢ € G, we have

T T
f f ful0p + vV Pldxdvdt — f f fl0:¢ + vV pldxdvdt
0 RZd 0 RM

and

f Jo.10C, -, 0)dxdv — f Joo(, -, 0)dxdv
R2d n R2d

and the only problem is with the second term on the left-hand side of (2.6) i.e. the alignment force
term

T
f f Fulfi) fVobdxdvdr. (5.8)
0 RZ(I

Step 4. To deal with the problem of convergence with the alignment force term we replace it in
the following manner

T T
f f fu[8:p + vV ldxdvdr + f f Ful£) £,V oodxdvdt
0 JRA 0 Jr
= —f Jo10C, -, 0)dxdv + 7,
R2d n
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where

T
Ve fo fR Fnlh) = Falf) fi¥ v

for

Fnlf) (o v.1) = f Ul = Y000 =)ty w, Dy

RIXR

However, as mentioned at the beginning of this chapter, instead of looking at (5.8) as an integral of a

product of F,(f,) with f,, we are going to see it as an integral of

gn(xa y,w, V) = l//n(lx - y|)(W - V)VV¢(ta X, V)

with respect to the measure

dpn(t, x,y,w,v) 1= fu(t, x,v) ® fu(t,y, w).

By Fubini’s theorem we have

T
f f Fn(fn)fnvv¢dXdth =
0 Jru

T
= f f (f Un(lx = yDw = v) (2, w, y)dydw) V,o(t, x,v) f(t, x, v)dxdvdt
0 JRAU \JRH

T
= f f gndpindt
0 R4d

and a similar identity holds for fOT Jooa Fn(fi) fuVvpdxdvdt. Therefore

T
J = f f (&m — gn)dpdt.
0 R4d

gm—8n =0

Moreover we have

in the set {(x,y,w,v) : |x —y| > max{m_é, n }}, which provided than > m implies that

lgm — &nl < Ignlx

(Cryawa):le—yl<m 7 )’

Therefore for

A(m,n) = {t : f w—v|du, > m_;},
B(m,n)

B(m,n) := {(x,y, w,v) i x—yl < m‘i}

2Which we may assume since we are going to converge with n — oo for each fixed m.
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we have

J1<C ( f f |gnldpndt + f f Ignldundt) = I+II
A(m,n) J B(m,n) (A(m,n))¢ J B(m,n)

Now if [x —y| < m~w then ¥, (Ix — y]) = min{m, n} = m and for all t € A(m, n) we have
£,05= [ | = 0o = vid
R4d

2 f Yn(lx = yDIw — viduy,
B(m,n)

1
2m~f lw—vldu, > m?2.
B(m,n)

Furthermore, integrating with respect to du,, reveals that

N
La0) = " gl = XD @) = Vi)

i.j=1

which by Proposition [5.0.3](iv) implies that the sequence £, is uniformly bounded in L”([0, T']) for
some p > 1 and thus — it is uniformly integrable which further implies that

I< CIIVV¢IImf , Lu(ndt < Cm)[|V, ¢l =, (5.11)
{t: L,(t)>m?2}

. 1 L
since | L,(?) > m2| < m — 0asm — oo.
m2

To estimate /1 we introduce the set B;(m, n) of those pairs (i, j) such that |x(z) — x;?(t)l < me.
Then by Holder’s inequality with exponent g = %0, for some arbitrarily small 8 > 0, we have

Il < ||Vv¢||oof Z Mg i (X — X2DIVE = V|t
(Amm)° ;i B (mn)

1-6 1-6 6 6
= IV, @llee f D miamn) " n(x = XDWE = VA'  Omim )V} =V
(A" e B (m.n)

<90l | [
(A(m,m))¢
[L(m,n))‘ i, jeB,(m,n)
7 Ny N 1-6 0
< [IVsleo f D miam (1 = XD — Viidr ( f f |w—v|dun)
0 = (A(m,n))¢ J B(m,n)
1-6

1-6
1
mipm iy (1] = XDV = V'}|dl‘]
i,jeB(m,n)

0
My j |V — v?ldt]

i,j=1
N)l

T 1 1\¢
< IVl [ f Zmi,nmj,nw,;-mx;?—x;f|)|v;'—v;f|dr) (rmt) (5.12)
0 12

=1
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By Proposition[5.0.3](iv) the first multiplicand on the right-hand side of (5.12)) is uniformly bounded,
which implies that

0 oo
1T < ClIV, éllee (Tm-%) 2. (5.13)

Estimations (5.11)) and (5.13)) imply that
T < C(m)IIV,¢lleo

for some n-independent positive constant C(m) such that C(m) — 0 as m — oo.

Step S. Our next goal is to ensure that the convergence

T T
f f Fo.(f) . Vypdxdvdt — f f Fo.(f)fV,¢dxdvdt (5.14)
0 R2d 0 R2d

holds for each m and each ¢ € G. Let us fix ¢ € Gand m = 1,2, .... For g, defined in (5.9)), we have

T T T
f f Fm<fn)fnvv¢dxdvdr—f f Fuf)fVoadxdvdi| = ‘ f f on(dytn — du)dt
0 de 0 de 0 R4d

T T
fo fﬂ@dgm[d(fn@fn)—d(fn®f>]df fo fR _enld(f,® )= d(f ® f)ldi

< + =:1+1I. (5.15)

Furthermore, again by Fubini’s theorem

foT \[de (fRZd gm(dfn = df)) d fudt

and since for each x, v the function (y, w) — g, (x,y,v,w) is Lipschitz continuous and bounded with
Lip(gm) + lIgmlleo < C; for some C; = Ci(m, ||V, ¢lleo, Lip(V,¢)) then by Lemma[2.1.1] we have

1=

T
I<c fo f dfos F)dfy < CiTIA s Plleo — 0 as 11— oo,
RZd

Similarly also 77 — 0 with n — co. This concludes the proof of convergence (5.14)).

Step 6. At this point after converging with 7 to infinity we are left with the weak formulation for
f that reads as follows:

T T
f f F[0,¢ + vWpldxdvdt + f f Fo(f)fVypdxdvdt
0 Jr 0 Jr

= - f fod(, - 0)dxdv + T (m)
R2d
forallm =1,2,... and all ¢ € G with

J(m)—>0 as m — oo,
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Therefore it suffices to show that

T T
f f Fo(H)fV,ddxdvdt — f f F(f)fV,¢dxdvdt. (5.16)
0 JRr¥ 0 JRA
By Fubini’s theorem for

du = (f ® f)x,v,y,w, 1),
8m = wm(lx - y|)(W - V)Vv¢,
g =y¥(x=yDw—v)V,¢,

T T
[ [ rnsvsadvr= [ [ guduar,
0 2d R2d

R 0
T T
f f F(f) va¢dxdvdt:f f gdudt (5.17)
0 JRrR™ 0 Jr

provided that the integral on the right-hand side of (5.17) is well defined. Therefore to show (5.16) it
suffices to prove that

we have

8m — 8
in L' with respect to the measure du. To prove this we first show that
8m — 8
a.e. with respect to the measure u. Clearly the convergence holds on
A=A, v,y,w, 1) x £y} U{(x,v,y,w, 1) : x =Yy,v =w}

and it suffices to show that the set A° = {(x,v,y,w,?) : x = y,v # w} is of measure u zero. We have
Y = mon A€ and thus

e N N B s
> [ = b = 9 e = [ b =9 = [ b~ 19
Thus either
I, — o0 or fA Iw = V|V, ldu = 0. (5.18)

The proofs of Step 4 and Step 5 remain true if we substitute g, and g, with |g,,| and |g,| respectivelyﬂ
Therefore also the respective convergences hold for |g,,| and |g,|, yielding

T T
’f f |gm|d,undt - f f Ignld/lndt
0 R4d 0 R4d

3Indeed, since ||g,u| — |gnll < |gm — g»| We may replace in li gm and g, with |g,,| and |g,| and proceed with
the proof in the same way as in Step 4. On the other hand in Step 5, the convergence of / and I/ from (5.15)
was a result of that ||d(f,, f)ll~ — 0 and that g,, is a Lipschitz continuous function, which remains true for |g,,|.

< Cm)IVydlle — 0 (5.19)
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and

=2o. (5.20)

T T
f f |gmldpndr — f f lgmldudt
0 JRH 0 JR#

Moreover for each m and n, we have

T T
[ [ e~ [ [ tgniduar
0 R4d 0 R4d
T T T
f f lgmldpndt — f f |gnldundt| + f f |gnldundt.
0 RM 0 R4d 0 R4d

Now, (5.20) implies that for each m we may choose n big enough, so that

T T
f f \gmldyudt — f f (gmldyind
0 RM 0 R4d

Furthermore, by (5.19) for such n we have

T T
f f |gm|d,undt - f f |gn|d,undt
0 R4d 0 R4d

and finally by estimation (iii) from Proposition[5.0.3|

T T
f f |gn|d,undt < ||Vv¢||oo f f wn(lx - yl)lW - Vld,undt
0 R4d 0 R4d

T Nu
= IVl fo 3 g = XDV~ ilde < M

i,j=1

I, <

+

<1.

<|J(m)|

and thus
L,<1+|9m)|+M<C, (5.21)

for some positive constant C,. Therefore 5.18)) and li imply that fAC [w—v||V,¢ldu = 0 and since
the function |w —v| is positive on A¢, then by a standard density argument A€ is of measure u zero and
we have proved that

Um(lx = yDw =)V = ¢(lx — y(w = )V, 8,
Ym(|x = yDIw = vV, é| = ¢(|x — yDIw — vV,

p-a.e. Moreover by Fatou’s lemma

T T
f f (1 = yDIw = VIV, dldyadt < liminf f f U = ¥DIW — VIV, ldudt
0 JRA m—oo  Joy  JR2d
= liminf I, < C». (5.22)

m—oo

Therefore the function (x, y, v, w, t) — ¥(|x—y|)|lw—v||V,¢| belongs to Ll(u). This function is a proper
dominating function for ,,(|x — y)(w — v)V,¢ and by dominated convergence we have (5.16) and the
proof of step 6 is finished.
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Step 7. Let us now wrap up the proof and compare Definition [2.1.6] with what we were able to
prove about f. We took an arbitrary initial data f; € M, and proved existence of f € L*(0, T; M.,).
Moreover in step 2 using estimates (if) and (v) from Proposition|5.0.3|we proved that actually suppf C
B(R) and 8, f € LP(0,T;(C'(B(R)))) (point 1 of Definition Point 2 of Definition is an
immediate consequence of (ii) from Proposition [5.0.3] while point 3 was the main focus of all the
steps of the proof and it was finally proved in step 6. Point 4 of Definition [2.1.6] follows from (5.22))
and Fubini’s theorem. We are left with point 5 of Definition [2.1.6] Suppose that B(R) and B(r) are
two concentric balls, such that (2.8) is satisfied. Then the construction of f;, ensures that

1 1
supp fon mB(R— —) C B(r+ —)
n n

and for sufficiently large n we have r + % <r+ I% <R- 1%. Translating it according to we
write that in the set 7 of those i that (xj ,,vj ;) € B(R — 1%) we actually have (xg ;, v ;) € B(r + 1%)
and By (ii) and (iii) from Proposition[5.0.3](and in particular by Remark[5.0.4)), for each i € 7 and for
each sufficiently big n, we have the n independent bounds:

t—0
O] < x| + 1R — Ixg I,
t—0
VIOl < Ivg | + w() — v .
The above bounds, for sufficiently small ¢ imply that (x(2),v}(2)) € B(r + 1%) as long asi € 7.

Similarly for i ¢ I in a sufficiently small neighbourhood of # = 0, we have (x7(1), v/(1)) ¢ B(R - 1%).
Therefore

supp f (1) N B(R_ 1%’) . B(H Rg r)

for sufficiently large »n and sufficiently small z. Thus we may pass to the limit with n — oo to obtain
(2.9). This finishes the proof of the existence part of Theorem[2.2.4]

5.2 Proof of Theorem 2.2.4 (weak-atomic uniqueness)

In what follows we aim to prove that if initial configuration fj is an atomic measure, i.e. it satisfies
(2.10), then solution f in the sense of Definition [2.1.6]is of the form (2.T1)), and it is unique. We will
base the proof on a very careful analysis of the local propagation of the support of f that comes from
point 5 of Definition[2.1.6] What, we basically need, is that any amount of the mass f that is separated
from the rest of the mass remains separated at least for some time. It is required to refine this property
by adding a control over the shape in which the support in the x and v coordinates propagates. The
difficulty comes from the fact that in the case of the particle system the position x; of ith particle
changes with its own unique velocity v;. However in the case of the kinetic equation characteristics
are not well defined.

Step 1. By point 1 in Definition[2.1.6]it is sufficient to prove the proposition only in an arbitrarily
small neighbourhood of # = 0. Let f; be of the form (2.10)). Our first task is to restrict f; to small balls
with one particle (say ith particle). Then we will use the local propagation of the support to prove that
the mass that initially formed the ith particles remains atomic in some right-sided neighbourhood of
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t = 0. Since
N
fo= ) midy, @6y, (5.23)
i=1

for number of atoms N, we have a finite number of initial positions and velocities of the particles
(x0,i,vo,;) fori =1, ..., N, which implies that there exists R > 0 such that for all ryp < R, we have

JolBi(rg) = Midx,; ® Oy, (5.24)

for Bi(R) := By,y((x0,i» vo,i), 10)-
At this point let us concentrate on one atom, we fix i. We aim at showing that there exists 7* such
that

2= f@l ) = miSa @ ua) (5:25)

in [0, T*] for some R? valued functions x; and v;. We emphasize that ry and 7*(rp) can be chosen to
be arbitrarily small. Identity (5.24) implies that for any 0 < r < ry, we have

supp fo N Bi(rg) C Bi(r)

which by point 5 of Definition [2.1.6]ensures that there exists 7* such that

dist{supp f2(1), supp € (1) > %0 (5.26)

for all € [0, T*], where f€(r) := f(t)— fP(¢). Then one can find a smooth function 5 : R*x[0, T..] —
[0, 1] such that 7 = 1 over the support of £ and 5 = 0 over the support of €. We have then fPn = fP.
All these properties allow us to state the following equation satisfied by £ on [0, T*]:

O fP +v - Vo fP + div, [(F(f) + F(fP)) fP1 = 0. (5.27)

This equation is satisfied in the same sense that (2.6) from Definition To prove that P is indeed
of form (5.25) we introduce

%)
iva(®)
with the initial data (x,(0),v4(0)) = (xo,v0,i)- Condition (5.26)) ensures that the right-hand side of
(5.28), is smooth and thus (5.28)) has exactly one smooth solution in [0, 7*]. Our goal is to show that

fP is supported on the curve (x4(f), v,(t)) and that in fact (5.25) holds with (x;(1), vi(t)) = (x4, Va).
Since this feature will hold for all atoms, the whole f will be then atomic.

0]

fRM W(|xa(t) = Y)W = va(D) € dydw (5.28)

Step 2. In the next step we characterize possible evolution of the support of the weak solution to

G.27.

Lemma 5.2.1. Let f be a weak solution to in the sense of Definition Assume further f
has the structure of f = fP + fC and fulfils the weak formulation of , and

supp/fy = (xo,vo)
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for some given (xg, vo). Then for any R > O there exists T*, such that
supp /(1) C (xo0,vo) + (tBx(vo, €)) X B, (0, R)

forallt € [0, T*], with € := V2R(R + |vgl|), which can be arbitrarily small depending on smallness of
R.

To prove Lemma [5.2.1]it is required to show the following result.

Lemma 5.2.2. Let P be a weak solution to in the sense of Definition Assume further
that there exists T*, such that

supp/(t) € B((xo, vo), R) (5.29)

for some given (xp,vo) and R > 0 and all t € [0, T*]. Then

suppf2(1) < suppf + |_J (sBx(v0, R)) X Bu(0, R). (5.30)
s€(0,1)

It means that the support in the x-coordinates propagates in a cone defined by the ball B,(vy,R) in
direction vy.

Proof of Lemma[5.2.2] Without a loss of generality we assume that (xo, vo) = (0, 0). The boundedness
of the support in the v-coordinates is trivial and thus we focus on the support in the x-coordinates.
Suppose that x; € R? and p > 0 are such that

suppfy’ N Bi(x1,p) X R = 0
and let
¢(x, 1) 1= (p = RO = |x = x1 ).
Hence
supp ¢(, 1) = {lx — x1| < |o — Rul}. (5.31)

We test (5.27) by ¢* and integrate over the time interval [0, T*], obtaining
-
f FRTHT*) dxdy + 4 f
R 0

Since the first term on the left-hand side of the above equality is nonnegative, we have

FPol(o — ROR — (x — x)vldxdvdt = f FE(0)*dxdv = 0.
R2d R2d

T*
f f FPol(o — ROR — (x — x1)v]dxdvdt < 0.
0 R2d
But for the interior of support of ¢, we have p — Rt > |x — x| and by (5.29) R > |v|. It implies
0<(@—-Rt)R—-(x—x1)v, hence f¢=0.

This way we proved that in the complement of the support in x of f(¢) lay all the balls centred outside
of supp fy and with a radius equals to p — Rz, which implies (5.30). i
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Proof of Lemma[5.2.1] We base on Lemma First we establish proper R and T*. Since fOD is
concentrated in one point (xop, vo) then for arbitrarily small p

supp fo C B((xo,vo),p)-
Now, Definition point 5 ensures that there exist R(p) and 7*(p) such that
supp/f*(r) < B((x0,v0). R)

in [0, 7*] and R can be chosen arbitrarily small (then also T* is small but still positive). We fix such R
and T* and note that we may apply Lemma([5.2.2]on [0, 7*]. Without a loss of generality we assume
that xo = 0 and test (5.27)) with the function ¢, where

¢(x, 1) := ((x = vot)* — (t€)*)+

and
supp ¢(-, 1) = {x € RY : [x — vot| > te). (5.32)

We have
!
0= f fD(f)¢2(t)dXdV - 4f f fD¢[_V0(X — vot) — e’ + v(x — vot)|dxdvdt
RZd 0 RM
!
>4 f FPolte® — (v — vo)(x — von)ldxdvdt. (5.33)
0 JRA

On the support of fP, we have |v — vo| < R and by Lemma it holds

lx—vot] < |x— xo |+ |volt £ t(lvol + R) + tvo| < t(2|vg| + R).
——
=0

Hence, in view of definition of €, we conclude
(v = vo)(x — vor) < 2vol + R)Rt < t€>.

Therefore the integrand on the right-hand side of (5.33)) is nonnegative, which means that it has to be
equal to 0, which further implies that

fPe=0 in [0,T"].

By the definition of ¢ it follows that fP(f) vanishes outside of the cone balls #B,(vy, €) X R4, The
lemma is proved.
O

Step 3. In this part we show that f initiated by a state of (5.23) stays indeed an atomic solutions
for all times.

Proposition 5.2.1. Let f be a solution to in the sense of Definition Then if fy is of the
form (2.10) then f is an atomic solution (of the form (2.11))) and it is unique.
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Proof. We show separately for each of atoms that each initial particle generates a mono-atomic so-
lution (at least locally in time). Finiteness of number of atoms allows to conclude that the whole
solutions will be atomic. Hence we study (5.27) with a mono-atomic initial data located in (xp, vo).

We test by (v — v4(£))* getting
% fR . P = va(0))?dxdv = =2 fR . FP = va(0))a(t)dxdv
+2 fR L FOLPW = va()dxdy + 2 fR L P = va())dxdv = =21 + 211+ 2111.  (5.34)
First we deal with I11. By symmetry of f2 ® £ with respect to (x,v) and (y, w), we have
1= [ w500 =0 £ = va0)dxdvay
= [, 0= D= wf P s = vty
= % fR L Wx = Dw = V)P FP(v = widxdvdydw
_ _% fR Wl = ¥Dw = v P fPdxdvdyd < 0.
Next let us take a closer look at /1. By the definition of F(f€)
1= fR o W=D 0w = fP v = va(t)dxdvdydw
- fR W = 3D 0w = va(0) + va(t) = VfP O = va(O)dxdvdydw
= fR o, W =300 = vaO)FP O = va(t)dxdvdydw

- f w(lx = NP FE© = va(0))*dxdvdydw
R4d

<0
= f W(lx = YD = va@O) f fE© = va(0))dxdvdydw =: IT,.
R4d

Now we compare /I, with I:

[l =1 =

fR W0xa(0) = D) = llx = yD)(w - Vva(O) [P FE v = va(t))dxdvdydw

< fR o [Wxa@® = 3D = e = Dlw = vaIf? FW = va(O)ldxdvdydw. — (5.35)

The main problem with estimating the right-hand side of the above inequality lays in the estimation
of

|w(lxa(®) = ) = w(lx = yD)|-

This is the place where the separation of supports explained by Lemma [5.2.1] comes into play. Both
(x4(f), va(1)) and (x,v) are in the support of f°, while (y,w) is in the support of f€. Thus (5.26)
implies that either
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e-yi>F and -yl > 2 (5.36)
or
v —w| > %0 and v (1) —w| > %0 (5.37)

We handle above two cases separately.
In case (5.36) it is clear that

W(xa®) = 1) = w1 — DI < L — xa0)] = Lt} 'xtﬂ (5.38)

for some constant L = L(rp) > 0, since ¢ is smooth outside of any neighbourhood of 0.

In case of we are actually in a situation when at + = 0 multiple particles are situated in the
same spot with different velocities i.e. fC is divided into two parts f¢' and f¢>. The first part submits
to the same bounds as while for the second, f€2, we have

) = Y myb, @84, =1 ) f7(0),
J J

Thus, initially f©? is concentrated in the same position as £ but with different velocities. In this case
we apply Lemma multiple times (once for f2 and multiple times for each fcz) Even though

Lemma is written for solutions of ( i we may still apply it for f2 and each of f since the
proof does not involve directly the dependence on v. Therefore, by Lemma[5.2.1] we have

supp (1) C (x04,v0.) + tB(vo.is €)
and
suppf; >(t) C (X0, vo,j) + tBy(vo,jy ).
At this point we fix R > 0 and 7* from Lemma [5.2.1] so that € is small enough that
B, (vo,i, €) N By(vo,j,€) =0 for i # j.
Moreover
dist(Bx(vo,i, €), Bx(vo,j, €)) > C(rg) > 0.
Again, we used that the number of all atoms is finite. If so, then also
[x—y| > tC(R) and |x,(t) —y| > tC(R)
for x € suppr and y € supprZ. Therefore in such case (¥(|s]) = s~ and ¢/ (|s]) ~ s7179)

W(1xa0) — 1) — el — ¥ € CRI = — xy(0) = CR XD 5 3

tz
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We combine inequalities (5.35), (5.38]}|and (5.39) with the global bounds on the support of f obtain-
ing

I — 1| < A(7) f 72 x — xa(O v = va(OlfPdxdv
R2d

I . . .
forA =Ltz +C (R)t‘%“Z , which thanks to the fact that @ < % is integrable with respect to ¢ over

[0, T™]. Taking into the account our estimations of /, II and /1] we come back to (5.34) and claim
that

d
— f FPW = va(0)Pdxdv < A7) f 72 |x — xa(O| v = va(®)| fPdxdv
dt Jrad R2d

< A®) ( f FPrx = x (0P dxdv + fPlv - va(t)|2) . (5.40)
RZd

To finish the proof there is a need to estimate the second integrand on the right-hand side of (5.40).
We testﬂ (5.27) with |x — x,(£)]*r~" getting

4 1P |x — xo(O)Pdxdv + f 72 fP|x — xo ()P dxdv
dt Jpa R2d

+2 f P (x = x0(0)xa()dxdy — 2 f 1P (x — x4(t))vdxdv.
RZd RZd

and apply Young’s inequality with ¢ > 0 to obtain

d
— 1 fP|x = xo(O)Pdxdv + f

72 fP|x — x.(O)]*dxdv
dt Jrad R2d

<2 f LPlx = x,(Dllv — va(D)ldxdv
R2d
<6 f 72 fPx — xu(0))*dxdv + C f Pl = va(0)Pdxdv.  (5.41)
RZd RZd
Finally we fix a suitable § > 0 and combine inequalities (5.40) and (5.41), which leaves with
d 1
— ( f (" fPlx — x,(0) + fPlv - va(t)lz)dxdv) + = f 2 fP|x — x,(t)*dxdv
dt \ Jru 2 Jrod

<A fR P = 2 OF + £l = v 0P,

which by Gronwall’s lemma and the fact that A(f) ~ 1=/~ is integrable in a neighbourhood of ¢ = 0
imply

f & P1x = x. O + fPlv = va(®)P)dxdv = 0 on [0,T7].
RZd

Thus on [0, 7*] we have x = x, and v = v, on the support of f, which is exactly equivalent to (5.25).

We have proved fP is mono-atomic. Then repeating the procedure for all atoms (the number
is finite) we conclude that f is atomic on a time interval [0, 7*] with possibly smaller, but positive
T* > 0. As a conclusion, since the solution exits globally it must be atomic all the time. O

“Here is the entire estimation in case (5.36) and the estimation of <! in case (5.37).
SEven though |x — x,(t)?t™! is not a good test function for (5.27)), we can approximate the singularity at
t = 0 by modification (7 + I)~" and then let [ — 0.
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Part 11

Flocking particles in a non-Newtonian
fluid
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Chapter 6

Part II: Introduction

The secondary goal of the dissertation is to obtain existence and uniqueness of solutions to the
Cucker-Smale flocking model coupled with equations of motion of non-Newtonian fluids. The nota-
tion is slightly different than in Part[l, We consider the system

O f + VW +div,[(Fu(f) + F) f] 0, xeT, veRd
ou+ (u-Vyu+Vr —div(r(Du)) = —df Fyfdv, x e T, (6.1)
Rd
divu = 0.

In (6.1) function f = f(z, x,v) is the density of those particles that at the time ¢ € [0, 7] have position
x and velocity v. The alignment force term F’ aF_-I is given by

PPt = [ =00 = 0wy,
TdxR4

where € C'([0, »)) is a given positive, nonincreasing function, called the communication weight.

This force is responsible for the emergent phenomena that in our case takes the form of flocking of

the particles, which we understand as the alignment of particles’ velocities. A good example of i is

Yes from (I.5). The drag force F is given by

Fi(t,x,v) == u(t,x)—v
and throughout Part[[T) we will use the notation

F(f) = Fa(f) + Fa.

The function u = u(t, x) = (u1(t, x), us(t, x), ..., ug(t, x)) represents velocity of the fluid at the position
x and time 7. The term 7 in (6.1I), denotes a symmetric stress tensor that depends on Du — the
symmetric part of the gradient of u i.e. T = 7(Du), where Du = %[Vu + (Vu)T]. In our considerations
we assume that 7 is derived from some scalar potential ¥} and through some specified later properties
of ¢ we actually impose various other assumptions on 7 including p-growth (where p > 1 is given)
or coercivity.

The general strategy of the proof is taken from [7]]. First we regularise the system, then to obtain
existence for the regularised system we introduce a inductive scheme solving C-S and fluid parts of

Note that in Partit was denoted by F.
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(6.1) alternating with every step. Thus we solve (6.I); and put it’s solution into (6.1I), as a given
function then solve again obtaining a solution which we again put into (6.1));, solve and so on. Then
the convergence of the approximations is obtained through a careful technical estimation and analysis.

This strategy is followed in Chapter[7] but before we begin let us introduce the basic notation for
Part [lI|and present the main result.

6.1 Part[II: Preliminaries and notation

Hereinafter W*?(Q) denotes the Sobolev space of the functions with up to kth weak derivative belong-
ing to the space L”(€2). Moreover D' denotes the space of distributions and CK(Q) — the space of the
functions with up to kth derivative belonging to the space of continuous functions, which itself will
be denoted as C(Q2). Next we present the definition and assumptions on the stress tensor 7, which is a
crucial part of the definition of the problem. To establish the set of admissible 7 we assume that there
exists a scalar potential of T that we denote ¢ € CZ(R"Z), such that for some p € (1, 0),cy,cr > 0 we
have for all ,& € R, and i, j.k, 1= 1,....d:

sym
99()

a0 (6.2)
omj
d*9() .
P anklfijsz > c1(1+ pDP7IEl, (6.4)
d9(n) ,
’anijankl < o+ D™ (6.5)

The above assumptions on i} impose various properties of 7, that we include in the following lemma.

Lemma 6.1.1. Let p > 2 and 7 : ]Rf;m - R‘fj,m, 9 R‘fim — R satisfy -. Then there exist

.. 2
positive constants c3, ca, cs, such that for all £,n € ngm we have

7€) = 3 (P + P, (6.6)

[T (O < call + 16D, 6.7)

(Tij(€) = T/ )E = 1) = cs(€ = nl* + & = nlP). (6.8)

Proof. The proof of the above lemma can be found in [38]] page 195. O

Regarding the Cucker-Smale part of the system we assume that ¢ is nonnegative, nonincreasing
and smooth, with

et < ce.

Hereinafter we shall denote for nonnegative and integrable functions f:
Maf@:= [ WSy,
TdxR4

me f(t, x) ;= f WI*f(, x, v)dv,
Rd
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with an obvious remark that My f = || f||;: and that for 1 < g < oo,

mq f(t, x) < CR)IIf (7, x, g, (6.9)

provided that suppf(z,x,-) € B(R), where B(R) is a ball centred at 0 with radius R. Moreover,
occasionally we will split F,(f) into two parts in the following manner:

F.(H(t, x,v) = a(t, x) — b(t, x)v,

where
= [ W=y owdsdv. with lall +Vallo < c6MiS, (610)
T xR-

b(t, x) := fT3XR3 Y(lx = yDf (@, y,wydydw, with [[blleo + VDl < ccMof. (6.11)
Thus, we clearly have
IFa(f)(t, x,v)] < lalleo + V] 1llec < c6(M1f + [VIMof), (6.12)
and
div, F, (), x,v) = —=db(t, x).

Throughout Part [[T) we use the arbitrary "harmless’ constant C that may change it’s actual value de-
pending on it’s appearances even in the same line. We will also write

H(q)
<

A B

to emphasise that the estimation A < B follows by Holder’s inequality with exponent g. We will also
use a similar notation for Young’s inequality replacing H with Y.

6.1.1 Weak formulation

We assume that the physical dimension d = 3. Let us introduce the basic notation regarding the
function spaces.

Ly;,o(T?) :=lw € LX(T?) : divw = 0},
Wl (T%) :={w € D'(T%) : Vg € LP(T?), divw = 0},
H=L>0.T; Wiﬁio(ﬁ)) N C(0,T; L, o(T) N L*0, T3 W*A(T%) 0 L0, T; WH(T%))
X =L2(0.T)x T2 x B%) 0 L2(0, T: L(T* x B) 0 €0, T3 LA(T* x R)n
N L0, T; WH(T? x RY)).

We present the definition of a weak solution.

75



Definition 6.1.1. Let p > 15—1 and T > 0. The couple (f,u) is a weak solution of on the time
interval [0, T) if and only if the following conditions are satisfied:

1. f>0, feX 0f € L*0,T; LX(T> x RY), V,f € L0, T;L*(T?> x R?) and M,f €
L¥([0,T]) for 0 < a < Z.; the function v — f(t,x,-) is compactly supported for a.a.
t€[0,T] and x € T°.

2. ueH and du € L*0, T; L*(T?)).

3. Forall ¢ € C'([0,T) x T? x R3) with compact support in t
T
f f flowp +v-Vo+ F(f) - Vypldxdvdt = — f Jo#(0, -, )dxdv.
0 JT3xR? T3XR3
1,23 il 3
4. Forall p € W-~(T°) N Wdiv,O(T )

f [a—uso + (- Vup + T(Du)D(go)] dx=-3 f (u—v) - fdxdv
T3

51,‘ T3xR3

is satisfied a.e. in [0,T].

Remark 6.1.1. The moment M, f has various physical interpretations depending on «. For example
for @ = 0 it is the total mass of the particles, for @ = 1, the total momentum and for @ = 2, the total
kinetic energy of the particles. We realise that the upper bound on « in point 1 of the above definition
(i.e. 24—1) can be both unexpected and difficult to interpret from the physical point of view. The reason
we include @ > 2 is that estimation of Ms f plays a crucial role in the proof of W2 regularity of u. As
a matter of fact we would be satisfied by taking only O < o < 5 but our method enables us to estimate
moments up to %.

Remark 6.1.2. In Definition regularity of f and boundedness of the support of f in v enable
us to rewrite point 3. in an equivalent form:
3'. For all ¢ € L®(T® x R?) N L'(T? x R3), we have

f [0.f + VvV f +div,[F(f)f]] pdxdv = 0.
T3xR3
In particular since for a.a. t € [0, T] we have f(r) € L¥(T> xR*) N L'(T? XR?) then f is an admissible

test function for it’s weak formulation. Similarly also [v|* for @ > 0 is a good test function since it
belongs to L*(T3 x R?) N L'(T? x R?) on the support of f.

6.2 Part[II: Main result

We present the main result of Part[[I] which is global strong existence and uniqueness of solutions to
(6.1) in the domain [0, 00) x T¢ x R? with d = 3, with the assumption that p > 4. We present the
main result in the form of the following theorem.
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Theorem 6.2.1. Let p > 15—1 and T > 0 and suppose that the initial data (fy, ug) satisfy

1. 0 < fy e (L' nL®)(T? x R?), suppfo(x,-) € B(R) for some R > 0 and a.a. x € T3, where
B(R) is a ball centred at O with radius R,

2. ug € WHATH) N L3, (T,

v,
3. Vifo e L3(T3 xRY).

Then there exists a unique solution of in the sense of Definition for regular commu-
nication weight .

Remark 6.2.1. Assumption 1 in the above theorem immediately implies that
M(ny <C

for some positive constant C and all a > 0.

Moreover boundedness of the support of fy and assumption 3 are needed only for the uniqueness. In
order to obtain existence alone we could skip assumption 3 and replace boundedness of the support
of fo with the assumption that

Ma/fO <C

forallOSaS%.
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Chapter 7

Proof of Theorem

The proof is divided into two parts. The first, much longer part is directed towards proving the
existence part of Theorem [6.2.1] while the second towards proving uniqueness.

7.1

Existence of solutions

Our first goal is to prove the existence part of Theorem [6.2.1] The proof follows closely the ideas
of [7] and can be sketched as follows:

1.

First we regularise the system (6.1)). For the particle part we regularise the initial data f; as well
as F; in (6.1);. It is done to enable the use of the standard method of characteristics, which
needs sufficient regularity of the trajectories. For the fluid part, we include a cutoff function in
v to the external force in (6.1)),.

Then to solve the regularised system, we introduce an iterative scheme that serves as a way to
obtain existence for the coupled system. We alternate between solving (6.1); with F, taken
from previous iterations and (6.1)), with the external force defined by previous iterations.

For each iteration, we establish existence of solutions through standard techniques originating
from [5]] and [46] or [38]].

Next, we converge with the iterations to the solution of the regularised system. The conver-
gence is done by a technique introduced in [7]]. Most modifications come from nonlinearity of
the stress tensor 7 as well as the fact that we aim to prove uniqueness too. Thus we need to
uniformly control the support in v of the iterative solutions.

We converge with the solutions of the regularised system to a solution of locally in time.
We estimate the regularised solutions in X and H and apply the Aubin—Lions lemma (Theorem
to extract a convergent subsequence. The crucial role in these estimations is played
by the estimation of Msf, — the 5th velocity moment of the C-S part of the solution to the
regularised system.

. Lastly, we extend the local solution up to an arbitrary interval [0, T'], thus finishing the proof of

existence. The extension comes from the global estimate for M, f — the 2nd velocity moment
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of the C-S part of the solution, which enables us to restart the local-in-time estimates from step
5.

Steps 1-4 of the above sketch are more or less similar to the proof of existence for the coupled
Navier-Stokes-Vlasov and Navier-Stokes-Cucker-Smale systems presented in [7]] and [5]. Most of
the differences and problems with the non-linear viscosity become apparent in steps 5 and 6 and force
us to take a different approach.

7.1.1 Step 1: A regularized system

The main difference between our approach and the approach presented in [[7] or [5] is that we do not
regularise the convective term in (6.1]),, as we are able to obtain better regularity of u anyway, which
is very expected for p > 1. Aside from this difference the general idea of the proof is similar to those
of [[7] and [5]. One of main problems comes from the external force

Fou(ts ) = f (u(t, ) = V)t x, V),
R3

which needs to be controlled by addition of the cutoff function . : R3 — R that restricts the support
in v of f to a ball of radius é, i.e. we replace f, s with

fexl,e([s x) = LS (M([, X) - V)'}’e(V)f(t’ X, V)dv,
where y, € C®°(RY):

1 1
SUPPVECB( ) 0<ye<1, ye=10nB(2—), Ye = lase— 0.
€

€
The second problem is caused by the drag force term in the C—S part of the system, which also needs
to be regularised. For € > 0 we define 6, as the standard mollifier i.e.

o= )

for some 0 < 0 € C° (T?) with fT3 Odx = 1. With such 6, let F.(fe) be the regularised force given by
Fe(fe) := Fu(fe) + Oc * ue — v.
Now we define the regularized system. For (z, x,v) € [0, T] x T3 x R3, let

atfe + vae + din[Fe(fe)fe] = 0,
Oitte + (e - Ve + Ve = div(r(Due)) = =3 [, felue — v)yedv, (7.1)
divu, 0,

with a smooth, compactly supported initial data f ., where

1. 0 < foe — fostrongly in LI(T? x R3), for all 1 < g < oo and weakly * in L*(T? x R?) and has
a compact support in v contained in B(2R).

2. upe = up.

Remark 7.1.1. Note that even though we will refer to the solution of (7.1)) as a solution in the sense
of Definition[6.1.1] due to it’s high regularity f is in fact a classical solution of (7.1);.
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Step 2: Iterative scheme

To solve the regularized problem we further approximate the solutions using the following iterative
scheme. Denoting for notational simplicity

)

we introduce the following scheme:
Initial step n = 1.
We set

ul(t, x) = up(x).
Next we solve the Cucker-Smale’s part of (6.1) with fixed u;:
af' vV Hdiv[(Fa(f) + Faf'1=0,
with the initial data
£10.5,9) = foe(x,v)
and
Fg=0.% ul —v.

Inductive step.
Suppose we have a well defined nth solution (f”,u"). Then we define #"*! as the solution of the
system

=3 [ 11 = vyyedv,
n+1

divu = 0, 7.2)

{ atun+l + (un+l . V)un+l + Vﬂ.n+] —T(Ltn+])

with the initial data
"0, x) = up(x)

noting that in such system, the right-hand side depends on f” and «", which are at this point given
functions. Thus what we in fact do, is solving (I.6) with a given external force. Then, we define

Fil =g s u™! —v,
which at this point is a given function. Finally we solve the Vlasov-type equation:
O™ v VT divy [(Fu(f™ ) + FiTh 1 =0, (7.3)
with initial data

0, x,v) = foe(x,v).

7.1.2 Step 3: Existence of the iterations

Existence of f" and u" is guaranteed by the following propositions.

80



Proposition 7.1.1. Let p > 15—1 and T > Q. There exists a solution in the sense of Deﬁnitionm
to the problem

Ot + (u - VYu + Vo — div(r(Du)) = four,

as long as uy € WUX(T?) n th.v 0(T3) and the external force f, belongs to the space
L*(0, T; L*(T%)). Moreover

llulle < C,

0:ullz20,7:12(13y) < Cs

where C is a positive constant depending on |luolly12¢13), | fexellr20.:02(19)), P and T.

Proof. The proof can be found in [38]], page 246 (Theorem 4.5). O

Proposition 7.1.2. Let T > 0. There exists a solution in the sense of Definition to the
problem

O f +v-Vf+div,[(Fa(f) + (B xu—v))f]1 =0, (7.4)

as long as 0 < fy € C*(T3 x R?) is compactly supported in v and u € L°(0, T th.v 0(T3)). This
solution f belongs to the space C*([0,T] x T> x R3). Moreover

1f 1|z, 7:z2nL )3 xr3y) < Cs (7.5)
lfllc2 < C(e),

where C is a positive constant depending on || fol| L1 (r3xr3) and || foll = (m3xr3), while C(€) depends
also on € and ||ull o, 7.12(13)) (Doth constants depend also on T ).

Proof. This proposition along with it’s proof can be found in [5] Appendix A. However there is
one seemingly substantial difference, namely in [5] it is only shown that f € C!. However it can
be obtained by an easy modification of the proof from [5] since both F,(f) and F; in (7.4) are
smooth. O

Let us return to our sequence of approximate solutions. Assume that #” and f" exist in the
sense of Definition (or in case of f™ — with better regularity by Proposition [7.1.2). Then
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W' € L¥(0,T; L2, (T%) and f" € C*([0,T] x T? x R?). In such case we have

T T
N
0 0 T3

T
- .
0 T3

T
< C(T, € f f f i — V2| f"Pdvdxdt
0 J13JB(Y)

< C(T, )llf"I2,Alu™ 13 + 1). (7.6)

2
dxdt

= yefay

2
dxdt

(“n - V)yefndv
B(L)

Therefore fe";;l belongs to L*(0, T; L*(T%)) with it’s norm depending on 7', €, || f"[lco and ||u|| o0, 7:22(T3))-
Therefore by Proposition there exists a unique #"*! — a solution to in the sense of Def-
inition Existence of a unique f"*! — a solution to belonging additionally to the space
C?([0, T] x T? x R?) follows then by Proposition This argument may be iterated indefinitely

and thus, the sequence (f”, u") is well defined.

7.1.3 Step 4: Convergence of the iterations

Our next step is to prove that with n — oo, the weak formulations for (f", ") converge to a weak
formulation of (7.1)'l We begin by estimating «” and f" in H and X, respectively. First let us denote
for simplicity

1/ Nloo 2= NS 1l zoo (0,773 xR
llelly == Nle(llg = (Dl za(r3), Tor 1 < g < 0.

Proposition 7.1.3. The sequence u" of the approximate solutions satisfies the following bounds:

(@) llu" [l < C(e),
(if) 10:4" | 20,7,12¢13)) < C(€),

where C(€) is independent of n but depends on e.

Proof. By Proposition and the definition of u" it is clear that to obtain estimation of «”" in H it
suffices to estimate ||f7!|| 12(0,7:12(T%)) Uniformly with respect to n. By testing the weak formulation
for u" with u" (which by Proposition[7.1.1]is a suitable test function) applying Korn’s inequality [B.4.1]
and (6.6) we obtain

1d 2 2 2
EZIIM”IIQ + el Villy < Nlu”lly + 11 follz

1Keep in mind that we skip the epsilon in (f", u") = (f, u?).
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which by inequality and (7.5) implies that

1d -
5 7115 < W1l + CCT, Ol

Therefore by Lemma [B.1.4] we have
"l 2¢r3) < C(T, €),

which together with proves (by induction) that fe”x‘t] is uniformly bounded in L*(0, T; L*(T?))
and this concludes the proof of (7).

The proof of (ii) follows similarly to the proof of (i) by testing the weak formulation for #" with
01" and using the previously proved estimations O

We follow with the estimation of f”.

Proposition 7.1.4. The sequence f" of the approximate solutions satisfies the following bounds:

(iii) IVy f 0,703 xRy < C
(iv) Ilf"llx < Cle),
() 10:/" 20,7 12(13%R3y) < C(€)

where C(¢€) is independent of n but depends on €, while C depends on neither. Moreover there
exists a nondecreasing function R, : [0, T] — [0, 00) such that

suppf"(t, x,-) C B(Re(t)), forall fand a.a x. (1.7)

The function R is independent of n but depends on € and Rﬂ

Proof. Proof of the propagation of the support.

The estimate of the support of f” is proved in Lemmas and[B.3.2]in Appendix [B] Lemma[B.3.1
shows that R.(¢) depends on |[u"||;2( 7.w22(73, and [|[M1 f"||e. On the other hand in Lemma@ we
prove that [|[M; f"|| is uniformly bounded by a constant depending on [|u"||;2¢ 7.w22(13y)- Therefore
by (i) from Proposition function R is independent of n but depends on €. This observation
concludes the proof of (7.7).

Remark 7.1.2. In the proof of (iii) and (iv) we estimate a and b from (6.10) and (6.11) in W', It
follows by the fact M f" and My f" are by (7.5)) uniformly bounded with respect to n (in fact My f" is
uniformly bounded also with respect to €).

Proof of (iii).
We apply V, to both sides of (7.4), multiply by |V, f"*|V, f" and integrate, obtaining

1d : ny £n n n n n n n n
_gd_Hvaan = f Vo [divy Fo(f")f" + Fa(f"Vof" = 3f" + (6 * u" =)V, f" 1|V, f*IV, f"dxdv
t T3xR3

€.10.610 V, [=3bf" + (@ = Vb)YV f" = 3f" + (O # u" = )V, f* 1V, £V fdxdv
T3XR3
= f (=6b — 6)|V, f"Pdxdv + f [(@—vb) + (B * u" = VIV IV, £V, fdxdv =: L.
T3XR3 T3XR3
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The second integral appearing in the above definition of £ can be rewritten as
1
f [(a = vb) + (0c * u" — V)=V, |V, f"Pdxdv,
T3xR3 3
which after integrating by partsE] is equal to
f (b + DIV, f"Pdxdv.
T3xR3
Thus
(6.11)
L=-5 f (b + DIV, f"Pdxdv ? (c6 + DIV, I3
T3XR3

Altogether we get
1d
3dt

thus by Gronwall’s lemma for ¢ € [0, T'], we have

IV, f113 < (c6 + DIV,I13,

1
gﬂ%ﬂm@sCM%ﬂ@

which together with assumption 3 from Theorem [6.2.1] finishes the proof of estimation (ii).

Proof of (iv).
Taking to account estimation and (#i7) in order to estimate f” in X we only need to estimate V f”
in L*(0, T; L>(T> x R?)). Note that in the following estimation we do not use the mollifying effect
of 6; we do not need this effect at this point and on top of that ultimately we need e independent
estimates. To estimate V /", we apply V to both sides of (7.4), multiply by V /" and integrate to obtain
(similarly to the previous step)

1d
———||Vf”||§ = f VI[=-3bf" + (a = vD)V,f" =3f" + (Oc = " =)V, f" 1V f"dxdv
2dt T3xR3

= f =3Vbf'V fdxdv + f [Va—vVb + 0.« Vu"|V, f"V f*dxdv
T3xR3 T3xR3

+ f [a—vb+ 0 u" —v]VV, "V fdxdv + f (=3 = 3b)|V "|dxdv
T3XR3 T

3%R3

= I+1T+1II+1V.
Then by (6.11)), (7.5) and Young’s inequality we have
1 < CA+ IV S"I)-

To estimate /I we use Young’s inequality together with (6.10), (6.1T) and the estimation of the support
in v of f to get

3
ImSC@@@Wﬂ@+Wﬂ@HWﬁﬁ+WwVWWWQ-
2

3Keeping in mind that suppf(x, -, ) € B(R(T)).
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By Holder’s inequality with exponent % and Young’s inequality for convolution we have
3 3
111 < CT &) (IFf13 + IV 71 + 19,715 + IVa 519 771, )
which together with (iii) and the boundedness of the support of f” implies that
3 3
11 < CT, ) (141971 + IV IV £11).

Finally for 711 we integrate by parts to obtain

1
Il == f (b + DIV Pdxdv < collVfII3
2 Jrixms

and altogether
1d 12 12 n % 7|12 %
5 ZIVIIE < O o1+ IV/"16 + IVl (19715)° ).

which by non-linear Gronwall’s lemma (Lemma [B.2.1)) and estimate (i) proves (iv) (note that ¢ +—
3

[Vu"||Z is integrable in [0, T since L*(0, T; W>X(T?)) < L'(0, T; W'(T?))).

Proof of (v).

We multiply both sides of (7.4) by d;f" and integrate. Then the proof follows by the use of estimates

(i) — (iv) and Young’s inequality. O

With the estimates provided by Propositions [7.1.3] and we are ready to prove convergence
of (f", u") to a solution of the regularised system (7.1). First let us denote

X'(0) = (X" (0),V" (1)),

O =yt n=1,2, .

where (x"'(1),V"(¢)) is a solution of the following characteristics ODE:

{ L0 = v'(0), x"(0) = x,
G (0 = Fa(fH O, (0),1) + (B * u)(x"(0),1) = V(1) v"(0) = v.

The following proposition proves the existence of the solution to the regularised system (7.1)) and
summarises Steps 14 of the proof of Theorem [6.2.1]

Proposition 7.1.5. For eachn = 1,2, ..., there exists a unique solution (f",u") of and
in the sense of Definition The sequence (f",u") converges strongly in L*([0,T] x T x
RY) x L®(0, T; WY2(T9)) towards the weak Sformulation of . Such solution of satisfies
additionally inequality (7.5) and estimates (i) — (v) and (7-7) from Propositions[7.1.3|and[7.1.4]

Proof. Existence of (f”,u") belonging to appropriate spaces was already explained with the help
of Proposition [7.1.1| and Proposition It remains to show that (f”,u") strongly converges in
L2([0, TT x T x RY) x L®(0, T; W*(T?)) to the weak formulation of (7.1). To achieve this goal, first
let us prove the following lemma.
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Lemma 7.1.1. For given positive T and e, let (f", u") be the nth solution of and (7.3)). Then for
t€[0,T), we have

1.

T
1@ = £ Olleo + '@ = X" (D)lleo < C(€) fo llw"(s)ll2ds,

! ! !
o™ 013 + fo ||Vw"“<r)||§dss6<e>( fo " (s)li3ds + fo ||w"“<s>||§ds),

where C(€) is a positive constant independent of n.

Proof. Since the Cucker—Smale part of the system is exactly the same as in [5] and the mollifier 6,
makes up for any differences that could appear due to different fluid part of the system, the proof of 1
is the same as in [5]], which leaves us with only point 2 to prove. By Proposition [7.1.1] for a.a. 7 the

function w"*! belongs to WH2(T3) N W;lf O(T3), thus it is a good test function for a week formulation

for w1, ie.
f atwn+l i wn+1dx + (wn+l X V)un+l X wn+1dx + (un X V)a)n+1 . wn+1d)C
T3 T3 T3
+ f [r(Du™") = 7(Du™)] - DW" ' dx
3
= —3f Yef " = v) - " dxdy — 3f Ve L = v) - W dxdv.
T3xR3 T3xR3
Let us denote the convective term by
Ty := f (wn+1 . V)un+1 . wn+1dx+ (un X V)wn+l . wn+1dx’
T3 T3
the viscosity term by
T> := f [r(Du™") = 7(Du™)] - D™ ' dx
T3
and the drag force term by
T; := —3f Yef " = v) - " dxdy - 3f Yef " = v) - " dxdv.
T3XR3 T3XR3
First let us note that by inequality (6.8) and Korn’s inequality we have
T, = f [7(Du"") — 7(Du")] - D™ 'dx > csu||Voll3. (7.8)
T3

Next, we focus on 7. By space periodicity and equation (7.2), the second summand in 7 equals 0.
Hence

|| =

H(Q)
f (wn+l . V)Mn+l . wn+ldx < ||wn+1||illvun+1”2
Td
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which by interpolation inequality (B.I)) and embedding inequality implies that

1 3 Y(4) csKk
1 1 1 e, 6s 12
IT1] < lo" I3 1™ gV k- < Cellw™ Iy + > V™ I3 (7.9)

Here, we also used the fact that by estimation (i) from Proposition , Vi1 (0)|l, < C(€) for all
n. Lastly for T3, we have

T3 = —3f Ye(f" = YW - v dxdv - 3f Y/ " — u" N dxdy
T3xR3 T

3><R3
=: T3 + T3,

where

1 YQ) 1 1

T3] < = f 1" = P = viPdxdy + = f W™ Pdxdy

3 2 Jrixacl) T3xB(L)

< C@lf" = L35 + 1) + Clellw™ 5,

1 Y(2) _

3Tl < C@lf" ool 15 + llw™ M 115),
which together with (7.5) and (i) from Proposition|7.1.3|implies that

T3] < Ce) (1" = £ 11Z + ™13 + lw13) (7.10)

Combining together estimations (7.8)), (7.9), (7.10) and estimation from point 1 we obtain
1d Cs5K !
Sl 5 + == 1Vw™ | < Ce) f " 3(s)ds + ™15 + lleo" I3
2dt 2 0
and by integration of the previous inequality, having in mind that

! S 1
f f lw"(P|3drds < T f llw"(P)|I3dr,
0 0 0

we obtain point 2. O

Now we are sufficiently equipped to finish the proof of Proposition By Lemma [B.T.4]and
Lemma([7.1.1]2 there exists K, such that

(@) = u" DI =l @I < 7
Thus
W' — u in L0, T; L*(T?)) (7.11)
for some u € L*(0, T; L*(T3)) and thanks to Lemma 2
Vu" = Vu in L*(0,T; L*(T?)). (7.12)
Moreover by Lemma[7.1.1]1 it follows that
f" > f in L0, T] x T x R?) (7.13)
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for some f € L*([0,T] x T3 x R?).
To finalise the proof we need to show that (f, u) satisfies (7.1I) in the sense of Definition[6.1.1] By

(7.11)
T T
f f—u"@,¢dxdvdt—>f f—u('),gbdxdvdt, (7.14)
0 T3 0 T3

for all divergence free ¢ € C* with compact support in ¢. Thus d;u" — d,u in the distributional sense,
where d,u is the distributional derivative of u. However, since d,u" is bounded in L*(0, T} LZ(T3)), by
Banach—Alaoglu Theorem [A.4.2]it has a weakly * convergent subsequence, which actually implies
that d,u" — Ou weakly * in L*(0, T; L*(T3)). Further, by weak * lower semicontinuity of a norm
du € L*0, T; L>(T3)).

By and u" — uand Vu" — Vu a.e., which implies that also the convective term
" - V)u" — (u- V)u a.e. Moreover for sufficiently small € > O we have

2
1" - V)i pveqo,riivecrsyy < N2Vl p < lluallyys

which means that (" - V)i is uniformly bounded in L'*€ and thus it is uniformly integrable. Thus by
Vitali theorem " - V)" = (u-Vyuin L1(0, T; L'(T?)) and in particular

T T
f " - Vyu" ¢pdxdvdt — f (u - VIugdxdvdt, (7.15)
0 T3 0 T3

for all divergence free ¢ € C! with compact support in t.

Similarly also 7(Du") — T(Du) a.e. and by (6.7) it is bounded in LP O, T; LP (T3)). Vltah
convergence theorem (Theorem 2)) implies that T(Du”) — 7(Du) strongly in s E(O T, i E) for
some € > 0. On the other hand by Banach—Alaoglu Theorem (Theorem by its LI’ O, T, L17 (T3))
boundedness sequence {T(Du"*)},en converges weakly in L” (0, T Lr (T3)) to 7(Du) and by weak se-
quential lower semicontinuity of the norm 7(Du) € 7 o, T,L? (T3)) We also have

f f 7(Du")Dgdxdvdt — f f 7(Du)Dpdxdvdt (7.16)
0 Jr3 0 Jr3

for all divergence free ¢ € C* with compact support in ¢. Convergence and boundedness of the
external force follows by similar arguments. Altogether (7.14)-(7.16) imply that for all ¢ € C* with
compact support in ¢, we have

T
f f —udp + (u - VYugp + 7(Du)Dopdxdvdt = — f (u—v) - ¢fdxdv. (7.17)
0 JT3 T JR3
By previously applied argumentation (using Banach—Alaoglu theorem) we obtain that
ue L=, T; W'P(T3) N L*0, T; W(T?)) n L*(0, T; W>*(T?))

and since du € L*(0,T; L*(T?)), by Lemma we conclude that u € C(0,T; L*(T?)) and thus
ueH.
Finally due to the sufficient regularity of u we may replace (7.17) with equation from point 4 of
Deﬁm‘uon and by a density argument extend the class of admrssrble test functions to WH2(T3) N
y'P (T3)

dwT)he proof of the fact that f € X and that f satisfies point 3 of Definition [6.1.1]is straightforward

since at this point f is still regularised (i.e. f = f € C2([0,T] x T3 x R)).
O
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7.1.4 Step 5: Local convergence with the regularised solutions

Until now we have managed to prove existence of solutions to the regularized system (7.I). Our
next goal is to converge with € to 0 and obtain local existence for (6.1). We begin with the moment
estimates for the regularised system. These estimates are in fact the main difference between the C—S
model coupled with N-S and the C—S model coupled with non-Newtonian fluids. This difference
originates from the fact that according to Proposition in order to obtain higher regularity of the
solutions (compared to the solution of NS system) we need L? estimates for the external force. We
obtain such estimates using some better estimates of the moments of f, which were not needed in [7]]
and [J5].

Proposition 7.1.6. Let p > % and (fe, ue) be a solution to the system constructed as a limit
of the approximate solutions as proved in Proposition Then there exists T* € (0,T], such
that (fe, uc) satisfies the following estimates

21
”Mafe“L""[O,T*] <C, for 0<a< Z (718)
“u”Lw(O’T*;Liiv,O(T3))mLP(O’T*;Wj}fzo(T3)) S C7 (719)
H f (tte = V)yefedv <C, (7.20)
R? L2(0,TL2(T%))

where C is a positive constant depending only on the initial data.

Proof. For notational simplicity, we assume that f = f. and u = u.. The proof follows by four steps.
In step 1 we estimate d%Ma f, in step 2 we estimate the external force by terms depending on u and
M, f and in step 3 we estimate %Ilullg. Finally in step 4 we put the estimations from previous steps
together and use the non-linear version of Gronwall’s lemma (Lemma [B.2.T]).

Step 1. First let us note that if 0 < § < a then by Hdlder’s inequality we can interpolate Mg f
between M, f and Myf = ||f|l; and thus by it is sufficient to prove only for @ > 2.
Therefore let us fix @ > 2, multiply (7.I); by [v|* (which by Remark is an admissible test
function) and integrate to get

d
EMaf = W% 2vg(|x — y))(w — v) fdydwdxdv + f W% 20(0e % u — v) fdxdv

TOXRO T3xR3

=S 1+ Sz.
By substituting x with y and w with v we conclude that
Si= [ o= i R0 - v = iy
TOXRO

< - f lw — v|%(|lx — y|) fdydwdxdv < 0
TOXRO
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and this leaves us with
S = —f |* fdxdv + f W 20(0, * u) fdxdv < f |0 * ulmq_1 fdx.
T3xR3 T3xR3 T3

Now since according to (7.5)) function f is bounded, we may apply Lemma and Young’s in-
equality for convolutions to get

a+3

o | HGD L\ w2
S, <C f 6 ulime iBdx £ C f 6w dlPdn) (M)
T3 T3

042 12
= Clle * ullars Mo f)o5 < C(IIVullp + llullz) (Mo f)e5

aslongasa+3 < p* := 33_—’;,, which is the case for p > % exactly when a < %. Therefore by Young’s
inequality with exponent p we obtain

d a2
7 of < CUIVullp + llull2) (M f)o+ (7.21)
pla+2)
< SlIVullly + 6llully + C(ON (M f)T—Te,

with arbitrary § > 0 and a ¢ dependent constant C(6).

Step 2. Next we focus on (7.20). We have

luel fdv 2 vlfdv
R3 R3

where we immediately skipped the cutoff function y, < 1. Furthermore, by Lemma|[B.1.3|

2
= A2+ B,
LX(T3)

+C
L2(T3)

fextlF s, < €

2 2 2 2 3, HO 8 : 3

A = |u|“lmo fl7dx < C lu|“lms|*dx < C lu°dx| (Msf)+
T3 T3 T3

3

< Cllullgy s, (M5 )7

and by inequality li (we easily check that 8 < 33_—pp for p > %) and again by Young’s inequality
with exponent % we conclude that

2 2 2 3 p p P
A7 < CUIVull, + llully) (Msf)* < 6lIVull, + Sllully + C(6)Ms f 5
On the other hand, by Lemma [B.1.3]
B’ = f Imy f?dx < CMsf.
b
Altogether, we have

3p_
I fextll3 < SNIVully + Slully + C(S)(Msf)#F + CMs . (7.22)

Step 3. To obtain estimates of |lul|?, we test the weak formulation for u with u, (which by Propo-
sition[7.2]is a good test function), which with the help of Korn inequality leads to

d
Enun% + 2c3kIVullh < Il fouells + llull3, (7.23)
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since the convective and pressure terms vanish thanks to the fact that divu = 0.
Step 4. We combine inequalities (7.21)-(7.23)), with a suitably chosen & (actually 6 = ) to get

4 (M 2 Vull? < C (Mo f)7 565 + (Ms f)75 + M 2 4 lull?
— (Maf + 1) + esklIVully < C((Mo YT + (Msf) + Msf + llully + Il )
which after fixing @ = 5 leads to
d 2 p e o 2 p
= (Msf + 1) + e3ilVully < € (M5 ™5 + (Ms )75 + Msf + [l + [l
~ q
< C(1+(Msf +lul3)"), (7.24)

where C is a positive constant which we fix at this moment and

7 3
g1 := max P , P ,g .
@Bp—-8)4p—-8'2

We denote
r(6) = Ms f(0) + lu(r)l3
and integrate inequality with respect to time obtaining

r(t) < Ct+ r(0) + C f (r(s)?'ds.
0

Since g; > 1, we use the non-linear Gronwall’s lemma i.e. Lemma (withc = CT +1r(0), 10 =0
and a = 0, b = C), which implies that

B Ctqi — 1)
CT + r(0)

for all ¢ € [0, T*], where T™ is small enough to ensure that

r(t) < (CT + r(0)) [1 rl < CT + 10) (7.25)

CT +r0) < [(q1 - DET| ™7, (7.26)
ie.
€T+ o)
Clqi -1
Consequently Msf and ||u||% are uniformly bounded in L*([0, T*]) and by we have

T*

-
f IVullydt < C(Msf, llull2, T), (7.27)
0

which in consequence proves (7.18)) for @ = 5 and (7.19). To prove (7.18) for @ # 5 we use inequality

(7.21) and Lemma (this time with g, = 22 < 1), obtaining

1
d 0
Mo f(1) < [(ﬁflaf(()))l_q2 +(1 - qz)f IVu(llp + llu(s)llds| (7.28)
0
which again is uniformly bounded since Vu € LP(0,T™; L? (T3)) < LY0, T*; LP(T?)). This finishes
the proof of (7.18)). Finally follows by inequality (7.22)) from and (7.19).

O
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The following corollary combines all the necessary local in time uniform estimations of u. and f,
proved throughout this section.

Corollary 7.1.1. The solution (fe, uc) satisfies Propositions[7.1.3|and uniformly with respect
to € > 0 on the time interval [0, T*]. Moreover estimation (iii) holds also on whole [0, T]. These
estimates depend on T rather than T*.

Proof. To prove estimation (i) we notice that by Propositionthe || llr norm of u;, depends only on
lletollyw 1273y, which is fixed and on || fexll2(0,7:12(13y) Which by Proposition is uniformly bounded
with respect to both n and € on the time interval [0, 7*]. Therefore also ||u€||4s is uniformly bounded
on [0, T*]. The exact same argument is valid for an € independent estimation (i7). Estimation (iii) was
already proved in Proposition [7.1.4] while estimations (iv) and (v) were shown to hold with constants
depending on the constants from (now proved to be € independent) estimations (i) — (iii) and the
estimation of the support of f from Proposition Therefore (iv) and (v) hold with € (and T7)
independent constants on the time interval [0, 7] if only the support of f; is uniformly bounded.

It remains to show that f, satisfies with e-independent R. By Lemmas [B.3.1] and [B.3.2]
each iterative solution f has a support contained in a ball of radius Re with R.(¢) depending on
lee2ll 20,7 w22 (3y) and [|M fZ|le (and R, which depends only on the initial data). However by Propo-
sition these quantities are uniformly bounded on [0, 7] thus so is R¢. Finally f; inherits the
uniform boundedness of the support from f* as an L™ limit. O

Proof of Theorem —local existence. With the uniform bounds from Corollary [7.1.1] what re-
mains is to converge with € to 0. By virtue of those uniform bounds it follows that u. is uniformly
bounded in H — L>(0, T; W>*(T?)) and d,u" is uniformly bounded in L>(0, T'; L>(T?)) and since

WHA(T) > WHAT?) o LA(TY),

by Aubin-Lions lemma (or Theorem [B.4.1), we may extract from u, a strongly convergent subse-
quence in L2(0, T*; W'2(T?)). Then we converge with every term in Definition 4 (similarly to
the proof of Proposition [7.1.5)) obtaining the weak formulation for u. The convergence of f; is done
in the same way as in [5]]. To prove that u € C(0, T} Lfﬁv’o(’]lﬁ)) and f € C(0,T; L*(T3 x R%)) we use
estimates (i) and (ii) from Corollary [7.1.1|together with Lemma([B.4.2] This finishes the proof of local
existence of solutions in the sense of Definition [6.1.1 O

7.1.5 Step 6: Global existence

In this section we continue the proof of Theorem [6.2.1|by extending the local solutions up to [0, T'].

Proof of Theorem[6.2.1]— global existence. To obtain global existence we need to ensure that we can
extend the interval [0, 7] up to [0, T']. First let us note that all bounds presented in Proposition|/.1.6
and Corollary are not only independent of € but also of 7* (even though they hold only on
[0, T*]). Moreover the bounds from Corollary are a direct consequence of the bounds from
Proposition in the sense that as long as we have (7.20)), then we may make all the bounds from
Propositions and e-independent on [0, 7*]. Therefore in order to extend the solution (f, «)
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up to [0, T'] we only need to prove that the bounds from Proposition[7.1.6|can be extended up to [0, T'].
We multiply equation (7.1); by v* and integrate to obtain

d
0=—Mf. + f V2 - V fedxdy + f VAV [Fa( £ f + (Bc * ue — v) foldxdv
d[ T3><]R3 T3><R3

= iszE - 2f v (fe) fedxdv — 2f V(B¢ * ue — V) fedxdv
T3XR3

d[ T3xR3

and since by substituting x with y and v with w (just like when we were estimating S in the proof of

Proposition we have
f VE () fedxdy = — f w — v2(|x = y)) fedydwdxdv < 0,
T3xR3 T3xR3

which implies the inequality

d
— M fe < 2f V(ue — v) fedxdv + 2f V(B¢ * ue — Ue) fedxdv. (7.29)
dt T3xR3 T3xR3
Next we test the weak formulation for u, with u, to get
1d 2
55”%”% + §C3K||VME||‘D <=2 fT3><R3 uc(ue — v) fedxdv (7.30)

+ 2f |ue|2(1 — Ye) fedxdv — 2f ue - V(1 — ye) fedxdv.
T3xR3 T3xR3
We add and (7.30) obtaining
d Looe).2 p 2
— (Mafe + Zluelly ) + s e3xlVuell, + 2 luee — VI” fedxdv < T,
d[ 3 3 T3xR3

where

Ti=2 [ vOoruc—uofdsav=2 [ Pl - yofdsay
T3xR3 T3xR3
_2f ME'V(l_'YE)feddez:jl+j2+j3
T3xR3
still require estimating. Regarding ., for h¢ := (1 — y¢) fc we have
H(3) )
0<J2 < lmohells lluells.

By Lemma[B.1.3|
lmohelly < C(M3ho)*,

where

3
M%he = f |V|2fe(1 _76)
T3xR3

3
<[ wis
T3x{v> )
<V 2€M2f5.
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Therefore, since u, is uniformly bounded in L*(0, T*; WL2(T3)) — L®(0, T*; L°(T?)), we have

H(3) 1 2 Y(3)
092 = 2e)3 (Marfe)3 < 2e+ Mafe. (7.31)

Similarly

H(6) 5
0<1T5l < limihellslluells
and again by Lemma|B.1.3
lmihels < C(Msho.

Moreover

9
Myh= [ wAG -7
T3xR3
9
< f VIS fe
Tx{v2 1)
< 2€)5 Maf.
and thus like in the case of > we obtain
0< 93 <2+ My fe. (7.32)

Finally to estimate ./ for all u > 0 we consider

Jr1=2 ‘[3 , V(e * ue — ue) fe(1 — yy)dXdV + 2f V(O * ue — ue)feydedV =J11+J12.
T xR T

3%R3

To estimate /1,1 we simply note that for 4, := (1 —y,)fe, we have

Jl,l =2 fg(ge * Ue — Me)mlhﬂ,edx
T‘

H(6)
< 2016 * ue = uellollm fyells -

Lemma implies that

5

6
Il < € (Myhc)

and

Mo, = f W £u(1 = y,)dxdv
> T3xR3

9
< f [v|3 fedxdv
T3x{Vl2 )

< Cus My f..
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Therefore, as before, since u, is uniformly bounded in L*(0, T*; Wh2(T3)) < L®(0, T*; L(T?)), we
have

Y(6)
Ji1 < Cus (Maf)i < Cu+CMaf.. (7.33)

On the other hand f; is uniformly bounded in L*([0, T*] X T3 x R3), and thus

-0
T2 = T12(0) < Cll0e * ue — uell, = 0 (7.34)
for a.at € [0, T*]. From (7.31)-(7.34) we conclude that after converginﬂ with € — 0, we have

d

1 2
— My f + —||u||% + —C3K||VM||Z + 2f lu — v fdxdv < Cu + CMaf.
dt 3 3 T3xR3

for a.a. t € [0, T*]. Therefore by Gronwall’s lemma for a.a ¢ € [0, 7™] it holds

1 2 ! 1
Maf(t) + gnu(r)n% + 3o f IVu(s)llhds < e (szo + §||uo||§ +w)
0

and by arbitrarity of u > 0

1 2 4 1
Mo f(1) + guu(z)nﬁ + 30K fo IVu(s)|ihds < T (szo + §||M0||%)- (7.35)

This is indeed a better estimate than the one from Proposition [7.1.6] and it will suffice to extend the
estimation to [0, T]. Assume that K is such constant that for r from the proof of Proposition[7.1.6}
we have

p-l 1 8
T 3€CT eCT 5 7
g ( Kszo + =—lluoll>

N T
2c3

8

L= [(Msfwé + (3¢ Mafo + eCTnuou%)Z]

2c3K
+6M; fy + 2r(0) + CT < K. (7.36)
Such constant exists since £ is a fixed number. Assume further that 4 € (0, 7] is such that

K < | - 1)Ch]#,

where ¢; and C are constants defined in step 4 of the proof of Proposition Note that in order to
use Lemma [B.2.T]it was necessary (and sufficient) to have inequality (7.26) that served as an upper

1
bound on 7*. However now, since CT +r(0) < K < [(611 - I)C‘h] "1 inequality (7.27) and all bounds
from Corollary hold on [0, 2] and as a consequence also inequality (7.35) holds on [0, 4] and

implies that
1
t p-1 4 P
f IVu(s)lpds < T ( f ||Vu(s)||£ds)
0 0
1

p-l ( 3eCT T )1’
P

<T M fo + ——|luoll3
Yoo 2/0 2C3K|| oll;

4Which we may already do in [0, T*].
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and
()3 < 3¢“T My foy + €T llug|I3 (7.37)

for a.a. r € [0, h]. Applying the above inequalities to we get
8

Msf() < |(Ms fo)F +

Pl |
T 7 (3T e NoT .
—M + — +=(3 CTM + CT 2\2 738

g (2C3K 2.Jo 2c3K||Mo||2) 3 ( My fo + e ||u0||2) (7.38)

on [0, 2], which together with (7.37), (7.36) and the definition of r implies that
CT+rh<L<K

and we can extend inequality (7.27) and all other estimations from Corollary[7.1.Tjup to [0, 24]. Then
again (7.35)) and hold on [0, 24], which as before implies that also holds on [0, 24] and
consequently

CT+rh) <K

and by repeating this procedure we may extend our estimates indefinitely up to [0, 7']. Therefore the
solution (f, u) may be extended to [0, 7] and it satisfies all the bounds from Proposition and
Corollary[7.1.Ton [0, T']. Hence the proof of existence part of Theorem [7.20]is concluded. i

7.2 Uniqueness of solutions

In the previous section we proved the existence part of Theorem [6.2.1] In this section we prove the
uniqueness of the solutions.

Proof of Theorem|6.2. 1|— uniqueness. To prove uniqueness let us denote

w:=u' —uz,

g:=f-r

where (f1, u1) and (f2, u2) are two supposedly different solutions to (6.1)) subjected to the same initial
data (fo, uo).

First we deal with the fluid part of the problem. We subtract weak formulation of u, from the
weak formulation of u; obtaining the weak formulation for w, which then, we test with ¢ = w (which
is a good test function by Definition [6.1.1)), thus obtaining

1d

2 el g2
ST 3a)lu vIIf' = fldxdv

2 2
ol + el Vol < 3 f

T3x

lw? fldxdv + 3 f
R3 T3xR

+ | JwPIVulldx =: I + 11, + 1114, (7.39)
TS

where we used and (B.4) to deal with the stress term. We estimate /1, /1] and /1], separately.
By Lemma[B.1.3] we have

1
L= f lwlPmo f'dx < f wiP(ms 1) 2dx < Jlwlff (Msf!) .
i i
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Since M3 f! < C, it follows that

BI) 1 3 (B2) 1 3 Y(4)
L < Clolllwl < ClolIVoll} +llwl} < CO)lwll; + IVl (7.40)

Furthermore
11 sf leluzlmolgldx+f |w|m1|gldxdv
T3 T3
@ 1 1 1
< 5(||u2||i, + Dllwll? + §||m0|g|||§ + 5||m1|g|||§

and by the fact that by Definition[6.1.1}1 suppf(x, -, 1) ¢ B(R(T))

2
lImelglll? = fT 3 ( fR 3 |v|“|g|dv) dx < CR(T)***9jgll3,

which implies that

1
5 < 5<||u2||i, + Dllwli? + Cligli? (7.41)
Finally we estimate /11;:
H(2) 1 3 Y(4)
1nn < wllliVu'l, — < CllwlZIVoli2 + Clloll; < CO)llwll; + 8lIVwll, (7.42)

where we used the fact that u! € L®(0,T; W"*(T?)) to get rid of IV ||, Inequality 1i and
estimations (7.40)-(7.42)) imply that
1d

1
anné + ~c3klVoll < Cle?l, + Dllwll? + Cligli3. (7.43)

2

This finishes the estimations of the fluid part of the system.
Next we estimate the particle part in L*(0, T; L>(T> x R?)). We subtract the weak formulation for
f? from the weak formulation for f! obtaining the weak formulation for g, which then we test with

&Pto get

1d
5 —lgll; = f |Ful@)f? + Fa(fD)g + wf' + (@ = v)g| V,gdxdy
2 d[ TSXRS
=L+ 1L+ 11 +1V,. (7.44)

Next we estimate I, 11>, 111,,1V,. We have

I = f Fu(g)f>Vogdidy = - f div, Folg) fgdxdy - f
T3xR3 T3xR3

TIxR:

F(@Vuf gdxdv =: by + I,
for

HQ) €12
il < 1/21IF@lslgl "< Cligll,

H(2) ©12
Lol < IVu2IRIF(9)llsllgll < Cligll3.

SLet us note that thanks to the effort we put into estimations of V, f and Vf we made sure that f is a good
test function in point 3 of Definition [6.T.1}
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Furthermore
In = f Fu(f)Vu(g)dxdv = - f div, Fo(fHlgPdxdv,
T3xR3 T3XR3
thus by (6.11)

L] < Cligll3.

Moreover

111, = f wf'V,gdxdv = —f wV, f gdxdv,
T3XR3 T3XR3

thus

H(2) 1 2
1L < ligllellVy S ll2 w”gdxdv
T3xR3

Y(2) 1 1
< lglleolI Vo £l (Enwni + §||mo|g|||§)

and by (B.1), (B.2) and the fact that ! € X, using Young’s inequality with arbitrary constant §, we
get

111 < 8||Vwll5 + C@)llwll3 + Cligll3-

For 1V,, we integrate by parts obtaining

1V, = f (W2 = WV (D)dxdv = 3 f 182 \dxdv.
T3%xR3 T3xR3

Finally we combine (7.43), with the estimations of I, — IV; to obtain

1d 1

5= (lwll3 + lIgl) + zesklVoll; < CAll, + Dllwl; + Cligl-

2 dt 4

We aim to use Gronwall’s lemma to conclude that w = 0 and g = 0, which means that the solution
is unique. To do it we need to ensure that r — |u?|| is integrable. However by Definition
u?> € H and thus u € L*(0,T; W>2(T3)) — L?*(0,T;L*(T?)), which implies the integrability of
te el o
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Appendix A

In Appendix A we present various lemmas and theorems applied throughout Part [, We also present
proofs of other lemmas.

A.1 Weak-strong convergence
The following lemma plays a role in Chapter 3]

Lemma A.1.1. Let Q c R and f,, f, gn, g : Q@ — R be measurable functions. If f, — f a.e. in Q, f,
is uniformly bounded in L™ (Q) and g, — g in LY(Q), then

fogn — fgin LY(Q).

A.2  Proofs of technical lemmas from Chapter {4

Proof of Lemmal4.1. Il We have

T N Ty
f R(t)dt = Z f R(t)dt,
0 k=0 v Tk

with T} and N, from Definition[2.1.2] By Corollary 4.0.1]1, the function

N
r) = ) (D) = vi(0)

ij=1

is absolutely continuous on each interval [T, T+ — €] with arbitrarily small € > 0. Then, by (2.3),
on each such interval, we have

d N 1 N 1 N
o= zl_jZﬂ(v,- |y ;wk =i = ) = ;(vk —v(lx; = xl)

2 & 2 &
=~ Z i = vk = vi)r(lx; — xi|) — N Z (Vi = v = vir(lx; — xil).

i, k=1 i,jk=1
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We substitute i and & in the first summand and j and k in the second summand to obtain

d 1 & -
—r= Z i = vk = vi)r(lx; — xil) + N Z Vk = v = viow(x; — xil)

dt N i jk=1 i jk=1
1 < 1 <
=5 20 0= vl = ) = D 0= v = vou(lg — )
i jk=1 i jk=1

1 < |
=~ D =Pl =) = = D (v = Ul — )

i, jk=1 i,jk=1

N
=-2 Z(vi - vj)zlﬁ(lxi - Xj|) = -2R.
ij=1
Therefore
Tir1—€ 1
f Rdt = 3 (r(T) = r(Ti1 — €))

T

and thus, by the monotone convergence theorem and continuity of r, we pass to the limit with e — 0
obtaining

Thr1 1
f Rdt = 5 (1(T) = r(Tie) (A1)
T,

k

Finally, we take a sum over all k = 0, ..., N of the equations of the form (A.I) to get

T
1
f R(dt = 5 (r(0) = n(T)) < CiN?,
0
where the final estimation is justified by Corollary 4.0.1}3. O

Proof of Lemma[4.1.2Given i, j = 1, ..., N, we have

52 Tk
f lx; — x| ~%dr = Z f lx; — x|t (A.2)
s1 ko Yk-1

where #; denote the times of collision of x; and x; that happen in the time interval sy, s2]. By Corollary
[.0.1]3, the only density points of the times of collision are times of sticking and since there are no
times of sticking in [sy, 5] — the sum on the right-hand side of (A.2)) is finite. Thus it is sufficient to
show that each summand is finite (even if it is arbitrarily large), hence from this point we fix k. Now,
if the particles do not stick together in [sy, s2], then for 7 € [sy, s2] either x;(¢) # x;(¢) or v;(t) # v;().
In particular v;(fy_1) — vi(tx—1) =: vie1 # 0 and v;(fx) — vi(tx) =: vr # 0 and by continuity of v (see
Corollary 4.0.1), there exist positive p and 8, such that

Vi —=V; € B-1,p) in [fr_1,t—1 +6] and
vi =V € By, p) in [t —6,1]
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and 0 does not belong to neither B(v_1, p) nor B(vg, p). Let us split the integral from the right-hand
side of (A.2)) in the following manner:

1 fr—1+0 1 —0 e
f lx; — x| dt = (f +f +f )lxj—x,-|_9dt = [+ 11 +1II.
Tr—1 tg-1 t-1+0 =0

Then there exists an arbitrarily large constant C(6), that bounds /7 from the above since |x; — x;| is
continuous and nonzero on [#;_1 + 0, tx — 6]. To estimate I we notice that for ¢ € [f;_1, tx—1 + 6] it holds:

!
f Vi —vids
k-1

for some small constant ¢ > 0. Thus

fr—1+0 fr—1+0
Xi— X Odr < ¢ t— -1 “bdr < 00,
J

k-1 Tk-1

lx;(1) = xi(1)] =

> inf t—tr-1) = c(t — -1
et I€1C ) = )

since 6 < 1. Estimation of /1] proceeds similarly to the estimation of /. O
Proof of Lemmal[4.1.4 The proof follows similarly to that of step 2. Let

)= ) Wil = v(0)?,

i, j€li]

where [7] denotes the set of those j that x;(#9) = x;(fo) and v;(t9) = v;(t). Therefore if we show that
r = 0 then the thesis of Lemma[.T.4] will be satisfied. We have

d

N
—Tine < % D0 = v (k= vt = xl) = i = v = x3D) |,

i, jeli] k=1

S% Z +Z [— as above -],

i, jkelil kéze[[ﬁ
see below
< 5 2oy (o= v = ) e vt - xd)], (A
i
2
< 2| vpPulin - ],
el
2
+ 3 2 0= vk =@ - xid - il = xiD),
il
C
< D i = villw = ) = o = )
i, jeli]
keli]

Inequality (A.3) follows by the fact that in the triple sum over the set [/] the indexes may be substituted
in the same fashion as in the proof of Lemma[d.1.1| Since at this point k ¢ [i] and i, j € [i], the kth
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particle cannot stick to neither ith nor jth particle (even though it may collide with them). We are
already familiar with this situation and thus, we estimate

(e = xil) = rllx = x;D)

similarly to the estimations from Case 1 and Case 2 in the previous step obtaining altogether

d
Erinc < Cripe- f

for some integrable function f. Then by Gronwall’s lemma r;,. = 0 on [0, 6], which means that also
r =0 on [0, ] and that for all i, j € [i] we have x; = x; on [0,5]. O

A.3 Proof of Proposition [5.0.3

We present the proof of Proposition from Chapter [5] It is similar and yet quite different than
the proof of Proposition |.1.1|from Chapter ] In Proposition i.1.1] we prove absolute continuity of
solution to the C-S model with singular weight for @ € (0, 5). On the other hand in Proposition
[5.0.3] the most important part of the proof revolves around showing the uniform absolute continuity
of a sequence of approximate solutions that are supposed to converge to a solution associated with a
singular weight with @ € (0, %). These two conjectures are very similar and in fact the first part of
the proof of Proposition [5.0.3| could be almost exactly the same as the proof of Proposition #.1.1] In
other words we could use Lemmas [4.1.1] d.1.2] and .1.3] in a more convoluted proof of Proposition
M.1.1] Alternatively we could also prove Proposition[d.1.T]in a much simpler way using the approach
of Proposition Ultimately we decided to include both proofs to illustrate how the first attempt
to solve a mathematical problem can differ from the subsequent more refined attempts.

Proof of Proposition[5.0.3] The existence and uniqueness part as well as points (i) and (i) are no
different than in the case of regular weight and we will not prove them here. Their proofs can be
found in the literature (see for instance [31[] or [43]]). Thus it remains to prove (iii)-(v).

(iii) = (v)

First, assuming for notational simplicity that (x",v", N,, m}) = (x,v, N, m;) let us prove a particularly
useful estimate. Let 1 < p < g be given numbers satisfying additional conditions that will be specified
later. For each n = 1,2, ..., velocity v" (denoted by v) is absolutely continuous on [0, 7] and thus by

(2-3),, we have
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p

—vin(lxi — x;])| dt

T T
mif |Vi|pdf=mif
0 0
< dm f ) = Pl = x;Dds

J=1

=

T Yo s — g P
(mmj) vy = vil” 1y (xi = xjl) - (mam vy = vil?) " dt

5—

IA

g an an

f v; = vilP i — x,)dt + Z mim; f v; —vilPdr (A.4)

Z f vJ—v,I /24 (Ix,—xJI)dt+C(€)Tm,+meJf [v; = vilPdt.
j=1

j=1

I/\

(AS)

Inequality |i is obtained by Young’s inequality with exponent % while li follows by Young’s

inequality with exponent 1%. In both of the above inequalities we also use the assumption that
N omi=1
i=1"" T 0
2q
Furthermore recalling that ¢, (s) < z// (s) = |s|™4, where A := p ~, integral A can be estimated

as follows:

d T d T ,
A< ij(; OV =) - O =V — x| de = Zfo 0k =B (= bl - 7Y ar

—Zf(v — ) (k= k- ’ldt+Z(v — ) - (o — bl —

<cf il — x| Adt+Cf villx; — x;I"~dt + 2C sup |v; —villx; — x4
te[0,T]

However, the above estimation is valid only if 4 < 1, which means that % -2a < 1 and such condition

can be easily satisfied if @ < % and 1 < p < g are small enough. By point (i) we have |v| < R and
|x| < R. This leads to the concluding estimation of A, which reads:

T T
A < C(R)I fo vildt + C(R)! 4 fo vjldt + C(R)*™. (A.6)

Now we will apply the above calculation (particularly estimations (A.5) and (A.6)) in the effort to
prove (iii) and (iv). For (iii) let us assume that p = g = lﬂ We sum |i overi=1,..., N to get

Zmlf [vildt < € Z mim;A + C(e)T + 2RT

i,j=1

Note that 1| remains true also for p = g = 1.
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and plug in (A.6) to obtain
N T N T
Z m; f vildt < 2eC(R)' Z m; f vildt + eC(RY* + C(e)T + 2RT,
i=1 0 i=1 0
which after fixing sufficiently small € and rearranging yields
N T
Z m; f lildt < C(R)*™ + CT + CRT, (A7)
i=1 0
which proves (iii) for p = 1. Then for 1 < p = q using (A.3), (A.6) and (A.7), we have
N T N T
Z m; f [vilPdt < 2C(R)! 4 Z m; f Vildt + CR)* ™ + CT + CRPT < C(R, p,T,A)  (A.8)
i=1 0 i=1 0

and (iii) is proved for some sufficiently small p > 1. In order to prove (iv) we take 1 = p < g in (A.5),
which leads us to a very similar result to (A.8) and to the end of the proof of (iv).

)
Letus fix n = 1,2, ... and a bounded, Lipschitz continuous function g = g(x,v). Then according to
Definition[2.1.6] for ¢ € [0, T), € > 0 and

1 forr 0<s<t-e€
Xes(8) 1= —Zie(s—t—e) for t—e<s<t+e
0 for te<s

the function ¢(s, x, v) := ye:(s)g(x,v) € G is a good test function in the weak formulation for each f,.
Thus we plug ¢ into obtaining

1 I+€

— ffngdxdvdt=
2€ Ji—e Jp2

T T
=— f f JaxesvVgdxdvdt — f f Fn(fu) fuxesVvgdxdvdt — f Jogdxdv.
0 RZ{I 0 RZd R2d

Since t [0, fagdxdv, t = [, fixevVedxdv and t = [, Fu(fi) faxesVvgdxdv are integrable
functions (for fixed n and g), then converging with € — 0 leads to the following equation holding for
aatrel0,7):

t t
f fn(t)gdxdvdtsz fangdxdvdt+ff Fn(fn)anvgdxdvdt—f fogdxdv
R2d 0 R2d 0 R2d R2d
t
=fG(t)dt— fogdxdv,
0 R2d
where

G := | fu(OvVgdxdv + f Fp(f)(0) o)V, gdxdy
2d R2d

D= 5—

l
—_

N
mVi()Vg(x; (1), vi (1) + Z mimj(V;(t) = v (OW(Ix] (1) = X;ODV,g(x; (1), vi (D).
ij=1
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By virtue of points (if) and (iii) of this proposition, we have

T T
f IG(®)Pdt < f
0 0

p

N
D m OV @), v 0)| dr
i=1

p

7| N
+ fo Z mim (157 (1) = X;(ODO; (1) = viO)Vu@) (X[ (1), v (1))| dt
ij=1
< Lip(g)’T(R)’ + Lip(g)’ M(R) =: M,y(Lip(g), R)
which finishes the proof of (v). O

A.4 Compactness

The main tools used in Chapter [5]to obtain compactness are Arzela—Ascoli Theorem and Banach—
Alaoglu Theorem.

Theorem A.4.1 (Arzela—Ascoli Theorem). Let T > 0 and let Y be a metric space. Assume further
that { f,}nen is a sequence of continuous mappings between [0, T and Y. Then if f, are equicontinuous
and pointwise relatively compact then { f,,},en has a uniformly convergent subsequence.

Proof. Our version of Arzela—Ascoli theorem is a direct consequence of a more general version
from [35]], Chapter 7. O

Remark A.4.1. Pointwise relative compactness means that for all ¢ € [0, T'] the sequence {f,,(¢)}nen
is relatively compact in Y.

Theorem A.4.2 (Banach—Alaoglu Theorem). Let X be a (separable) normed vector space. Then the
closed ball in X* is (sequentially) weakly * compact.

Remark A.4.2. In our applications (in the proof of Corollary[2.1.1]) we take X = Cp(Q2) for compact
Q. Then X is a separable normed vector space and any sequence bounded in X* belongs to some
closed ball in X*, which by Theorem implies that it has a weakly * convergent subsequence.
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Appendix B

We present the basic tools that we use throughout Part|[I]

B.1 Miscellaneous inequalities
Lemma B.1.1. For u € L0, T; L(T%)), we have
llells < C(Ilullgllullz)i.
Lemma B.1.2. Foru € LP(0,T; W,? (T)), we have
llullg < C(IVullp + llull2)
forall g < p* = jfpp.
Proof. Sobolev’s inequality implies that

llully < Cllullp + IVullp,

while Poincare’s inequality implies that

llu — fullp < ClIVullp

and thus

lull, < Ilfullp +lu - f””p < Clllull2 + 11Vullp).

We present two crucial lemmas from [7]).

(B.1)

(B.2)

Lemma B.1.3. Let 8 > 0 and g be a nonnegative function in L*([0, T] x T3 x R?). The following

estimate holds for any a < 3:

4 a+3
mag(t, x) < (gﬂllg(t, X, Moo + l)mﬂg(t, X)A3,

fora.a. (t,x).
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Proof. The proof can be found in [[7], page 9 (Lemma 1). O

Lemma B.1.4. For T > 0, let {a,} be a sequence of nonnegative continuous functions defined on
[0, T'] satisfying the relation:

!

!
a,.1(t) <A+ Bf a,(s)ds + Cf Ay 1(8)ds,0<t<T,
0 0

where A, B and C are nonnegative constants, Then there exists a positive constant K, such that for all
neN

K
A=0
n! » ’
(1) < { KeKi, A >0,
Proof. The proof can be found in [[7], page 15 (Lemma 3). O

B.2 Nonlinear Gronwall’s lemma

We include the formulation of the classical Gronwall’s lemma with it’s less popular non-linear vari-
eties.

Lemma B.2.1 (Gronwall’s lemma). Let f be a nonnegative function satisfying inequality

J@ <c+ f (a(s)f(s) + b(s)fI(s))ds, ¢ =0, g >0,

fo

where a and b are nonnegative, integrable functions for t > ty. Then we have

for0<g<1
f@ < [Cl—qe(l—q) fyatds (1-9q) f t b(s)el= ! adr g =
fo
for g = 1
(1) < cela OO,
for g > 1

) < C[g(l—q)f,; s _ o1y 1) f ' b(s)e1-0 L atdr ds] v
To

fort € [tg, h] for h > 0 provided that

1 1

_ t0+has s 1 to+h 1-q
c< [e(l q)f'o (5)d r [(q - l)f b(s)ds]
o
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B.3 Propagation of the support

Finally we present the proof of propagation of the support of f.

Lemma B.3.1 (Propagation of the support of velocity). Let f be a solution to subjected to the
initial data with the support in v contained in the ball B(R). Then there exists a nondecreasing function
R : [0, T] — [0, 00) such that for all t € [0, T and almost all x € T3, the support of f(t, x,-) : R} >R
is contained in a ball of radius R(t). Moreover for each t € [0, T] the value R(t) depends only on t,
||M||L2(o,z;w2,2(1r3)), [IM1 fllo and R.

Proof. Let f be a solution to (7.4). Consider the solution of the system of ODE’s:

{ GO =0, x(0) = xo, B3)

L) = Fa(f)t, x(0), v(0)) + (O * u)(t, x(1)) = v(®), v(0) = vp.
Then the function f(t, X0, Vo) := f(t, x(1), v(?)) satisfies the equation
Of = (=divyFo(f) +3)f = 3(b + Df
(recall b defined in (6.11)) and thus
F(t, x0,v0) = € B i, vg).
Therefore f(t, X0, vo) = 0 whenever fy(xp,vo) = 0, which implies that f(¢, x,v) = 0 whenever the

characteristic that contains point (x, v) starts at (xg, vo) such that fy(xg,vg) = 0. We solve (B.3)», to
get

T ! t
v(t) = ¢~ Jo blsxtsn+1ds (vo + f ek blrx(r+1dr g x(5)) + (6, * u)(s, x(s))ds),
0
which, since by (6.11I) 1 < b+ 1 < csMof + 1 and by (7.5) My f < C, implies that

! t
V()| < Ce™ (|V0| + f la(x(s), s)lds + f IIM(S)Iloods)
0 0
(6.10)
< Ce (vol + 1My fllso + lall 20,221
< Ce (R + 1My flloo + lll 2072203y ) =2 R(@),
where we also used the embedding L*(0, t; W22(T3)) — LY0, t; L*(T?)). m|

Lemma B.3.2. Let f be a solution to subjected to the initial data with the support in v contained
in the ball B(R). Then

M, f < C(e),

for some positive € dependent constant C(€).
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Proof. First we integrate ((7.4) to see that My f = const. Next we multiply (7.4) by |v| and integrate to
get

ile + f [vIvV fdxdv +f VIdiv,[(Fa(f) + (B¢ = u — v)) fldxdv
dt T3xR3 T3xR3

=0

Y (Fa(f) + (0 * u — v)) fdxdy.

d
=M f—
a"f S

Thus

ile = f 1Fa(f)fdxdv + f sgn(v)0e * ufdxdv — f v fdxdv
dt T T3xR3

33 [V T3XR3
< f |Fo(H)|fdxdv + f |0 * u|fdxdv
T3xR3 T3xR3
€12
< 2MyfMof + Cllullpzo,r w22 rsy Mo f-

Since Myf = const., Gronwall’s lemma implies that M; f is bounded on [0, T'] as long as M| fy is
finite, which is the case by Remark [6.2.1] O

B.4 Korn, Aubin-Lions, Vitali

The following theorems can be found in [46] or [38].
Lemma B.4.1 (Korn’s inequality). Let 1 < p < co. Then for all u € W'P(T%), we have

KlIVull, < |Dull, (B.4)
for some positive constant k.

Theorem B.4.1 (Aubin—Lions lemma). Let 1 < p,g < oo. Let X be a Banach space and let Xy, X| be
separable and reflexive Banach spaces. Provided that Xog —— X — X| we have

{ueLP0,T;Xp);0u € LY0,T; X))} —>— LP(0,T; X).
Proof. The proof can be found in [36]], Section 1.5. O

Lemma B.4.2. Let V ¢ H C V* be three Hilbert spaces. Moreover let u € L*(0,T;V) and d,u €
L*(0,T; V*). Then u € C(0,T; H).

Proof. The proof can be found in [49]], page 261 (Lemma 1.2). O
Remark B.4.1. In our case we have V = H = V* = L?(T?), which of course is a Hilbert space.

Theorem B.4.2 (Vitali Convergence Theorem). Let Q be a bounded domain in R? and f" : Q — R
be integrable for every n € N. Assume that

o lim,_ f"(x) exists and is finite for a.a. x € Q;
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o for every € > 0 there exists 6 > 0 such that

supf If*(x)|dx < € VH Cc Q,|H| < 6. (B.5)
neN JH
Then
lim | fM(x)dx = f lim f"*(x)dx.
Proof. The proof can be found in [4], page 63. O

Remark B.4.2. Condition is called the uniform integrability condition. In our applications we
usually use the fact that if a sequence is bounded in L!*€ for any € > 0 then it is uniformly integrable.
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