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Abstract

The present PhD thesis deals with the study of aggregation PDE systems with many
species coupled through nonlocal interaction and considering inertial effects.

We first study a multi-dimensional system, considering both smooth and singular
self-interaction potentials and requiring smooth assumptions on cross-interaction po-
tentials. We provide existence and uniqueness results of measure solutions considering
initial data in a Wasserstein space of probability measures. Then, we investigate the
small inertia limits for both the smooth and singular case, proving convergence results
towards the corresponding macroscopic first order systems. These results extend to the
many species case previous results by Fetecau-Sun and Choi-Jeong.

We construct an upwind finite volume scheme for a kinetic system with two species.
Here, the inertia term is not considered, and we require smooth assumptions on in-
teraction potentials. A convergence result for the scheme is provided, without any
restriction on the mesh size. This result is inspired by previous result by Filbet with
minor modifications and a slight improvement of the rate of convergence.

Furthermore, we study a one-dimensional macroscopic system for two species cou-
pled through nonlocal interactions, with an additional damping parameter. This system
describes the dynamics of interacting particles; in case of collisions a sticky particles
condition is adopted. We prove existence and uniqueness of measure solutions by using
optimal transportation theory and taking initial data in a space of probability measures
with finite second moments. A large-time large-damping result is obtained, proving the
convergence towards the corresponding first order system. Finally, we investigate the
case with Newtonian potentials for the self-interaction terms, with additional confining
external potentials. For the latter case, we prove existence of solutions and a large time
collapse result, showing the convergence towards Dirac delta solutions. The results are
complemented with numerical simulations. Previous results on this problem only dealt
with the one species case, see Brenier et al. for the existence of sticky particles and
Carrillo, Choi and Tse for the large damping limit. We stress that the technique we use
in the large damping limit is totally new.
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Chapter 1

Introduction

1.1 Particle and continuum models

Nonlocal aggregation models describe phenomena related to many domains of sciences,
such as biology, robotics and space missions, artificial intelligence, social sciences, and
traffic and pedestrian flows. In particular, for biological applications, the fundamental
motivation is to understand and investigate the formation of many spectacular groups
observed in nature, such as swarms, schools of fishes, and flocks of birds.

This kind of models can be studied by adopting two main points of view: individual-
based, where one considers the dynamics of each particle in the group, and partial
differential equations, describing the evolution of a density of individuals.

The use of (integro-)partial differential equations in this context has become very
popular in order to analyse the evolution of a population density p(¢,x) subject to a
space-dependent nonlocal interaction force W. A simple example of said models is the
following

0

5755) = div(pVW * p). (1.1)
In equation (1.1), z is a spatial variable typically ranging in R?, ¢t > 0 is the time variable,
W = W(z) is a given interaction potential and % denotes the spatial convolution.

The potential W typically accounts for attractive or repulsive drift among individuals.
Equation (1.1) is an example of macroscopic model, in which the population is treated
in its entirety.

On the other hand, discrete modelling considers the evolution of each particle in the
group. The “particle counterpart” of equation (1.1) is

N
. 1
I = —NZVW(xi—:Uj), (1.2)
7j=1
1=1,..., N, where N is the number of particles, x; are the positions of the particles,

and W is the same interaction potential as in (1.1). Observing the formations of aggre-
gation phenomena occurring in nature, the particle description typically includes three
mechanisms in three zones: a short-range repulsion zone, a long-range attraction zone
and an alignment or orientation zone. These models are called three-zone models. Sys-
tem (1.2) is an example of microscopic model, in which the evolution of each particle is
influenced by the interaction with the other particles.

First order models are often “too restrictive” in many cases, and a second order
approach is more appropriate to describe the dynamics since it takes into account inertial



effects. At least formally, a similar split-up between macroscopic and microscopic models
holds also if we deal with second order systems, namely a second order PDEs system
describing the evolution of a population density p(¢, x) under the influence of a nonlocal
interaction force W(z) can be written as

0
6—'0 + div(pv) =0,
a’f (1.3)
(o) + div(pw @) = —pVW 5 p,
and the corresponding individual-based system is given by the second order particle
system
-’ti =V,
N
. 1 (1.4)
V; = —N X;VW(.%‘Z - xj) .
=

In system (1.3), v = v(x,t) is the Eulerian velocity of the population. Moreover, the
first equation in (1.3) is the continuity equation and describes the local conservation of
mass, while the second equation describes the balance of momentum.

Together with the modeling from the two points of view described above, recently
an increasing attention has been devoted to the kinetic description in this context. If
we set € R? as the position and v € R? as the velocity, a kinetic equation studies the
evolution of f(t,z,v), that is the probability measure of individuals at position x, with
velocity v at time ¢t > 0. The kinetic equation associated to particle system (1.4) is

of

E—l—v-vxfzvv-((va*p)f), (1.5)

where p(t, z) is the macroscopic population density, i.e.,

p(t,x) = f(t,z,v)dv.
Rd
Equation (1.5) is an example of mesoscopic model, in which a statistical description of
the interacting agent system is presented.

In recent years, the attention of many researchers in this field turned to systems
with many species, motivated for example by opinion formation models, pedestrian
movements, and other aggregation phenomena in biology. The second order modelling
approach via (1.3) and (1.4) and the kinetic approach via (1.5) seem to be more useful
since the inertial effects, sometimes referred in these contexts as “persistence” effects,
do play a role in the model’s dynamics.

In this PhD thesis, we will focus on multi-species second order systems and in
particular on macroscopic and kinetic models with nonlocal interactions.

In this introductory Chapter we will describe the problems we address in this thesis
and the tools and techniques adopted to investigate them.

1.2 Small inertia limits

One of the main goals in this PhD thesis is to study the behaviour of solutions of our
systems in relation to the persistence effects.



In Chapter 2, we extend to many species the particle model proposed in the paper
[10] by Bodnar and Velazquez, that, in Newton’s law form, is

d2$i d.’El
il T ia O /)
Tar Tar T o
1 .
E = _N ZVmZW(xZ — Z‘j) N
JFi
1=1,..., N, where z; are the particle locations and W is a nonlocal interaction kernel,

and € > 0 is the inertia parameter. From a biological point of view, (1.6) takes into
account a small response time of individuals. This occurs since when two agents interact,
their ‘“reactions” are not immediate, but a little time to replay is necessary. Formally,
we see that by sending ¢ — 0, we derive the first order model (1.2).

In Chapters 2 and 3 we will obtain rigorously small inertia limits for multi-species
systems, considering both smooth potentials and singular self-potentials.

A relevant phenomenon we consider in this thesis is the damping, see the first order
term in the first equation of (1.6). The macroscopic system (1.3) can be seen as a
nonlocal version of compressible gas-dynamics, where in place of the pressure term
—Vp(p), a nonlocal interaction force —pVW x p is considered. Including also a friction
term o > 0 and an external force —VV', the full model with pressure can be written as

0
9 4 div(pv) =0,

) .
a(pv) +div(pv @ v) + Vp(p) = —pVW x p — pVV — opu.
At least on a formal level, an equation of the form
dp

3¢ = AV(Vp(p) +pV(V + W p))
can be obtained by rescaling time in (1.7) as t = o7 and sending 0 — +o00. This limit
regime is called overdamped limit or large friction limit.

In this PhD thesis we will deal with pressure-less systems, namely p = 0.

In Chapter 5, starting from the model investigated in [12]| that we briefly describe
in Section 1.3, we extend said model to the two-species case, considering in addition
a damping effect. We want to underline here that, after said time rescaling, the large
damping effect can be seen as a small inertia effect, since a parameter o > 0 equal to
the reciprocal of € will be sent to 400, in a regime that is equivalent to € — 0.

1.3 Sticky particle dynamics

As said, in this PhD thesis we consider pressure-less systems. From the macroscopic
point of view, this implies that the population density p(¢,z) in (1.3) is not forced to
be absolutely continuous with respect to the Lebesgue measure. Therefore, “particle”
solutions in the spirit of (1.4) are allowed. When two particles collide, a standard way
to continue the solution after collision is the so-called sticky particle condition, which
forces particles to stay attached to each other after collision, with a post-collisional
velocity that is uniquely determined by the conservation of momentum.

In this Section we briefly introduce the sticky particles dynamics, since we will adopt
it in Chapter 5, where we will focus on a one-dimensional two-species pressure-less Euler

3



system with nonlocal interactions. In particular, we consider here the to one-species
case investigated in [12]. Here the authors study a model in dimension d = 1 for the
evolution of a sticky particle system via adhesion dynamic and the macroscopic one-
dimensional system considered is

dp 0

T %(PU) =0,

) ) (1.8)
a(ﬂ”) + %(PU2) = flpl,

in [0, +00] x R, with initial datum (p,v)(t = 0) = (po, vo)-

In system (1.8), p(t,-) € P2(R) is the population density, v(t,-) € L?(R, p(t,-)) its
Eulerian velocity and the map f : P2(R) — M(RR) describes the force field. P2(R) is the
set of probability measures on R with finite second moment and M(R) is the space of
signed Borel measures with finite total variation. The form of the force field considered
in [12] is

=0 (Vi@ + [ Wia =) dote)). (19)

and suitable assumptions on V and W are prescribed.

The sticky particle dynamics implies that particles stick together when collisions
occur and then they are not allowed to split any longer. This can be formulated by
considering the discrete measures

N N
pN(t? ) = Z miéﬂu(t): (pU)N(t7 ) = Z mivi(t)dxi(t)a (1'10)
=1 =1

concentrated in a finite set of NV particles with positions z;(t), masses m;, velocities
vi(t), 1 =1,..., N, with ordered locations

acl(t) S xg(t> S e S .’EN_l(t) S a:N(t).

We also set z(t) = (z1(t),...,zx(t)), v(t) = (vi(t),...,vn(t)) belonging to RY, and
m = (m,...,my) belonging to [0, +00)". In this framework, the force field applied to
the discrete measure p!v is given by

N
7Nw) = [ )™ @) = 5 3o,

with
N

a(z) = -V'(z) — kaW'(:v — xp).
k=1
The above force field is well-defined on collisions only if the interaction potential W is
C!(R). The pairs (z;,v;) in (1.10) solve the ordinary differential equations system

#i(t) = vi(t),  oi(t) = a(@:(t),

equipped with initial data, between two consecutive particle collisions.
When a collision between two particles of masses my and my4q1 occurs at a time
t > 0, the velocities of each of them are updated to

Mg (t—) + Mpg1Vp41 (E—)

’Uk(t-l-) = vk+1(t+) = I

bl



so that the momentum is conserved during the collision. If more then two particles
stick together, collisions can be treated in a similar way. Then, one can observe that
the measures p" and (pv)" solve system (1.8). After a collision, the particles can be
relabelled such that system (1.10) is still satisfied with the number of particles reduced
because of the collision.

Since we are in the one-dimensional case, we consider ordered particles and this
ordering has to be preserved. Let us introduce the closed convex cone

KN::{QJERN:mSCIJQS--.SCUN},

and assume that z(t) € KV for all # > 0. This implies that only consecutive particles
may collide, so that we define

Qx Z:{j : LL’jIl‘j+1,jIl,...,N}.

Notice that the adhesion dynamics implies that the sets {2, are non-decreasing in
time. When the vector z(t) touches the boundary of K, namely

OKYN ={z e KV : Q, # 0},

an instantaneous force changes its velocity such that it still belongs to K~. Thus,
introducing the normal cone of KV,

NKY = {1 eRY : [-(y—x) <0 for all y € KV},

one obtains that the said instantaneous force belongs to N, K.
Therefore, one can investigate the second order differential inclusion (cf. [14])

T =, v+ N KV 3 a(z),

in [0, +oo[. The system above can be rephrased in terms of sub-differential inclusions
in Lagrangian framework, that is strictly related to the Eulerian description, as we do
in Chapter 5.

1.4 The finite volume method

Another gol of this PhD thesis is to investigate a finite volume method for a two-species
system with nonlocal interactions at kinetic level, see Chapter 4. The development of
these kind of numerical methods has become very important since they preserve the
conservative properties of the PDEs. In order to give an idea of the method and in
particular of what we will perform, let us give a brief introduction, [54]. Consider the
scalar advection equation

ou ou

ot + “or ~
where u(x,t) € R™ is the unknown. Linear hyperbolic equations are quite easy to
study, since the initial value problem is well posed for them and the solution is regular
as the initial data for any time. By discretizing both in space and in time, it is possible
to construct a stable scheme. Let (x;); be finite ordered equidistant points in R and
T the final time and set Ax = zj11 — ; and At = T/Np the space and time steps
respectively, for some Np € N. The upwind scheme uses a first order approximation of

0, (1.11)



the space derivative, and the upwinding time discretization follows by discretizing the

space derivatives as
Uj — Uj—1

% B “Ar ifc>0,
Oz zj 7uj+i; uj, ife<O.

Thus, by explicit Euler and first order upwind space discretization, the scheme in com-
pact form is
n+l _  n At +(,n n — (T n
U = Uy — E(C (Uj - Uj—1) —C (Uj+1 - uj))v
where ¢ = max{c,0}, ¢ = —min{c,0} and n € {0,..., Ny — 1}. From now on,
assume ¢ > 0. In order to study the consistency of the upwind scheme, we apply the
discrete operator to the exact solution of (1.11) obtaining

u(x,t + At) — u(z,t) n Cu(:c, t) —u(x — Ax,t)

1) =
Lau(z,?) At Ax

By considering in the previous equation the Taylor expansion of u(x,t) both in space
and in time, we get

ou  Ou Atd*u cAx 9*u
)= ot b ot T) — e — £
Laule,t) = 9054 20 i) - IO M g0)
with 7 € [0, At] and £ € [0, Az]. If u satisfies equation (1.11), then the consistency
€error is

At 0%u cAx 0%u

A scheme is defined consistent if d(z,t) — 0 as Az — 0 and At — 0. Here we see that
the scheme is consistent to the first order in both At and Azx.

Concerning the stability of the scheme, we can check it assuming periodic boundary
conditions and considering a solution of the form

uy = prett
Thus, we get
At
1
u;”r =uj — A—mc(u’]1 —uj_q).

After some computations, one can see that the amplification factor p is such that | p]2 <1
if and only if c% < 1. This stability condition is a particular case of a more general
condition known as CFL condition. In theory, the CFL number relates the speed of
which information propagates in the mesh to the time step size.

In order to be able to construct the scheme proposed in Chapter 4, let us now switch
to a hyperbolic quasilinear equation. Consider

Ou , 9f(w)

ot ox

where u(z,t) € R™ is the unknown, and f : R™ — R™ is a given smooth function. The
initial value problem for these kind of equations is well posed locally in time, and, gen-
erally, the solution loses the regularity of the initial data in finite time. Thus one needs
to consider weak solutions that, assuming smooth initial data, seem piecewise smooth
functions containing jump discontinuities. If we want a similar propagation speed of

—0, (1.12)

6



discontinuities at discrete level, then the numerical scheme has to be a conservative
scheme.
In order to derive the scheme, let us construct a numerical mesh: we divide the space
by using N + 1 ordered equidistant points z; and consider N cells Cj = [z,;_4 /25 Tjq1 /2]
with centers z;, as j = 1,..., N. Integrating equation (1.12) over a cell C; and dividing
by Az = x4,/ — x;_1/2, We obtain
B Tl ajo,1)) — F(ulayory1))] =0,

where #%; denotes the cell average, i.e.,
) = - [ e, d
(1) = — x x.
W0 =37 [

Thus the numerical scheme should be

du; 1
cTt] = —E[Fjﬂm = Fi_1/2],
with Fj /o the numerical flux on the right edge of the cell C;. Finally, if we take the
numerical flux Fj /5 as a function of the cell averages, in a simple case @; and @;1,
we arrive at a semidiscrete scheme.
A fully discrete scheme can be obtained by integrating equation (1.12) in a time-
space cell, getting

tn+l

_n+1 _
== [l t) — fategs )] de,
with " := nAt, where At is the time step. This suggests a numerical scheme of the
form A
n+l -
B = = (= Pl (1.13)
where the numerical flux an+1 /2 approximates the time average of f along the edge of
the cell average.

An example of a fully discrete scheme is the upwind scheme we saw above.

This kind of scheme is conservative. Indeed, if x € [a,b] and we assume a periodic

boundary condition on [a, b], i.e., u(a,t) = u(b,t), then, at continuous level,
b
i) u(z,t)de =0.

Now, if we adopt the fully discrete scheme constructed above, this property is still
satisfied. Indeed, summing scheme (1.13) over j € {1,..., N}, we get

N

N
—n+1 __ N
Zuj = E:U’J
Jj=1 j=1

since we deal with a telescopic sum because of the periodicity.
In Chapter 4 we will construct a upwind scheme for a system of two kinetic equations
that are coupled with nonlocal interactions terms.



1.5 Optimal transportation theory

In the next two Sections we present some notions of optimal transportation theory and
Wasserstein distances, [2, 59, 60]. We will use them in Chapters 2, 3 and 5.

Optimal transportation theory studies how to transfer a given mass distribution
from one configuration to another in an optimal way. The two configurations must have
the same mass.

Let (X, u) and (Y,v) be two probability spaces. Let T': X — Y be a measurable
map. The measure v = T#u, called push-forward of u through T, is defined by

T#u(A) = W(T71(4)),
for all Borel subsets A C Y, with T71(A) = {x € X : T(x) € A}. This measure is

characterized by
| fargu= [ soran
Y X

for all Borel function f:Y — R.

We now set a non-negative measurable cost function ¢ : X x Y — R. It can be
interpreted as the work needed to transfer one unit of mass from location z € X to
location y € Y.

1.5.1 Monge and Kantorovich formulations of the optimal
transportation problem

Monge’s optimal transportation problem consists in minimizing the functional

171 = | el T(@) du(o)

over the set of transport maps T from u to v, i.e., all maps T such that T#pu = v.

This formulation requires that mass cannot be separated, which means that to each
location x corresponds a unique destination y.

A generalization of the Monge’s formulation is defined as follows. We consider a
probability measure defined on the product space X x Y. Informally, a transference
plan 7 is such that all the mass in the point x coincides with du(z), and all the mass
moved to y coincides with dv(y). Moreover, the mass in z is sent to location y with
probability given by ~(x,y), and a priori some mass in z can be transported to many
destinations y’s, namely it may be split in many parts.

Rigorously, we define a transference plan with marginals p and v as a probability
measure v on the product space X x Y satisfying

MAXY)=puld],  4[X x B = v[B], (1.14)
for all measurable subsets A C X, B C Y. Equivalently, we require that
Ty =p,  THY =,

where 7’ is the projection operator on the i-th component of the product space. In
other words, this means

/ dy(z,y) = du(z), / dy(z,y) = dv(y).
Y X



More precisely, this is equivalent to have

[ @+ el = [ e@duw) + [ o)),
XxY X Y

for all (p,1) € L*(du) x L*(dv). Set
M(p,v) ={y: X xY - R : (1.14) holds}.

Notice that ITI(u,v) # 0, since p @ v € I(p, v).
Kantorovich’s formulation consists in minimizing the functional

= [ o).
XxY
with v € I(u,v). If v is a transference plan, I[y] is called total transportation cost

associated to . The optimal transportation cost between p and v is defined by

T, v) = inf I[y].
() Lot [

The transference plans such that I[y] = T.(u, v) are called optimal transportation maps.

We can observe that this problem is a generalization of the Monge’s problem. Indeed,
if T': X — Y is a transport map, one can consider the transference plan yp = (id x
T)#u. In particular, we have that

dyr(z,y) = du(z)dly = T(z)],
and satisfies what follows: for any non-negative measurable map ( on X x Y,
| @iy = [ ) duta),
XxY X
Therefore, the total transportation cost in Monge’s formulation is defined by
IT) = /X c(x, T(x)) du(x).

We have that 7 belongs to II(u,v) if

/X lo(2) + 1 o T(a)] du(x) = /X () du(z) + /Y b(y) dv(y),

/X(onT)du:/Ywdy.

Thus, for all ¢ € L!(dv), the measurable function 1)o7 should belong to L!(du) and the
values of the two integrals above should be equal. Equivalently, 47 belongs to II(u, v)
if

that is

v(B) = ulT~\(B),

for all measurable subsets B C Y, that can be rewritten as

v ="TH#u.

This shows that Kantorovich’s formulation generalizes Monge’s formulation.

The main advantage in the Kantorovich’s approach is that a minimizer « of I[y] in
II(p, v) always exists, as we prove in the next Proposition, see [1, 2, 59, 60|. First, we
state the Prokhorov Theorem.



Theorem 1.1 (Prokhorov Theorem). Let X be a complete and separable metric space.
A subset I C P(X) is tight, that is for all e > 0 there exists K. compact in X such that

WX\ K.) <e
for all p € K, if and only if then IC is relatively compact in P(X).

Proposition 1.1 (Existence of optimal plan). Let X and Y be two complete and sep-
arable metric spaces and let p € P(X) and v € P(Y) be two probability measures.
Let ¢ be a lower semi-continuous cost function. Then there exists a transference map
v € I(u, v) minimizing I[y].

Proof. We claim that II(u,v) is weakly closed. Let § > 0 and let K C X and L C Y
be such that
u[X\ X] <o, v[Y \ L] <.
For any v € II(u, v), we have
V(X X Y)\ (K X L)] < [(X x (Y \ L)] +[(X \ K) x L] < 26.

Therefore the set II(u, v) is tight, and, by Prokhorov Theorem, it is relatively compact
with respect to the weak topology. Furthermore, since the conditions defining IT(u, v)
are continuous with respect to the weak topology, then II(u,v) is weakly closed.

Now, let (7k)ken be a minimizing sequence and let v, € II(u,v) be a limit point of
the sequence. Since, c is a lower semi-continuous and non-negative function, there is
a sequence (cp)pen of non-decreasing bounded Lipschitz functions such that ¢ is its
pointwise supremum. Then, by using the monotone convergence Theorem, we derive

/ C((L’, y)d’Y* (‘Ta y) = hm Cg(%, y)df)/* (.Z', y)
XxY ¢ Jxxy

< lim lim sup/ co(z,y) dye(z,y)
£ k XxY

< lim sup/ c(z,y)dv(z,y)
k XXY

= inf ITy],
that concludes the proof. O

1.6 Wasserstein distances

Let (X, d) be a metric space. Let P,(X) be the set of probability measures on X with
finite moment of order p, for p > 0, i.e., u € Pp(X) if for an arbitrary y € X,

/ d(x,y)P du(x) < 4o0.
X

This definition does not depend on the choice of the point y, thus the property u €
Pp(X) is well-posed.

Let now consider the cost function ¢(z,y) = d(z,y)?, with p € [1,00). Given two
probability measures p, v on the metric space (X, d), the Monge-Kantorovich distance
of order p, or Monge-Kantorovich distance with exponent p between u and v is

1/p
me,u):( i [ d(as,y>pdv<m,y>> ,
yEO(p,v) J X x X

10



where II(u,v) is the class of transference maps between p and v. The Wasserstein
distance W), defines a metric on Pp(X).

The Monge-Kantorovich distance of order 2, namely W, is called quadratic Wasser-
stein distance. The Monge-Kantorovich distance with exponent 1, i.e., Wi, is said
Monge-Kantorovich- Rubinstein distance.

Another notion of distance we will deal with in Chapter 3 is the one of bounded
Lipschitz distance dpy, for probability measures defined by, see [19],

i (11, v) = sup{'/Rdwu—/Rdasdu

161l oo ey <1,

o) 000 )

Q|7 i, == sup
H HLlp oty |x—y|

Note that the bounded Lipschitz distance and the 1-Wasserstein distance are equivalent
in the set of probability measure with finite first moment.
In this PhD thesis we will consider models with many species, therefore we will work
in product spaces, and we will introduce suitable notions of distances on these spaces.
In the next Proposition we state a property on the convergence of measures, [59|.

Proposition 1.2. Let (X, d) be a complete and separable metric space. Let p € (0,00),
let pi,, be a sequence of probability measures in Pp(X), and let pp € Pp(X). Then, the
following are equivalent:

1. Wy(pin, i) = 0 as n — oo.
2. Wp — pin the weak sense as n — oo and the following tightness condition holds:

for any xg € X,

lim lim sup/ d(zo, z)Pdu, = 0.
d(zo,2)>R

R—00 posoo

3. pun — W in the weak sense as n — oo, and there is convergence of the moment of
order p, i.e., for any xg € X,

/ d(xo, )P dpy(x) — d(xo, z)? du(z),
XxX XxX

as n — 0.

1.6.1 One-dimensional case

In this Subsection we deal with d = 1 and p = 2, i.e., we consider the 2-Wasserstein
distance on R. In this case, there exists a unique optimal plan v € II,(u, v) for which

the infimum in
IR TIR  CEalee)
YE(p,v) RxR

is attained, with pu, v € P2(R), [59]. This measure 7 can be characterised by the
monotone rearrangements or pseudo-inverses of p and v: given p € P(R), its monotone
rearrangement, is

X,(m) = inf{z : M,(x) > m} for all m € Q,

11



where Q := (0,1) and M, is the cumulative distribution of the measure p, i.e.,
My(z) = p((—o0, z]) for all z € R.

The map X, is right-continuous and non-decreasing and satisfies, by denoting the one-
dimensional Lebesgue measure on ) by m,

()tm=n [ C@hntda) = [ ¢(X,m) dm.

for all Borel maps ¢ : R — R. In particular, p € P»(R) if and only if X, € L*(Q).
Moreover, the joint map X, : €& — R x R defined by X,,,(m) = (X,(m), X, (m))
characterises the optimal transportation plan ~ € II,(u, v) by the formula

Y= (X;L,V) #m,
according to which

W2 (u,v) = /Q X, (m) — X, (m) [ dm,

thus the 2-Wasserstein distance can be reformulated in terms of pseudo-inverses. Fur-
thermore, introducing the closed convex set of non-decreasing functions in the Hilbert
space L2(9), i.e.,

K :={X € L*(Q) : Xis non-decreasing}, (1.15)

and observing that there is always a right-continuous representative due to monotonicity,
the map
UV:P(R)spu—X, ekl (1.16)

is a distance-preserving bijection between the space of probability measures with finite
second moment Py(R) and the convex cone K of non-decreasing L?(Q)-functions. By
using this bijection, we can rewrite the Eulerian system in terms of pseudo-inverses.

1.7 Maximal monotone operators

In this Section we provide a brief introduction to maximal monotone operators theory
developed by Brézis in [14], that we will apply in Chapter 5.

Let us start by defining such operator. Let H be a Hilbert set and P(H) its power
set. Let A: H — P(H) be a multivalued operator and D(A) = {x € H : Ax # 0}
its domain. We say the operator A is monotone if for all z1,29 € D(A), and for all
y1 € Axy, yo € Axo,

(y1 — y2, 21 — x2) > 0.

For example, let ¢ be a convex and proper function on H, i.e., ¢ : H =] — 00, +0]
is such that ¢ #Z +oo and p(tz + (1 — t)y) < te(x) + (1 — t)p(y), for all z,y € H
and for all ¢ €]0,1[. Then the set D(¢) = {x € H : ¢p(x) < +oo0} is convex and the
sub-differential 0¢ defined as

y € 0p(x) <= V€€ H,p(§) > o(x) + (y,§ — )

is monotone in H.

12



A monotone operator A is maximal if there is no monotone operator that properly
contains it. More precisely, A is a mazimal monotone operator if and only if A is
monotone and for all z,y € H such that n € A¢ and

(y—m,z—¢&) >0 forall £ € D(A),

then y € Azx.

For instance, if a function ¢ is convex, proper and lower semi-continuous, then dy
is a maximal monotone operator.

From basic convex analysis, we know that if A is a maximal monotone operator,
then Az is convex and closed for every x € D(A), and such sets admit a unique element
with minimal norm. Setting A°xr := P 4,0 the projection of 0 € H onto Az C H , where
Par : H — Ax denotes the projection on Az, then A°x is the unique element with
minimal norm in Az.

The theory we apply in this thesis, in particular in Chapter 5, is developed in [14,
Chapter 3] and is devoted to solve an equation of the type

du
E—i—AuB [, u(0) = uy, (1.17)
where A is a multivalued operator on H and f € L'((0,T); H).

We now introduce the notions of strong and weak solution and some results.

We say that u is a strong solution to (1.17) if u € C([0,T], H) is absolutely continuous
on the compact sets of |0, T, differentiable almost everywhere on ]0, 7' and satisfies

u(t) € D(A), and + Au(t) > f(t)

du
dt()

almost everywhere on |0, T7[.

A function u € C([0,T]; H) is said to be a weak solution to (1.17) if there exists two
sequences f, € LY((0,T); H) and u,, € C([0,T], H) such that u, is a strong solution to
d"" + Aup 3 fn, fo — fin LY((0,T); H) and u, — u uniformly on [0, T].

Next we gather some results from [14] that we mention in Chapter 5. In particular,
we provide the proofs of Lemma A.5, Theorem 3.5, and Theorem 3.17 in [14].

Lemma 1.1. Let m € L'((0,T);R) be such that m > 0 almost everywhere on ]0,T],
and a > 0 a constant. If ¢ : [0,T] — R is a continuous function satisfying

—¢2 < a+/m

t)] < a~|—/0 m(s)ds

for allt € [0,T], then

for allt €[0,T].

Proof. Let € > 0 and set

D (t) = %(a Fey 4 /O m(s)6(s) ds

Thus,




almost everywhere on |0, 7|, and, by using the assumption,

%QSQ(t) < tho(t) < (1)

for t € [0,T]. Therefore, we get

(6 < m()VEVED).

Now, we have that ¢.(t) > 3e2 for t € [0,7], then the map ¢ — 9.(t) is absolutely

. ‘ . d _ 1 dipe ~ 1
continuous and since /v-(t) = OO th (t) almost everywhere, we derive
@SB < —=mit)
at’ "N = 2

almost everywhere on |0, 7. It follows that

t
VD) < vbe(0) + = /0 m(s) ds.

V2
Then, we get
t t
6(t)] < V2/1e(t) < V21/1:(0) —|—/ m(s)ds =a —|—€+/ m(s) ds,
0 0
for all ¢t € [0,7] and all € > 0. This concludes the proof. O

Lemma 1.2. Let A be a monotone operator, f,g € L*((0,T); H), and u and v weak
solutions to inclusions

du dv
g tAvs o and

respectively. Then, for all0 < s <t < T,

+Av > g,

u(t) —v(®)] < [u(s) —v(s)] +/ £ (o) — g(o)| do,

and for all 0 < s <t <T, and for every z,y € A,

(u(t) — u(s), u(s) — 2) < lu(t) o~ LJu(s) 2 < / ((0) — y,u(o) — x) do.

Proof. Since this estimate is stable by passing to limit in C([0,7]; H), we can assume
that v and v are strong solutions. Thus, by using the monotonicity of A, we get

33110 — o0 = (50 = G000 = 00) < (1) = 9(0u(0) - o(0).

Since |u(t) —v(t)]? is absolutely continuous on the compact sets of ]0, 7| and continuous
on [0,71], by integrating on |s, t[ we obtain

lul) = o0 = JJuts) = o) < [ (7(0) — 9(0). (o) — v(0) do.

S

Then, by applying Lemma 1.1, we derive the first inequality. The second inequality
follows by considering g = y and v = . O
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Theorem 1.2. Let A be a mazimal monotone operator on H, f € L'((0,T); H) and
u € C([0,T]; H) a weak solution to (1.17). Assume that ty is a Lebesgue point to the

1 to+h
right of f and set f(ty +0) = %ir%h/ f(s)ds. Then, the following properties are
— to

equivalent:
1. u(t(]) S D(A)
|
2. hr}'in_iglf E|u(t0 + h) —u(ty)| < +oo.

3. w is right differentiable in to. In this case

dtu o
— (to) = (f(to +0) — Au(to))°.

Proof. Clearly 3. implies 2.. Let us prove that 2. implies 1.. Let z,y € A, and set

a = liminf —|u(ty + h) — u(tg)|. We have that
h—0 h
1 to+h
i [ @) o) = 2)do = (k0 +0) - pulto) - 2)
to
as h — 0. Moreover, by Lemma 1.2, we get
u(to +h) — u(t 1 [toth
(M= ey <o) < 4 [T (0) = o) - ) o
to

Thus, by passing to the limit as h — 0,

(o, u(to) —x) < (f(to +0) —y,u(to) — x),

for all z,y € A. Since A is a maximal monotone operator, then u(tg) € D(A). Fur-
thermore, we get that f(to +0) — a € Au(tp). Now we prove that 7. implies 3.. Let
u(tp) € D(A). By applying Lemma 1.2 with g(t) = f(to +0) — (f(to + 0) — Au(tp))°
and v(t) = u(tp), we get

to+h
ulto + h) — u(to)| < / F(0) = f(to +0) + (F(to +0) — Au(to))°] do,

and therefore

im sup %IU(to +h) — ulte)] < |(f(to +0) — Aulte))°]-

From the previous point, we know that f(to+0) —a € A(u(tp)). Thus a = (f(to+0) —
Au(tp))° and, therefore, u is right differentiable in ¢y and

dtu °
—(to) = (F(to +0) — Au(to))",

that proves the statement. O

The last result we prove involves a maximal monotone operator perturbed by a
Lipschitz operator.
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Theorem 1.3. Let A be a mazximal monotone operator, w > 0, f € L*((0,T); H) and
ug € D(A). Then there exists a unique weak solution to

% + Au — wu 3 f, u(0) = up. (1.18)

Proof. Let us begin by proving the uniqueness. Let u and v be two solutions to (1.18).
By Lemma 1.2 we get

t
u(®) = o(0) < Ju(s) — v(s)| +w [ Ju(r) — o(r)]dr,
for all 0 < s <t <T. Then, by Gronwall’s inequality we derive
u(t) — v(t)] < e'|u(0) —v(0)] =0,

which proves uniqueness. Now, consider the iterative sequence defined by ug(t) = uo,
and uy41 is the weak solution to

dun 1
dt

+ Aupt1 3 f + wupya, Un11(0) = up.

By invoking again Lemma (1.2), we obtain

|%mwﬂmm$ﬁw%@—w1@w&

for 0 <t < T and n > 1. Therefore,

(wt)"
n!

|tn41(t) —un(t)] < [[ur — ol oo -
This implies that the sequence u,, converges uniformly on [0, 7] to a function u which
is a weak solution to (1.18). O

1.8 A literature review on aggregation models

The aggregation models with nonlocal interactions are extensively studied by adopting
many approaches. In this Section we cite some works, but this list is not exhaustive.
Since in this thesis we deal with no pressure term, we brefly list here some references
on the existence theory for systems of the form (1.7). We mention [33, 37, 46, 47| for
the one-dimensional case and (38, 61|, for the multi-dimensional case. In particular, in
[33] authors focus on a model described a isentropic gas through porous media; in [37] a
inhomogeneous system of isentropic gas dynamics is studied; in [47] compressible Euler
equations with damping is presented; in [46] authors investigate a damped compressible
isentropic flow. For the multi-dimensional case, in [61]| the isentropic damped Euler
equation is studied; in [38] the asymptotic behaviour of compressible Euler equation
with damping is analysed.
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1.8.1 First order models

Let us now switch to models with no pressure terms. There are many works concerning
the study of equation (1.1) and its variants. In [50] authors study models for swarm-
ing phenomena with nonlocal interactions in the one-dimensional case, and in particular
they focus on advection-diffusion equations with convolution terms describing long range
attraction and repulsion. In [57] a continuum model for aggregation equations applied
to biology is studied both in the one-dimensional case and in higher dimensions. In
[56] authors investigate a two-dimensional continuum model describing the behaviour
of biological individuals that interact through nonlocal terms. Here pattern formations
are studied. In [5] the aggregation equation (1.1) is studied in several dimensions with
initial data in L'(R?) N L>°(R%) and a finite time blow-up result is proved with a Lip-
schitz assumption on the kernel. Aggregation equations (1.1) with singular kernels are
approached in many ways. In [8] a well-posedness result is provided in Pa(R%) N LP(R?)
for sufficiently large p. In [7] authors study the well-posedness of non-negative solu-
tions of equation (1.1) where the kernel is singular at the origin, and the finite time
blow-up in multiple space dimensions is investigated. In [6] authors analyse the Osgood
condition associated to equation (1.1) with singular kernels. In [15] the large time be-
haviour of one-dimensional nonlocal models for aggregation phenomena is studied via a
gradient flow formulation considering the space of probability measure with the Wasser-
stein metric. In [40] authors study an aggregation phenomenon incuding the alignment
interactions and the results are obtained by using mass trasportation theory. In [23]
multi-dimensional continuum models for interacting particle systems through nonlocal
terms are investigated. Here existence and uniqueness of the solutions are provided by
adopting the theory of gradient flows in the space of probability measures equipped with
the Wasserstein distance, and a finite time collapse is proved. In the last two decades,
the attention of many reaserchers has turned to systems with many species. The first
order approach is considered in many papers, see [22, 34, 35|. In particular, in [34] a
one-dimensional system with cross-diffusion and nonlocal interactions is performed; in
[35] weak solutions to a two-species model with nonlocal interaction are investigated; in
[22] a first order system with potentials driven by Newtonian potentials is considered,
and a notion of gradient flow solutions is provided, cf. |2]. See also [32] for an application
to chemotaxis in biology.

Finite volume methods are adopted in order to study aggregation models with many
species. We mention [4, 24, 25| for macroscopic one-dimensional systems. In details,
in [25] a nonlocal two-species cross-interaction model with cross diffusion is studied,
and the solutions are analysed by considering many regimes, both analytically and
numerically. In [24] a semi-discrete finite volume scheme for a coupled system of two non-
local equations with cross-diffusion is investigated and the convergence of the scheme
is proved. Moreover, in [4] an implicit finite volume scheme for nonlinear and nonlocal
aggregation equations is studied and the convergence of the scheme is provided under
suitable assumptions on the potentials and diffusion functions.

1.8.2 Kinetic models

Kinetic theory provides a classical mesoscopic approach to fluid mechanics. For a gen-
eral overview we refer to [26, 58|. The kinetic approach is largely used in the study
of aggregation phenomena. Some of the techniques developed in this context are in-
spired by [48]. In [17] equation (1.5) is studied by tacking into account a self-propulsion
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term and a friction term. The first parameter provides an effect on individuals that
are independent of the other individuals, whereas with the second parameter a velocity-
averaging effect is considered and agents are forced to adapt their own velocity to that of
other close agents. Here, well-posedness, existence, uniqueness and continuous depen-
dence results are presented in the space of probability measures P;(R?) equipped with
the Monge-Kantorovich-Rubinstein distance. Moreover, the corresponding microscopic
system is studied and a convergence result of the particle system to the kinetic equation
is provided. Equation (1.5) is investigated also in [39] in a multi-dimensional space,
considering in addition inertial effects. Here, by assuming smooth assumptions on the
kernel and by applying the theory developed in [17], an existence and uniqueness result
in the sense of measures is proved and the small inertia limit is performed, showing a
convergence result to the corresponding macroscopic system. Concerning the existence
of smooth solutions, it can be obtained using the classical framework for Vlasov-type
equations, [43|. See also [27] for recent treatments of the theory of Vlasov-Poisson
equation.

A lot of attention is devoted to aggregation systems with singular kernels also at
mesoscopic level. In [30], the Vlasov-Manev-Fokker-Planck system in dimension 3 is
considered, which has the gravitational potential of the form —1/r — 1/r%. Existence
of weak solutions are showed under suitable initial data. In [29], the fractional porous
medium equation is investigated and a local-in-time existence and uniqueness result is
proved. We also mention [20] for a recent contribution in the theory of Vlasov-Poisson-
Fokker-Planck system.

From the mesoscopic point of view, in [42] a finite volume scheme to approximate
the one-dimensional Vlasov-Poisson system is presented. Here the author proves that,
under suitable assumptions, the numerical approximation converges to the weak solution
of the system in L>°. Moreover, if initial data are in BV, then the convergence is strong
in CO((0,T); L} ).

loc

1.8.3 Second order models

The microscopic system (1.4) is studied in several ways and many continuum models
are derived from it. In [10] system (1.4) is investigated by adding a friction term. Many
properties of the model are presented and several macroscopic equations are derived.

The macroscopic system (1.3) and its variants have been intensively studied with
the pressure term p = 0 and results of such “sticky particle” solutions have attracted
the attention of many researchers. We mention [9] for results related with existence
and uniqueness in the multi-dimensional case. In one space dimension there are many
results in the literature, cf. [12, 13, 51]. In particular, in [51] the one-species case is
investigated with W' = 0 in the space of probability measures Py (R) with the quadratic
Wasserstein distance and many interesting properties of the solution are presented. In
[12] system (1.3) is performed and we briefly describe it in Section 1.3. Here existence
and uniqueness results are proved and many properties of the solution are provided in
the metric space (P2(R), Wa). We also mention [53] for a very interesting application to
the Euler-Poisson model, in which W is the solution operator to Poisson equation. For
one-species case, a large friction limit is investigated in [21| where a multi-dimensional
damped Euler system is studied under the influence of a external potential with respect
to the 2-Wasserstein distance, and a rigorous proof of the overdamped limit is provided
in one space dimension. Very little attention has been devoted to multi-species second
order models, see [3] for an application to pedestrian movements.
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1.9 Outline of the thesis

This thesis is organised as follows.

Chapter 2 and Chapter 3 are based on a joint work with Young-Pil Choi and Simone
Fagioli. In particular, Chapter 2 is devoted to the study of a multi-dimension system
made up by kinetic equations describing the evolution of many species coupled through
nonlocal interaction. We consider inertial effects in the model and require smooth
assumptions on all the kernels. We prove existence and uniqueness of a measure solution
to the kinetic system. The main result in this Chapter concerns the small inertia
limit: we prove that the solution to the kinetic system converges towards a solution to
the associated first order macroscopic system as the inertia vanishes. More in details,
in Section 2.1 we describe the kinetic model we deal with, and we provide a formal
derivation of this model from a microscopic system when the number of individuals
increases to infinity. In Section 2.2 we provide the measure space we consider for
measure solutions. It is the product of spaces of probability measures on R¢ with finite
first moment equipped with the 1-Wasserstein distance. In Section 2.3 we study the well-
posedness of the kinetic system. In particular, we associate to model its characteristic
system and we fall into the classical ordinary differential equations theory. Taking the
time dependent flow map associated to the characteristic system, we define the notion
of measure solution. In this Section we also provide some a priori estimates on the
characteristic system and we prove existence and uniqueness of measure solutions to
the kinetic system in Theorem 2.1, and existence of smooth solutions to the kinetic
system in Theorem 2.2. In Section 2.4 we gather all the uniform estimates in the inertia
parameter, holding both for smooth solutions and for measure solutions. Finally, in
Section 2.5 the main result of this Chapter is presented, that is Theorem 2.3. We prove
that, under suitable smooth assumption on the kernels, the solution to the kinetic
system converges towards a solution to the associated first order macroscopic system as
the inertia parameter vanishes. The results of this Chapter are inspired by the paper
[39] by Fetecau and Sun: we extend to many species their model without requiring
further assumptions.

In Chapter 3 we study a mesoscopic multi-dimension system describing the be-
haviour of many interacting species and we consider inertial effects and singular self-
potentials. We prove existence of solutions to the kinetic system, and we provide a
small-inertia result. We cite the papers [30] by Choi and Jeong and [19] by Carrillo,
Choi and Jung where the authors study the one-species case considering different ef-
fects on the model. Entering in details, in Section 3.1 we present the mesoscopic and
macroscopic models with singular self-potentials. In Section 3.2 we consider a regu-
larised version of the kinetic system obtained by perturbing the self-potentials and we
prove some uniform estimates with respect to the perturbation. In Section 3.3 we prove
existence of weak solutions to the kinetic system, see Theorem 3.1. In Section 3.4 we
show rigorously the convergence of the solutions to the kinetic system towards solutions
to the corresponding macroscopic model. This result is contained in Theorem 3.3.

In Chapter 4 we propose an upwind finite volume scheme for a system of two kinetic
equations coupled through nonlocal interaction terms. In this model we do not consider
inertial effects and we do not require any constrains on the mesh size. The finite volume
method we construct conserves mass and preserves positivity. The main result of this
Chapter concerns the convergence of the scheme. The notion of solution we adopt is
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the one of weak solution. The results of this Chapter are inspired by the paper [42]
by Filbet, where the author constructs a finite volume scheme to discretize the one-
dimensional Vlasov-Poisson system, showing that the approximated solution converges
to the continuous one as square roots of the time, space and velocity steps go to zero.
We improve the convergence rate in time, avoiding to take the square root of the time
step. In details, in Section 4.1 we introduce the model and some of its properties
at continuum level. In Section 4.2, we construct the numerical mesh and define the
notion of weak solutions. In Section 4.3 we provide some a priori estimates, used for
passing to the limit and obtain weak solutions of continuum system. In particular we
show that the numerical solutions remain non-negative and bounded under a suitable
timestep constraint. In Section 4.4 we prove the convergence of the numerical solution
of the scheme to a weak solution to the continuum system, see Theorem 4.1. The work
presented in this Chapter is based on a joint work with Markus Schmidtchen and Julia
Hauser.

In Chapter 5 we investigate a second order system with two species interacting
through nonlocal interactions and subject to linear damping from the macroscopic point
of view. Our results only deal with the one space dimensional case. We first consider
the case of smooth potentials and prove existence and uniqueness of the solution. Then,
after a suitable rescaling of the time variable, we consider a large-time large-damping
version of the system and show convergence to solution to the corresponding first order
system. We also study the case of Newtonian potentials in the self-interaction terms,
considering additional external coercive potentials. Once provided an existence result,
we prove a collapse result showing that for large time a solution converges toward Dirac
delta solutions. We mention the papers [12| by Brenier at al. where the author provide
the existence of solution considering the notion of “sticky particles” dealing only with
the one-species case and by not including the damping parameter, and [21] by Carrillo,
Choi and Tse where the authors study the large damping limit for the one-species case.
Entering more in details, in Section 5.1 we present the model from the microscopic
and macroscopic points of view. In Section 5.2 we define the metric structure. The
metric space we consider is the product of the probability spaces with finite second
moment equipped with the 2-Wasserstein distance. We introduce formally the large-
damping limit and we rephrase the model in a Lagrangian framework. In Section 5.3
we prove existence and uniqueness of solutions to the second order system considering
the Lagrangian formulation and applying the Brezis theory, [14]. This result is stated in
Proposition 5.1. In Section 5.4 we perform the large damping limit rigorously, obtaining
in Theorem 5.2 that solutions to second order system converge to the solutions of the
corresponding first order system. We observe that the technique used in this theorem
was never used in the one-species case. In Section 5.5 we consider the case of Newtonian
potentials and prove existence of sticky solutions and the large-time collapse to Dirac
deltas, see Theorem 5.3. In Section 5.6 we provide some numerical simulations.

The results of this Chapter are contained in [36], joint work with Marco Di Francesco
and Simone Fagioli.
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Chapter 2

Small inertia limit to first order
nonlocal system: smooth case

This Chapter is dedicated to investigating a mesoscopic multi-dimensional system with
many species coupled through nonlocal smooth interaction, considering also an inertia
parameter. Taking the associated characteristic system, we provide some a priori es-
timates. Then we prove existence and uniqueness of a measure solution to the kinetic
system in the space of probability measures with finite first moment endowed with the
1-Wasserstein distance. The main result concerns the small inertia limit: we prove that
the solution of the kinetic system converges towards a solution to the corresponding
first order macroscopic system as the inertia vanishes.

2.1 The model

The system we deal with is the following first order macroscopic system

Opi + V- (pivy) =0,

N
(2.1)
V; = _ZVKij * Pj,
j=1
fori=1,..., N, where N is the number of species, p;(t, z) is the probability measure in

R? modelling the i-th species, v;(t,z) is its Eulerian velocities, K;; are self-interaction
kernels and K; are cross-interaction kernels. The self-interaction kernels model the in-
teractions between agents of the same species, whereas cross-interaction kernels describe
the interactions of individuals of different species.

System (2.1) admits a discrete counterpart constructed as follows: consider M par-
ticles for each species and let zf ,k=1,..., M, be the locations of M particles of the
i-th species, for i = 1,..., N. Denoting by u¥ the velocities of z¥, the dynamics of zF
is determined by the first order ODE system

dzF .
a v

1 M (2.2)
uf = —MZZVKU(Z?—Z?%

j=1 h=1



asi=1,...,N, k=1,...,M, where K;; are the same kernels as in (2.1). System (2.2)
was derived in [10] considering the second order model

i i Fk
az T a
| oM (2.3)
sz - _M ZZVKZ](ZZ — % )7
j=1h=1

asi = 1,...,N, k =1...,M. In (2.3), € > 0 represents a small inertia time of
individuals. In system (2.2) it is assumed that the e-terms in (2.3) are negligible, but
this choice is quite restrictive in many cases since in this way a “reaction” time is not
taking into account and velocities change instantaneously, [39]. Considering (2.2), we
can write system (2.3) as

d
%Zf:uf,

d . Lo N M (2.4)
gt = ~U; — HZZVKZ(Z% —z),

withe >0,2=1,...,N, k= 1,...,M. Formally, considering the limit as ¢ — 0 in
(2.4), we obtain system (2.2).

Taking the formal limit as the number of particles increases to infinity, namely
M — o0, we can associate to (2.4) the kinetic system

N
1 1
atfz' +v- v:cfz = gvv : (Ufz) + gvv : <(ZVKU * Pj) fl>7 (25)
j=1
fori=1,..., N, where f;(t,z,v) is the mesoscopic density of the i-th species at position

z € R? with velocity v € R, and p;(t,z) is the associated macroscopic population
density, i.e.,

pi(t,z) = /]Rd fi(t,z,v) dv. (2.6)

Our aim is to investigate the small inertia limit at continuum level. In particular,
we want to study the e — 0 limit in (2.5) and prove that it converges towards to the
first order PDEs model (2.1).

2.1.1 Formal derivation of the kinetic model

We now formally derive the kinetic model (2.5) from the particle system (2.4) as the
number of particles increases to infinity. Let f; a7, for i =1,..., N, be the empirical
distribution density associated to the solution (z¥(t),uf(t)) to (2.4), as k = 1,..., M,
defined by

1 M
fina(t,2,0) = - D 6z — 27 ()6 (v — uf (t)).

Observe that



thus, if @) is a generic kernel, we get
1
V@« puarla) = [ V= wpianly) dy = 37 3 VQla — 2.

Now, let ¢ = ¢(z,v) € C}(R??) be a test function. Then
d 1 & d

—Jim(t), ) === >  —plz; (1), u; (¢

g i (t),0) Mgldtw(Z()U())

_1]\_/[v kt kt‘kt 1MV kt kt'kt
_Mkz gcap(zi(),ui())zi(HM; vip(2i (8), ' () (1)

1 M 1 1 N M
+ M va(zf(t),uf(t))g < - uf - M Z Z VKij(zzk - zzh)>
k=1 '

j=1h=1

=(fim(t), Voo - v) + <fi,M(t>a Vo - i( —v— i VKij x Pj,M(:r)> >

Jj=1

Integrating by parts in x and v, we have

N
1
<atfi,M +v-Vafim — gvv . <(v + Z VK;j * Pj,M> fi,M) , 30> =0,

j=1
hence
N
1 1
Ocfi +v-Vafim = gvv “(vfim) + gvv . ZVKU *pjm ) fim |-
j=1
Assuming that f; ps converges to f; as M — oo for all i = 1,..., N, we formally obtain

the mesoscopic system (2.5).

2.2 Main assumptions

Since we deal with N interacting species, the measure space we consider for measure
solutions is (P1(R%)™, W), where P; (R?) denotes the space of probability measures on
R? having finite first moment, i.e.,

P1(RY) = {f € P(R?) : / 2| f(x) dx < oo},
Rd
and W, is the 1-Wasserstein distance on P;(R?)" defined below. In order to fix the

notation, we write

f= (), € PR (2.7)

to denote a N-tuple of probability measures in the product space Pl(Rd)N.
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Definition 2.1. (1-Wasserstein distance) Let f = (fl)fil, g = (gi)fil e PL(RHN . The
1-Wasserstein distance between f and g is defined as

Wi(f,g) = sup [Wi(f1,01)+ -+ Wilfn,9n)],
t€[0,T]

where Wy is the Monge-Kantorovich-Rubinstein distance introduced in Section 1.6.

We assume the following condition, labelled by (Pot), on the potentials involved in
system (2.5). Denoting by @ a generic potential, we require

Q € W?>®(R%) such that VQ is locally Lipschitz and sub-linear, i.e., (Pot)
1. for all z € R? there is a constant C' > 0 such that
VQ(z)| < C(1 + |z|);
2. for any compact set K C R? there exists a positive constant L such that
IVQ(z) = VQ(y)| < Llx —yl,
for all x,y € K.

Remark 2.1 (Lipschitz constant). Denote by Bg a closed ball in R? centered in 0
and with radius R > 0 and consider a function @ : R — R™. We denote by Lipr(Q)
the Lipschitz constant of @ in the ball B ¢ R?. If Q depends also on time, i.e.,
Q:[0,T] xR = R", Q = Q(t, ), we write Lipr(Q) to denote the Lipschitz constant
of @ with respect to z in the ball B C R?, that is the smallest constant such that

Q(t,z) — Q(t,y)| < Lipr(Q)|z — y,
for all x,y € Bg, and for all t € [0,T].

2.3 Well-posedness for the kinetic system for ¢ > 0 fixed

This Section is devoted to the study of the well-posedness for system (2.5) for ¢ > 0
fixed, in the spirt of [17]. We start observing that such existence theory can be studied
for a more general class of force fields

E = (E)N,(t,z):[0,T] x R - RN,
for i =1,..., N, fulfilling the following general set of assumptions:
(E1) E; are continuous on [0,7] x R%, for alli=1,..., N.
(E2) There exist some positive constants C; such that
Ei(t,2)] < Ci(1 + [z,
for all (t,z) € [0,T] x R?, for all i = 1,...,N.

(E3) E; are locally Lipschitz with respect to z uniformly in ¢, for ¢ = 1,..., N, that is
for any compact set K C R? there exist positive constants L; such that

|Ei(t,z) — Ei(t, y)| < Lilz -y,
for all z,y € K, and for all t € [0, T].
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The kinetic system we are going to study takes then the following form
1 1
atfi"‘v’v:cfi_gvv'(vfi)"’_gEi'vvfi :07 (28)

as i =1,..., N. Following the approach in [17], we will construct solutions to (2.8) by
considering the following characteristic system associated to (2.8)

% - (2.9)
W _ Ly lpgx),
asi=1,...,N. Introducing P := (X,V) € R? x R%, and denoting by
g, : [0,T] x R x RY — R? x R?
the right-hand side of system (2.9), we can rewrite system (2.9) as
iP =g (t, P), (2.10)
dt '

for i = 1,..., N, subject to the initial condition (Xg,Vp) € R? x R?. Throughout the
Chapter, we will use the compact notation

g = (Ug,)Y .
Note that system (2.5) falls back to this formalism by setting

E = (B, = ( - f: VKij * pj) ,

j=1 =1

N

The following Lemma concerns existence and uniqueness of solutions to system (2.9),
and falls into the classical ordinary differential equations theory, see [55].

Lemma 2.1. Fix T > 0 and € > 0. Consider a vector field E = (El)f\il satisfying
(E1)-(E2)-(E3). Let Py € R?* be a given vector. Then, for each i =1,...,N, there
exists a unique solution P to system (2.10) with initial condition Py (or equivalently
(X, V) solution to system (2.9) with initial condition (Xo,Vy), for eachi=1,...,N)
such that P € C*([0,T);R??). Furthermore, there exists a constant C depending on T,
| Xol, |Vo|, and on the constants C; in Assumption (Eg) such that

|P| < |Pole”,
for allt € [0,T7.

Proof. The statement follows from the regularity of the fields F;, as¢=1,..., N, using
the standard theory of ordinary differential equations. The bound follows from a direct
estimate on the equations, using the Assumption (Eg). O

Thanks to the existence result above, we can introduce the time dependent flow map
associated to system (2.9) by

Te, : R xR - R x RY,
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such that
T, (X0, Vo)) = (X (1), V (1)),

where (X (t), V (t)) is the unique solution to (2.9) at time ¢ > 0 under the initial condition
(X07 %)

We are now in the position to introduce the notion of measure solution to system
(2.8). Consider f;o € P;(R??) the initial datum of the i-th species and let 7' > 0. Then,
a measure solution to (2.8) can be defined as

fi(t) = Ti,#fio, (2.11)
asi=1,...,N. With a slight abuse of notation, for using a compact formulation we
set N

Te = (Tg,)izr»

and given the initial datum fy € P(R24)" and a time T > 0, we define the measure
solution to (2.8) as

f(t) = Ta#f. (2.12)

Going back to system (2.5), we define the vector field E[f] associated to a N-tuple
of measures f as

N N
Bl = (E)Y, = (- VK ) 213

j=1 i=1
We can now give the notion of measure solution to system (2.5) as in [17, 39].

Definition 2.2 (Measure solution to (2.5)). Fix T > 0 and & > 0. Let fy € P;(R?)N
be a given initial condition and let E[f] be defined as in (2.13). A N-tuple f : [0,7] —
P1(R24)N is a measure solution to system (2.5) with initial condition fy if:

1. the field E[f] defined in (2.13) satisfies the conditions (Ej)-(Ez2)-(E3);
2. it holds f(t) = 7']é[f]#f0.

2.3.1 A priori estimates on the characteristics system

In this Subsection we collect some results on the solution to the characteristic system
(2.9). We start with two standard regularity results. The proofs of the two Lemmas
below can be obtained directly from system (2.9) and by definition of ¥g in (2.10).

Lemma 2.2 (Regularity of the characteristic system). Let E : [0,7] x R? — R4 pe q
field that satisfies (E1)-(Ez2)-(Es). Consider R > 0 and the closed ball Br C RNIx RN,
Then

1. Ug s bounded in compact sets, i.e.,
|Ug(t, P)| < C,

or a € Br, t € [0,T] and for some C > 0 which depends on R an
for all P € B 0,7] and f C 0 which depend. R and
||E||Loo([07T]><B11{)7 where B is the ball in RY with radius R.

2. Ug is locally Lipschitz with respect to X and V', i.e.,
(VE(t, P1) — YE(t, P2)| < C(1 + Lipr(E))|P1 — Py,
for all Py, P> € Bg, t € [0,T] and C > 0.
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Lemma 2.3 (Dependence of the characteristic equations on E). Consider two fields
E and D satisfying (E1)-(E2)-(E3), and consider the functions Vg, Vp as in (2.10).
Then, for any compact set B C RN¢ x RN,

1
e = D1 (5) < ZIE = Dl (p1)-

Now we provide some results that concern the dependence of the characteristics on
the field E and a quantitative bound on the regularity of the flow Tg.

Lemma 2.4 (Dependence of the characteristics on E). Fiz T > 0 and consider two
vector fields E and D satisfying (E1)-(Ez2)-(Eg). Fiz Py € RNY x RV and R > 0.
Assume

Te(Po)l < R, |To(Ro)l < R,

fort € [0,T]. Then, it holds that

et —1
| T&(Po) — TH(Po)| < e s:;é%)“E(S) —D(s)ll LB
fort € [0, T], where the constant C' depends on R and Lipr(E).

Proof. Let Pg(t) = Ta(Py) and Pp(t) = T (Py) be the solutions to system (2.9) with
vector fields E and D respectively, that is

d d

&PE(t) = Vg(t, Pe(t)), %PD(t) = Up(t, Pp(t)).

Using Lemma 2.2 and Lemma 2.3 we have
t
Pu(t) = Po(0)] < [ 1Va(s. Pe(s)) ~ Un(s, Po(s)| ds
0
t
< [ 1n(s. Pe(s) ~ Tl Po(s))| ds
0
t
+ [ (s, Po(s) ~ ¥n(s, P (o) ds
0
t t 1
< [ 1Pe(s) = Polds + | ZIBG) = D)oy .
By Gronwall’s lemma we obtain that

t s 1

1Po(t) ~ Po(®)] < [ 091 B(s) - D)l ey ds
0 € R

Ct _ 1

< sup [|E(s) = D(s)l| oo (1),

Ce s€[0,T)
that concludes the proof. O

Remark 2.2. Note that the sub-linearity assumption on the vector field E ensures
global existence for solution for ¢ € R. The boundedness assumption in Lemma 2.4 on
the initial flow 7'15(130) is only needed to prove a quantitative estimate on the flow map
for every time t € [0, 7.
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Lemma 2.5 (Regularity of the characteristics with respect to the initial conditions).
Fiz T > 0 and a vector field E satisfying (E1)-(E2)-(E3). Consider P, Py € RN x RNd
and R > 0 and assume

[Te(P)I < R, [Ta(P2)| < R,
fort €[0,T]. Then
TE(P) — Th(Py)| < [Py — Pafe® lopn(®e) e s
fort € [0, T], where the constant C' depends on R.
Proof. Set P;(t) = T&(P;), for i = 1,2, and t € [0, T]. These functions fulfil

da
dt
for i = 1,2. Using Lemma 2.2, for t € [0, T] we have that

Pi(t) = Yg(t, Fi(t), F((0)=F

[PL(t) = Pa(t)] < | P — Pof + /Ot|\I’E(s,P1(5)) — Ug(s, Pa(s))| ds

t
< 1P~ R+ C [ (LipR(E(s) + DIPi(s) - Pa(s) ds.
0
Applying Gronwall’s lemma to inequality above, we get the statement. O

Remark 2.3. Lemma 2.5 ensures that the flow 75 is Lipschitz on Br C RN x RNd,

with constant
Lipr(Tg) < eCJS(LiPR(E(s))H)ds’

for ¢t € [0,T].

Lemma 2.6 (Regularity of the characteristics with respect to time). Let T'> 0 and E
be a vector field satisfying (E1)-(Eg)-(E3). Let Py € RN x RNY R > 0 and assume

|Ts(Po)| < R,
fort € [0,T]. Then, it holds that
Te(Po) = Te(Po)l < Clt — s,
for s,t € [0,T], where the constant C' depends on R and HEHLOO([O,T]xB}%)'

Proof. Since we are assuming that 7%(P) is in a compact subset of RV4 x RN for
every time, then the statement holds by definition of T4(F) and by Lemma 2.2. O

In the following Lemmas we collect some contraction results in the Wasserstein
distance W, that are crucial in proving existence of measure solutions for (2.8). What
we reproduce is the extension to multiple species of the results in [17, Lemma 3.11,
Lemma 3.12, Lemma 3.13].

Lemma 2.7. Let E, D : RV — RN pe two Borel measurable maps and let f €
PLRHN . Then
Wy (E#fa D#f) < HE - D||L°°(suppf)‘

Proof. Thanks to the Definition 2.1 of 1-Wasserstain distance in the product space, it
holds that

N
Wi (E#£, D#f) < Z Wi(Ei#fi, Di#t fi)

i=1
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N
Z ‘E D; ”L°° (suppf)
1=
< HE DHLOO (suppf)’
thus the statement is proved. O

Lemma 2.8. Let T > 0. Let E : [0,T] x RY — RN? be a field that satisfies (Eq)-
(E2)-(E3) and let £ be a N-tuple of measures on R with compact support contained
in a ball Bp C R%. Then, there exists a positive constant C depending on N, R and
HEHLOO([O,T]XB}%) such that

Wl(Té#fﬂE#f) < C’t - 3‘7
for any s,t € [0,T7].

Proof. By the definition of flow in (2.12), we have that

N
Wi (T #E, Ta#f) <> Wi(TE# i, T # 1)

i=1
N
<> Cilt— s
i=1
< C|t —s|,
therefore the statement holds. O

Lemma 2.9. Let T : RN? — RN? be o Lipschitz map and let £,g € P1(RYN both have
compact support contained in a ball Br. Then

Wl (T#fv T#g) S LWI (f7 g)')
where L is the Lipschitz constant of T on the ball Bp.

Proof. By a simple application of the triangular inequality we have

Wi (T#E, T#e) = Wi (Ti#fr -, Tn#fn), (Tidtgr, - Tn#gn))

N

< S Wi (Tt fir Tittgi)]

i=1

2

<> LiWi(fi, 9:)

=1
< L Wl (f7 g)7

that concludes the proof. O

2.3.2 Existence and uniqueness for smooth potentials

We turn now into the existence and uniqueness of measure solutions to system (2.5).
We first provide the following preliminary Lemmas, whose proof is straightforward and
we omit.
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Lemma 2.10. Assume the potentials K;; under assumption (Pot). Let f € P;(R2)N
be with compact support contained in a ball Br C R*. Set By, = {z : (z,v) € Bg}.
Consider the vector field defined in (2.13). Then,

IE[f]l| 5y < and  Lipp(E[f]) < T,

where the constants Z and Y are defined by

N

== Z HvKinLOO(BzR)’
7/7.7:1

and

N
T = Z LipgR(VKij).
4,j=1

Lemma 2.11. Assume the potentials K;; as in (Pot). Let f,g € P1(R*)N and R > 0.
Then,
[E[f] = Elglll o (p1) < TWi(E, 8).

Existence and uniqueness of measure solutions to the kinetic system (2.5) is stated
and proved in the following Theorem.

Theorem 2.1. Assume the potentials K;; under assumption (Pot). Let fo € Py(R2)N
be with compact support. Then there exists a unique measure solution f € P (RQd)N to
system (2.5) with initial condition fy in the sense of Definition 2.2. In particular,

f € C([0,+00); P1(R*HN), (2.14)
and there exists an increasing function R = R(T') such that for all T > 0,
supp(f) C Bg(r) C RY x RY, (2.15)
for all t €[0,T].
Proof. Let fy be such that
supp(fo) C Bgr, C R? x R?,

for some Ry > 0. In order to prove existence and uniqueness of the solution, we are
going to use a contraction argument. In particular, we introduce the metric space

F = {f e C((0, 7], PL(R?*H)N) : supp(f) C Bp for all t € [O,T]},

where R := 2Ry and T" > 0 is a fixed time we will choose later. This metric space is
equipped with the distance Wy, see Definition 2.1. On this space we define a map as
follows. For f € F, consider E[f] defined as in (2.13). Then, by Lemmas 2.10 and 2.11
and by assumption (Pot), we obtain that E[f] satisfies (E1)-(E2)-(E3) and thus we can
define

DIE)(t) = T #fo.



The aim is to prove that this map is a contraction and its unique fixed point in F is
the solution to (2.5). We start proving that the operator I'[f] is well-posed in the space
F. From Lemma 2.10 we have that

B[]l Lo o11xB1) < 55
and from Lemma 2.2,

d
for all P € Bg, C RY x R?, with C; depending on Ry and Z. For T' < Ry/C1, we have
that E[f]#fo has support contained in Bg for all ¢ € [0,T]. Then, for each ¢ € [0, 7],
L[f](t) € P1(R*)N | the support of T'[f](t) is contained in By and the map ¢ — T'[f](t)
is continuous by Lemma 2.8. Thus the map I' : F — F is well defined.

We show now that the map is a contraction, i.e., considering two functions f, g € F and
taking I'[f] and I'[g], we want to prove that

Wi(T[f], T[g]) < CW(f, g)

d
‘ Té[f](P)’ < Cy,

for 0 < C' < 1 which does not depend on the functions f and g. By definition of I" we
have that

Wi (T[], T[g]) = Wi(Tgggy#fo, Tajg #50)-

Using Lemmas 2.7, 2.4 and 2.11, the above distance can be estimated as follows
Wi(Tige #60, Tijg #60) < I Tete) — Toigl |z supp )
< C(t) sup [[E[f](s) — E[g](s)llL~(p1,)

s€(0,T

< C(H)IWI(E, g),

where C(t) = (e“2t — 1)/eCy is the function in the statement of Lemma 2.4, with C a
constant depending on R and Y. Therefore, we obtain that

Wi(T[f],T[g]) < C(t)TWi(f, g).

Since it holds that
lim C'(t) = 0,

t—0
we get
Wi (T[], T[g]) < C(T)IW(f, 8).-

We can choose T' small enough so that C(T)Y < 1. In this way, the functional T' is
contractive and then there is a unique fixed point of I' in F. By construction it is easy
to see that this fixed point of I" is a solution to (2.5) on [0, 7. Finally, since the growth
of characteristic is bounded, as proved in Lemma 2.1, we can construct a unique global
solution satisfying (2.14) and (2.15). O

Proposition 2.1 (Stability of the solutions). Assume that the potentials K;; are under
assumption (Pot). Let £y, g0 € P1(R?*D)N be with compact support, and consider the
solutions £,g to (2.5) with initial conditions fy and gy, respectively. Then, there exists
an increasing function r(t) : [0,00) — R with r(0) = 1 that depends only on the
supports of fy and gy such that

Wi ((t),g(t)) < r(t)Wi(fo, o), (2.16)
fort >0.
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Proof. Take T'> 0 and let R > 0 such that the supports of f(¢) and g(¢) are contained
in Br C R?? for each t € [0,7]. In order to prove the stability result, we follow the
strategy introduced in [17, Theorem 3.16], where a triangulation argument mixes the
estimates obtained in the previous Lemmas. We get

Wi(£(t), (1) = WI(T]Z:t[f]#an E[g]#go)
< WI(T]:é[f}#f()a T]é[g}#fo) + Wi (m[g}#f(b m[g]#go)
= A + As.
Using Lemmas 2.7, 2.4 and 2.11, we get
A < ||7—]§[f] - 7-]§[g]HL°°(suppf0)

t
1
Ci(t—s) = _
S/O et 5IIE[f](S) Elgl(s)ll oo (p1) ds

t
<Gz [ ECIMEs).8ls) ds.
0

Moreover, by Lemma 2.5, calling L the Lipschitz constant of T}é[g} on Bp, we have that

Ay < LWi(fo, 80) < e“*'Wi(fo, g0),
for all ¢t € [0,7T]. Thus, we obtain
T t
WAlE(0,8(0) < T [ e IWAR(5),(5) ds + Wi g0).
0

Setting C' = max{Y /e, C1, Co}, multiplying by e~ ¢* we get

e “WL(E(t), (1)) < C/Ot e~ Wi(£(s), 8(s)) ds + Wi(fo, go)-

By Gronwall’s lemma we derive
e~ M(E(2), (1) < Wa(fo, go)e ™,
for t € [0, 7], thus (2.16) holds. O

Theorem 2.2 (Existence of smooth solutions). Let T' > 0 be a positive time. Assume
VK;; € WL(RY). Let £y € CHR2)N N LYR2HN . Then system (2.5) has a solution
e € C([0, T); CL(R2®N)N) with initial datum f.

Sketch of Proof. We provide a sketch of proof. The details can be found in [43] for
Vlasov-Poisson system and Vlasov-Maxwell system. The proof is divided in three steps.
One first constructs an approximating sequence £ € C([0, T]; C*(R? x RH)N) by iter-
ations, defining £5"*! to be the solution of

1 1
B fe" ! pu . Vet Vo (vfe"thy + B} Voot = o,

ff’"H(O,x,v) = fio(:U’,U)?

as i=1,...,N. Once we observe that the characteristics associated to the system
above depend on n, but still satisfy the features in Lemmas above, then it holds that
fen ¢ 1[0, T];CH(R? x R%)Y) is uniformly bounded with respect to n, since all the
constants in the estimates above depend on the support of the initial datum and on
the Lipschitz constant of the kernels. Next, showing that f*" is a Cauchy sequence in
C([0, T); C* (R4 x RY)N) converging to the solution to (2.5), we complete the proof. [
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2.4 Uniform estimates in ¢

In this Section we gather some uniform in € estimates we will use to prove the conver-
gence of solutions to (2.5) towards the solution to (2.1) as ¢ — 0. For this reason, we
make the e-dependence explicit, i.e., we deal with the system

N
1
gt + v 9uff = 29, (4 S VE 45) 7). (2,17
j=1
fori=1,..., N, equipped with initial data
fE(t, z,0)|i—0 = f5(z,v) € Pr(R? x RY), (2.18)

and where
pilta) = [ g 0)do,
Rd
Throughout this Section, we assume the initial data with compact support.

Proposition 2.2 (Uniform estimate for the support). Assume all the potentials under
assumption (Pot). Let £ be a solution to the system (2.17)-(2.18) as proved in Theorem
2.1. Then, there exists an increasing function R(T') independent on e such that for all
T >0,

Supp(£°)(1) € By, (219)

for allt € [0,T] and € > 0. The function R(T) depends only on the support of £f§ and

—
—

Proof. Consider the initial point (xg,vo) € supp(fj). The support of f¢ evolves accord-
ing to the flow associated to the following characteristic equations

dxs
dtl =5, (2.20)
N
dvs
et = — > VK pf, (2.21)
j=1
starting from (x;0,vi0), as ¢ =1,..., N. Since
N N
D VK p5| < D IVEll e = Cin,
j=1 j=1
for i=1,..., N, we have that the Euclidean norms [v5(t)| of the trajectories of v§
satisfies
d|vs 1 1
< b+ lon o = v,

with C1 = max; C;1. Therefore, there exists a constant Cy depending only on the
support of fy and = such that all the characteristic trajectories starting within the
supports of fy satisfy

07 (8)] < Ca,
asi=1,...,N, for all t > 0 and € > 0. The trajectories of 7 grow at most linearly in
time since a1

— < il
Then, there exists a function R(7T) that depends only on the supports of fy, T and =
such that (2.19) holds. O
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2.4.1 Estimate for smooth solutions

We first produce uniform in € estimates in case of smooth solutions, namely solutions
given by Theorem 2.2. In the next Subsection, we will deal with uniform in € estimates
for measure solutions.

Proposition 2.3. Assume all the potentials under assumption (Pot). Suppose that the
indtial datum £ in (2.18) has a finite first moment in v, i.c., [v|fio € L' (R? x RY) for
all i=1,...,N. Let f¢ be the classical solution to (2.17), as in Theorem 2.2. Then
there exist some positive constants C;, asi=1,...,N, and a function M(g) depending

on €, such that
//]RZd

for all t € [0,T], where C; depends on |[(1 + |v]) fioll 1 (g2a) and E. Moreover,

N
v+ Z VK” * pj
J=1

fidedv < C;M (e), (2.22)

lim M(e) = 0.
el0

Proof. We set

N
v+ Y VK pf| ff dadv,

Jj=1

Ii(t) = //RM

asi=1,...,N. We want to prove that there exist C; and M (e) as in the statement
such that

sup I;(t) < C;M(e),
te[0,7

for a small . Straightforward computation shows that

0= [
Lo

By using system (2.17) and integration by parts, we get
N
v+ Z VKW * pj

— [, w0
e (o))
A
o

N
j=1

) fidxdv

N
v+ > VK ps|Ouf] da d.

j=1

O fs dx dv

dz dv

N
v+ Z VKW * p;
j=1

N
v—l—ZVKZ-j * 05| dz dv

j=1

N
j=1

) fidxdv

N
7j=1

fi dz dv.
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Therefore, we have that

S It) = () + 110 + I2(0),

[0
- L. <U v,

for i=1,...,N. In order to obtain our claim, we want to show that I}(¢) and I?(t)
are bounded linearly by I;(¢), and then derive a differential inequality to bound I;(¢).

Setting
(fi) = /Rd fidv,

integrating (2.17) in v, we have that

with

N
v—l—ZVKij * 05 )ffd:vdv,
=1

N
v+ Z VKZJ * pj
7=1

)ff dzx dv,

Op; + Va - (vfi) =0, (2.23)
and the conservation of masses
165 O Lrray = [ fioll L2 (m2ay

for all ¢ > 0 and for all § = 1,..., N. Thus, using the equation for p in (2.23), we can
preliminary estimate

U+ZV i * 05

N
< ZVKU *atpj <
j=1

8t AKZJ * <’l)f]€> .

Jj=1

By adding and subtracting Z;LV:1 V K;p, x p}, in the absolute value in the right hand side
of the inequality above, and using assumption (Pot) we get

N
AK;j * <<u + ) VEip = p;> fj>‘

h=1

N

2

Jj=1

N

<X

=1

VEK;j* (vf5)

N N
+ > [AK; # o5l 1 ZHVKM * Phll 100
7=1

N
<SR- [ \w+2vm*ph
j:

f5(,w,t) dw

2
+ ZIIAKinLw IV B[ ool 051
j=1
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Thus, integrating the above inequality in x and v we get

N
|AL;HAL@@@

N
08Kl [ (ol g5 w0570, 8) e dodu
j:l Rd JRE JRd

fi (@0, ) f5 (2, w,t) do dv dw

N
v+ Z V K;p, * p%
h=1

N
2
+ Y IAK | oo | VK o 165 1715
j=1

N
ZHA illpe L5 1

+Z\|Amjum( [ [l [ |wrf;<x,w,t>dx,dw)
Rd JRY R4 JR4

=1
N

2
+ Y IAK o IV E il o 105171195 1
j=1

Since f; € Pi (R24) for alli = 1,..., N, we obtain that for each i there exist two positive
constants A} and A7 depending on = and all ||(1 + |v|) fiol ;1 such that

IMNt) < AlL(t) + A2,

Concerning the terms Iin we can estimate

N
2 £ p€
|17 (2)] SZ/}MXRCI!UHAK@- % 5| ff doe du
ZHAKWHWH%HU I, Jelsz o
N
< SNl 5l [ //

N N
<D IAK 165l [Ii(t) + > IVl oo 165l 12 IIP§HL1]-
j=1 h=1

v+ Z V Kinpj,

fidxdv

VK, * pj,

fi dx dv]

Thus, we derive that for each ¢ there exist two positive constants Bi1 and Bi2 depending
on Z and all || fio||;1 such that

[I2(t)] < BiLi(t) + B}.
Hence, considering the estimates above, we obtain that

1
—Li(t) < —in(t) + CH;(t) + C2, (2.24)

36



where Clk = Ai-“ + Bf fori=1,...,N and k = 1,2. Furthermore, at time t = 0 we get
L;(0) < |l|v] fooll 2 + Dy (2.25)

asi=1,..., N, where the positive constants D; depend on Z and all || fio|| 1. Combining
(2.24) and (2.25) and using Gronwall’s lemma, we obtain that

sup Ii(t) < CiMZ'(E),
te[0,T

where the constants C; depend on Z and all ||(1 + |v]) fiol| ;1. Finally, is it enough to
note that M(e) := max;{M;(¢)} decays to 0 as e — 0. O

2.4.2 Estimate for measure solutions

In this Section our aim is to find an estimate as in (2.22) for a measure solution f to
system (2.17). In order to proceed, we introduce the mollifier

7 (,0) = 02ty (na, ) € €2 (R2),

where

supp(v\V) € B(0,1) c R*, 41 >, //de YD (z,v) dz dv = 1,

// |y (z,v) dz dv < 1.
R xR

Now, let fy € P;(R?%)N be with compact support and let € > 0 fixed. Define

£ = g5 5y, (2.26)
ie.,
157 = oy € O,
foralli =1,..., N. The following is a classical result concerning the mollifier v, see [1].

Lemma 2.12. Let f € P1(R?)N be with supp(f) € B(Ry) C R*. Then

(i) supp(f(™) c B(Ro + 1) for alln > 1.

L. ol de o
X

are uniformly bounded, for alli=1,...,N.

(ii) £ € PLR*NHN and

(iii) {£M},>1 is a Cauchy sequence in P1(R*))N equipped with the Wasserstein dis-
tance Wy and || f) — fllyy, = 0 asn — +oo.

Consider that the approximating sequence £&(™) satisfies the system

N
" n 1 n n
o7 4090 < Ly, <<v+ZVKz'j*p§" ))ff’( >>7 (2.27)

=1
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fori=1,..., N, equipped with initial data

£ o= £ (@, 0),

with

Rd

Lemma 2.13. Assume all the potentials under assumption (Pot). Let £y € Py (R?*4)N

be with compact support and fén) defined as in (2.26). Then for each T > 0 there exists
a solution £ € C([0,T); CH(R?*H)N) to (2.27) whose support depends only on T and
2 and is uniformly bounded both in e and n. Furthermore, if £5 € C([0,T), P1(R2H)N)
is the unique measure solution to (2.17) as provided in Theorem 2.1, then

fe’(n) (ta E ) Kl—) fs(tv K ) in Pl(R2d)N7 (228)
uniformly in t as n — oco.

Proof. Since fé") € C2(R?*)N | we can apply Theorem 2.2 and we find that there exists
a smooth solution £5(™ € C([0,t), CL(R?*))N) to (2.17) for every € > 0 and every n > 1,
with compact support. By Proposition 2.2, we have that supp(fe’(”)) is independent

of € and depends on T', = and the support of f(gn). Since by Lemma 2.12 supp(f(gn)) is
contained in a ball for all n > 1, we deduce that supp(fs’(")) is uniformly bounded both
in € and in n for all t € [0, T]. Now, let ¢ € C([0,1), P1(R?¥)N) be the unique solution
to (2.17) as in Theorem 2.1. By Proposition 2.1, for all ¢ > 0,

18200 = £y, < r(D)E5" — foll,.
By Lemma 2.12, we have the assertion. O
From this result it follows that
p= M (t, ) — p(t,-) weakly as measures (2.29)
for each ¢ € [0,T) as n — oo, where p = (p;)Y,.

Lemma 2.14. Let £¢ be the solution to (2.17) obtained as limit of approximating se-
quences £ as in Lemma 2.13. Then, for allt > 0, VK;jxp5 are continuous functions
inR? for alli,j=1...,N and

VKZ']' * p;’(n)(t, ) — VKZ] * p;(t, )

strongly in LS (RY), as n — oo.

Proof. Given the regularity of £ i.e., £5(") € C([0,T);C'(R>%)?) and the assumption
(Pot), we get the continuity of the convolutions. Moreover, we can easily estimate

VK5 05| < IV K| e
and for all z1,z2 € R?, we have
VI 07" (1) — VK % p2 7 (@2)] < [V EKj | poe |21 — 23],
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fori,5 =1,..., N. Thus the sequences

{VEK;; = Pj’(n)}nzl

are equicontinuous and uniformly bounded. Hence, by Ascoli-Arzela theorem, they
strongly converge on a subsequence on compact sets in R?. Furthermore, by (2.29) we
have that the limit functions are

VKij * pia
respectively. These limit functions are also continuous on R? by inequalities above
(using p5 in place of pj’(n)). Then it follows the assertion. O

Since the approximating sequence £5(" is smooth, we can apply to it Proposition
2.3 with ¢ fixed. In particular, with n > 1 fixed, we can say that there exist N positive
constants C; depending on = and all ||(1 4+ ‘U’fi((’]n))HLl and a function M(g) depending
on ¢ such that for € < g

N
I ORWNG)
‘//de (v—i—ZVKw*pj >fi da: dv

j=1

By part (i7) in Lemma 2.12, we have that [|(1+ |v|fi(81)) || ;1 are uniform bound in n for all
i=1,...,N, thus the function M(e) and the constants C; can be chosen independent
on n. Therefore the estimates

N
B OR WG
’//RM <U+ZVKU*pj )fz. da dv

j=1

< Oy M (e) (2.30)

hold for allm > 1 and t € [0,T], asi=1,...,N.

Proposition 2.4 (Main estimates for measure solutions). Assume e > 0 fized such that
(2.30) holds and assume that assumptions in Lemma 2.15 are satisfied. Then for any
(¢)N, € Co(R2*YN there exist N constants C; such that

’/Rad #i(@,0) <” + f:ng *Pi(x)) fi (w,0) dwdv| < CiM(e)

j=1

hold for all te [0,T], asi=1,...,N. In particular, the constants C; are independent of
e and t, and C; = ||¢i| .« Ci, where C; are constants depending on all [[ (1+]|v|) fio dz dv
and =.

Proof. Multiplying (2.30) by ¢; we have

N
|//IR2d P, v) (v + Z VK;j * p?(“)) flfs,(n) do duv

J=1

< Cillbill o M (g), (2.31)

where C; are constants depending on = and the first moment of f;p in v. Let Q(T) be
the common support of £ (¢) for all ¢ > 0, n > 1 and t € [0,T]. Then, by Lemma
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2.14 and Proposition 1.2, we obtain that for each t € [0, 7],

N
/Rw@(x’ v) <U + Z VK * P?(n)> ff’(n) dxdv
7=1

N
_/ dil@,) (“ + ) VK * p?(")) 72 dzdv
Q(T)

j=1
converges to
N
/RM di(x,v) (1) + Z VK;j * pj) fi dxdv
j=1

as n — oo, for all i =1,..., N. Therefore, considering the limit as n — oo in (2.31),
we find the assertion. O

2.5 Small inertia limit

We now tackle the e — 0 limit. More precisely, we consider f¢ solution to (2.5), satisfying
the uniform bounds as stated in Proposition 2.4 and we show that the marginals

pilta) = [ fitao)do, (2.32)
Rd
asi=1,...,N, converge to a solution p = (P’i)f’il to the first order system
N
8tpi -V <<Z VKZ']' * ,0j>pi> = 0, (2.33)
j=1

fort=1,..., N, equipped with initial data
pi(t, ) |t=0= pio().
Next we define the weak solutions to (2.33).

Definition 2.3. A weak solution to (2.33) is a N-tuple p = (p;)., € C(0,T), P(RH)N)
that satisfies

T T N
/ Orpipi dx dt—/ Vi <Z Kij*ﬂj)/)i dx dt+/ ¢i(0)pio dz =0, (2.34)
0o Jrd 0 Jrd = Ré
for each ¢; € C1([0,T);CL(R?)), asi=1,...,N.

Theorem 2.3 (Small inertia limit). Let T' > 0. Assume all the potentials as in (Pot).
Consider fy € P1(R2)N with compact support. Let £ € C([0,T); P1(R2)N) be the so-
lution to system (2.5) given by Theorem 2.1. Let pS be given by (2.32), fori=1,...,N.
Then there exists p € C([0,T); P1(RY)N) such that for each t € [0,T),
14% .
po(t,) == p(t,-)  in Py(RT)Y
as € — 0. Moreover, p is a weak solution to system (2.33) in the sense of Definition

2.5.
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Proof. We start noting that, for each ¢; € C}([0,7);C}(R??)), the measure solution f°
satisfies

T T
/ / Orpi f5 dx dv dt + // i (0) fio dz dv + / / Vi - vf dedvdt
0 R2d R2d 0 R2d

1 T N
- = v ®i - EVKZ-‘ <) fSdedvdt =0,
5/0 /RQquﬁ <v+ ]*pj>fl x dv 0

J=1

(2.35)

for all i =1,...,N. Consider v¢; € C}(0,T), and x; € C,}(]Rd), ast=1,...,N, and
define
¢i(t,x,v) = Yi(t)xi(z). (2.36)

Using the test functions defined in (2.36) in system (2.35) we have
T T
/ wg(t)/ Xi(2)p5 (¢, z) dx dt = —/ i (t) // Vaxi(x) - vfi dedvdt.
0 R4 0 R2d

Set

Thus, it follows

/OT Yi()&(t) dt = — /OT Wi(t) //Rw Vaxi() - vff da dv dt,

for any 1; € C(0,T). Therefore, we deduce that the weak derivative of &; is

&) = //R2d Vaxi-vfi dedv e L>(0,T).

Let (T) be the common support of £¢ for every ¢ > 0 and for all ¢t € [0, T]. By Theorem
2.1, £ is uniformly supported on Q(7T"), thus

1€illwroo 0.y < CilT)IXill et (mays (2.37)

where C; depend on T' and are independent of €. Since §;(¢) are uniformly bounded in
Whe(0,T),asi=1,...,N, by Ascoli-Arzela theorem there exist a subsequence ¢ and
a function p;(t) € C(]0,7T)) such that

/R @), 0) do gt (2.39)

uniformly on [0,7) as € — 0. Furthermore, Proposition 2.2 ensures that the support
of f¢ is uniformly bounded in e, then the sequence p®(t,-) is tight. By Prokhorov’s
theorem 1.1, for each ¢ € [0,T), p(t,-) converges weakly-*, up to a subsequence, to
p(t,-) € P(RY)N. By Proposition 1.2, we have that this implies convergence in P; (R%)Y
with respect to Wi-distance. Hence, for each ¢ > 0, there exists a subsequence of p°k
denoted by p®*n, where k,, may depend on time, such that

pn(t,) X p(t,)  in Py RN
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as g, — 0. It follows that for each t € [0,T) and all y; € C}(RY) we get

[ aprde > [ gt do (2.39)
R4 R4
as €k, — 0. The limit y;(¢) in (2.38) is unique at each ¢ € [0,7"). Combining this

with (2.39), we deduce that the sequence p., (t,-), with €, independent of time, and
p(t,-) € P1(RHN satisty

[ i@t tayde [ @it do (2.40)
Rd Rd
uniformly on [0,7) as e, — 0, for any x; € CL(R?). Moreover,

po(t) 25 p(t, ) in Py(RDY (2.41)

as € — 0. Now we want to prove that in (2.40) we can consider test functions x;
depending also on ¢. In particular, taking (;(t,z) € C.([0,T);C}(RY)) we have that

[ Gttt ) do
Rd

are equicontinuous on [0, 7). Indeed, considering s,t € [0,7),

‘/{Zta: twdw—/{,sxpl(sac)d
< [ J6(t.0) = G, 25t ) o+ ] [ Gl t.0) = ()
R4 RA

< sup[Git, @) — Gils,2)[ + Ci(T) sup [1Gillea gyt — 5.
te(0,T)

z€RY
Since ¢; is uniformly continuous on [0,7) x R?, then

sup |Gi(t,x) — Gi(s,x)| = 0 as |t —s| =0,
zER4

and we get equicontinuity. Thus, up to a subsequence,

/Cztx ta:da:—>/ Gi(t,x)pi(t,z) dz (2.42)

uniformly on [0,7) as e — 0, for any test functions ¢; € C.([0,T); C}(R%)).
Now, set

N (T) ={z : (z,v) € QT)}.
We can deduce that €; is bounded and both supp(p) and supp(p®*) are in Q4 (7)) for
all t € [0, 7). Consider ¥; € C2([0,T);C}(RY)) and let ¢;(x,v,t) = V;(x,t) in (2.35), as
t=1,...,N. Hence

T T
/ O, pk da di —|—/ / Vo, vf* dedodt +/ U, (0)pio(z) dz = 0. (2.43)
0 JRrd 0 J/r2 R4
Regarding the first integral in (2.43), by (2.42) we have that
T T
/ OV, psk du dt — / OV, p; dz dt,
0 Jrd 0 Jrd
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as € — 0. Concerning the integrand of the second term in (2.43), it can be rewritten
as

N
/RQd Vo vf* dedv :/]RZd V. ¥; - (U + ZVKM * pi’“)ff’“ dx dv

j=1
_/de <ZVKU*;) ) £ du dv.

By Proposition 2.4, we have that
N
R2d =1

as €, — 0, uniformly in ¢. The families {VK;; * p?“ (t,-)} are bounded in W1 >(R9) for
all ¢t € [0,T). In particular,

IVE; % 03 (E, oo may < IVEijllyroomay-

Now, we want to prove that {VK;; * pjk} are equicontinuous in ¢. In order to use
inequalities in (2.37) with the kernels in places of x;, we should mollify K;;. Let

K(n) K;j; * fy( n)
where (" is the mollifier defined in Subsection 2.4.2. It follows that
VK = VK7™,
thus, we have
HVK Hcl < HVKZJHW1°07

for all n > 1. Now, considering the mollified interaction kernels acting on the i-th species
in estimates (2.37) in places of y;, we get

=

N N
supl| S VE % p¥ | y1e o1y < Ci(T va Dlex < CHT) DI VE e
x — j=1

Furthermore,

N
ZHV e < ZHVKUHWm,

7j=1

Wloo Rd

thus, we find that

Z VK(n * pj’“

2

leoo(lex(&T)) Z_: T
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Therefore, for all z,y € R? and s,t € [0,T), we get

0L 5 0) - VK |

(2.45)

N
s<@@3+M(§JVmemQGr—ﬂ+m—yu

j=1

Since VKj;; are continuous, by Lemma 2.14 we get
VK = VI,

uniformly on compact sets in R?. Since

N
SOVEDN (@) - VE(@)

j=1

N
Z [VKZ(;L) *pi*(t,x) — VE; % pt(t, x)
j=1

|

-

xT

we have that for any compact set A C R?,

N
Z *pj o, ZVKZ] *pJ (t, x),

j=1

uniformly for ¢ € [0,7T), for z € A, k € N. Therefore, considering the limit as n — oo
in (2.45) on a compact set A C R, we get

N
Z [VKZ'j * pjk (t, -T) - VKij * pjk (S, y)] ‘
j=1

N
< (C(T) + 1)(Z||VKM||W1,OO> (Jt = s| + |z — y]).
j=1

Thus, by Ascoli-Arzela theorem, there exist N subsequences still denoted by p5*, as
i1 =1,..., N, such that

N N
ZVKij * p;k — Z VKZ‘]‘ * pg,
— =

as e — 0, strongly in L>®([0,T) x A), with A C R? compact set. Hence, for every
te[0,T),

N N
/R Vi [Z(VKZ-]- « pit (VEij * p; pz} dz

j=1 7j=1

N
§Z/ V| - [VE;j * pi* — VEKij * pjlp* dx
)

(VEy % ) (05— pi) da
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N
<Y VK % 05 = VK % pjl] oo (0 () IV Wil oo

)

/ VU (VK * p) (o5 — pi) da
Q1(T)

and the first term goes to zero as £ — 0 uniformly on [0,7") and the second integral
vanishes as e — 0 by (2.41). Combining this with (2.44) we obtain that, for each
te(0,7),

N
/ VU -oftdedy — — [ VI, [Z(VKZ,- % pj)pi:| dz
R2d R4 j:l

as €, — 0. Finally, define
Qo(T) ={veR? : (z,v) € UT)}.

We have that Q9(7) is bounded for all ¢ € (0,7") and the following uniform estimate
holds:

‘/ VU, - ofF dxdv| < DiHV‘I’iHLw(Rd)v
R2d

where the constant D; depends only on Q9(7"). This implies, by Lebesgue’s dominated
convergence theorem, that

T T N
/ / \VA7% Uffk dx dvdt — —/ VU, - [Z(VKU * ,Oj)pi:| dx dt
0 R2d 0 Rd

j=1

as ex — 0. Thus the limiting N-tuple of measures p € C([0,T); P(R)") is a solution to
system (2.33) in the weak sense. O

Corollary 2.1 (Uniqueness). Assume that the assumptions in Theorem 2.3 and Propo-
sition 2.1 hold. Then, the N-tuple p € C([0,T); P1(R))N) obtained in Theorem 2.5 is
the unique solution to system (2.1).

Proof. The proof follows by Proposition 2.1. Indeed, if we assume that there are two
solutions starting from the same initial datum, by (2.16) we have the statement. O

Corollary 2.2 (Uniqueness with gradient flow structure). Assume that assumptions in
Theorem 2.3 hold. Moreover, assume that the cross-interaction kernels are equal, i.e.,
H = Kjj, fori # j. Then the solution to system (2.1) obtained in Theorem 2.5 is
unique.

Proof. Since p € C([0,T),P1(RYYN) is a weak solution to (2.33), by [39, Theorem 5.1]
and the references therein, we can say that p is the push-forward of pg via the flow 7'é[f]
where E[f] = (E;[f]))Y, with
N
Eilf] == VKi;*p; € L=([0,T) x RY),
j=1
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that is

p= T]ém#PO-
Furthermore, p(t,-) has compact support and it is narrowly continuous in time, since
we get that p(t,-) € C([0,T); P1(R%)") where the continuity is in the W, metric, (see
Proposition 1.2). Then p is the unique solution to (2.33) in the mass transportation
sense. 0
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Chapter 3

Small inertia limit to first order
nonlocal system: singular case

In this Chapter we deal with a multi-dimensional system with many species subject to
smooth cross-potentials and singular self-potentials. We consider in addition an inertial
effect. Once we introduce the mesoscopic and macroscopic models we want to study, we
perturb the self-potentials in order to switch to a regularised system. After providing
some uniform estimates with respect to the perturbation, we prove existence of weak
solutions to the kinetic system. Then we show rigorously that a solution to the kinetic
system converges towards a solution to the corresponding macroscopic system as the
inertia goes to zero.

3.1 The model

The kinetic system we investigate in this Chapter is

N
1 1
Ofi+v Vafi= Vo (fi)+ - (Z VK * pj) Vo fi, (3.1)
j=1
for i =1,..., N, with smooth cross-potentials K;;, i # j, as in assumption (Pot) and
singular self-potentials K;; of the form
C.

with «; € (0,d — 1], and some positive constants C;. As said, p;(¢,x) is the macroscopic
population density of the i-th species, namely

pi(t,x) = /Rd fi(t,z,v) dv.
We consider system (3.1) equipped with initial data fo = (fio)¥.; such that
fio € L N L®(R? x RY), and (|22 + |v]*) fio € LY(R? x RY).
We want to study the ¢ — 0 limit in (3.1) to derive the first order macroscopic system
Ohpi =V - (piug),
U = iVKij * pj, (3:3)

j=1
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for i =1,..., N, with smooth cross-potentials as in (Pot) and singular self-potentials
as in (3.2). Note that if a; € ((d—2)V0,d), then K *p; = A% 9p; with A = (—A)% up
to constant. Thus in this case the system (3.3) becomes the following coupled fractional
porous medium flows, [16]:

N
Opi =V - (Pz‘ <VAai_d,0i + Z VK;; * ,0j> )7
—
2

for i =1,..., N. The notion of solution we adopt for the kinetic system (3.1) is that of
weak solution contained in the next Definition.

Definition 3.1 (Weak solution to (3.1)). Let fo = (fio)X; € P1(R? x RY)N be the ini-
tial datum. A weak solution to (3.1) is a N-tuple f = (f;)¥, € C([0,T), P(R? x RH)™)
that fulfils

T T
/ // Or¢; fi dx dv dt + / // v - Voo fi drdvdt
0 JJRixRrd RxRY
// fzodifdv—/ // v Voo fi dax dodt
R4 xRd Rd xR

///Rdxmd U¢"<ZVKZJ*Pz>dexdvdt—o

7=1

for each ¢; € CL([0,T);C}H(R? x RY)), as i =1,...,N.

3.2 Regularised system

We start by considering a regularised version of the system (3.1). For this purpose, we
perturb the self-potentials and consider the following system

Of) +v-Vaf) = Vo (vf]) + ( § VK, * p?) Vol (3-4)
fori=1,...,N, with
C.
g __
Kji(z) = | + 0

and

pta) = [ fitao)do

In system (3.4) we setted Kfj = Kjj;, for ¢ # j, in order to keep the notation to a
minimum. Notice that the global-in-time existence and uniqueness of a weak solution
to the regularised system (3.4) follows by the results developed in Chapter 2, since the
force fields VK 15] * p?- are bounded and Lipschitz continuous. See in particular Definition
2.2 and Theorem 2.1.
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3.2.1 Uniform in § estimates

In this Subsection we gather some uniform in § estimates that we will apply for proving
existence of solutions to system (3.1). Let us begin with L> bound estimates.

Lemma 3.1. Let T > 0 and £° == (f{,..., f}) be the weak solution to (3.4) on the
interval [0, T in the sense of Definition 2.2. Then we have

4 ) dia-Hr
sup [1£2Co ) o < 1 FoN o= 7007,
0<t<T

for p € [1,400), and

5 5 diT
sup [[f7 ()l o < I fiollpce™ "
0<t<T

Proof. By integrating by parts with respect to x and v we get

CZ//]Rded(f%p ddo == ép(p - 1)//]Rd><Rd(f?)p_2vfo v f]
Lo 5yp-2y ﬁ(NKéé)é
5]7(]) 1)\//]Rd><Rd(fZ) va ]Z_; ij * p] fz

SR T AR

Thus,
d// (ff)Pd:cdv:dl(p—n// (f3)P dz dv,
dt R4 x R4 9 RI x R4

for p € [1,+00). Therefore, by Gronwall’s lemma we have

— 1ip—
Hfi(s('v S = Hf%H’ipedAp Dt
Then, it follows that

dia-Hr
sup [|F2Co Ol e < £l o™ o),
0<t<T

for p € [1,4+00). Sending p — +o0 in the previous line, we obtain that
§ ) diT
sup Hfz ('7 '7t)HL°° < HinHLOOe )
0<t<T

that concludes the proof. O

Now we prove a Lemma that points out the relationship between the local density
and the kinetic energy (cf. [44, Lemma 3.1]), that we will use to estimate the interaction
energy. Notice that in the next result we consider generic functions and we do not work
along the solutions of system (3.4).

Lemma 3.2. Assume that f; € LY N L®(R? x RY) and lv|?fi € LY(REx RY), as
1=1,...,N. Then, there exists a positive constant C' such that

ClfIT2 2w
) < || 447 )
o o2 < CURIER ([P fidea)

9
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In particular, we find that

d
38
8 9 d+2 1—
oo < CURIE(J[ pisdean) ™ 1l
X

for all p € [1,%2], with p; = [ fidv and B = 21— 1),

Proof. Let R > 0. Then

1
w=[ora=([ v [ Vaavs [ piravecllr
Rd wzr  Jpl<r R* Jpa

For R = (fRd\v|2fi dv/HfiHLoo)d%? we have that

d
d+2
msmmW“</hﬁﬁm)*
Rd

d+2 and integrating with respect to x, we obtain that

Taking the power to

d
d+2
||Pz“ a2 < C'||f1||gl+2 <// 0|2 f; da dv) )
Rd xRd

By using the L? interpolation inequality, we obtain the result. O
Let us now provide a bound estimate on the interaction energy.

Lemma 3.3. Let T > 0 and £° be the weak solution to (3.4) on the interval [0, T]. Then

(62 (o7}
L Kl = st dedy] < il 5 181
X

where C; > 0 is independent of 9.

Proof. We recall the classical Hardy-Littlewood-Sobolev inequality, that is

-
’ﬂ;MMW—MV@MMSQMwmwm
X

for p € LP(R?), v € LI(RY), 1 < p,qg < 00, 1/p+1/¢+A/d=2,and 0 < X\ < d. By
LP-interpolation we know that for 1 < p,q < v,

_ 1 a
lpill o < llill 2 lloill - ; :1_a+;’
and 1 b
loillze < ol Noullzy o =1=b+ 2
Thus

2—(a+b) ||a+b

lpill Lollpill o < Nlpell o™ Nl

If 1/p+1/q+ A/d =2, then
voA
b= ——-.
a—+ S —1d
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If we take v = ‘%2 and A = q, we obtain

//Rdx]RdK v ()pl(y d“”"d?“/<//]RdX]R i@ —y)pl () (y) da dy

< Cz‘HPi HLPHpiHLq
< Gillo} HL1 "ol H”%Z
< Cini0||L1 e ||pz‘|2ddil27
with C; > 0 independent of §. O

Next we provide a uniform in § estimate on the second moments of the weak solution
£0 to system (3.4).

Proposition 3.1. Let T > 0 and f° be the weak solution to system (3.4) on the interval
[0,T]. Assume that

/d pioKi; * pio dx < oo.
R

Then the following estimate on the second moment holds:

2 )N s 1t L s
) fdedu+ - —5|vfi| drdvds < C,
RixRd \ 2 2 e Jo JIrixrd f;

for all t € [0,T] and for some C' > 0 independent of 0.

Proof. A direct computation gives that

1 9o s
drdv) = = 5 du d
2dt (//Rded|v| f} da U) 2//Rded’U| O f; dx dv

=5 vfJi =V Val; d
2//d>< d|v| [6 (vf?) E VK % p0) - Vofl —v- Vo ff | dudv

1
S oeR ) vf5dfvdv—// voff dudy
R4 xRd = R4 xRd
1 ) s
:_EZ y ]Rd (VK. *pj) vfi dx dv
=

J
—// (VK % pd) - vff dx dv
RIxR4

—// v fuf‘sda:dv
€ JJRIxRE

For i # j, we have that [VK;; * pj| < ||VKjj| 1, thus

‘// VK‘s *p] dx dv| < ||VK; HLoo// [v| £2 d: dv.
R xR4 R xR4
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If, instead, ¢ = j, by using (2.23) in Proposition 2.3 we get

dt ( //Rded w(@ = y)pf (2)p; (y) da dy>
://RdedKfi(w — )0} ()75 (y) da dy

RIxR4
R4 xR4

S //R d Rd(VK;i- « ) - 0f? dudo.
X

Thus, we derive

1d 2 11d // 5 s
P ‘ S KO (2 — 1) 0% ()8
> ( L. s d:cdv) vl dt( [ K-yl dody
:_E:// VKU*P]) Ufédmdv—// v-vffdacdv.
R xR4 R xR
J?él

In the spatial variable, we have the following estimate for the second order moment

d jz? 2|2
7 Oy f? dx d
dt<//ﬂ&ded 2 ) //Rded 9 tfz T av
2
:// x-vffdxdvg// (m-i-‘?))f{sdacdv.
R xR2 Ré xRd 2 2

Now, considering the estimates above, we obtain

T v 11
// | | ’ | fl d dv + — // zz —y) ?(x)/)f(y) dx dy
Rd xRd Rd xRd
/// 7|vfi5|2d:vdvds
Rded
x
//Rd Rd<’ ‘ s ) fip dx dv +//Rd o K (x —y)pl(2)pl(y) da dy
X X
1 5 5
+5Z/0 //Rdled (VK % p5) - 0ff dedv
j=1
i

(e e

By previous Lemmas we know that

' I, K- i@l i dy’ -c
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where C' is independent of §. We derive

//Rded<|z+|U|)fzod v+ C/ //RX]R (Jof? + |=)*) f? da dv ds + C

for some C' > 0 independent of §. Then, by Gronwall’s lemma we obtain the result. O

Remark 3.1. From Proposition 3.1, we derive the following total energy estimates for
fS,i=1,...,N, and for all t € [0, T]:

1 tg
9 & 2 6
dr d Kn- ' d - Sdxdvd
Z//Rded 2 f Tt o Z/ i $+5/ Z//Rded|U| fz ravas
<Z// fz(]d x dv +Z/ pZOKZZ*pZde+ ZHVKZJHLOO
RdxRA 2

Z#J
Remark 3.2. If K;; = Kj; forall i,5 =1,..., N, we find

N 2 N
d ‘U| s 1 5 s 1 5 s
i EL g dwdv+ o Kl de 4 e e d
dt<;//ﬂgd><ﬂ§d 2 f@ X U+28;/del i * P $+8§/dez Zj*pj T
a - J
1 N
=22 // (o] £ da dv.
€ ] MRixRrd

Moreover, if K;;j € L for i # j, then

1 t&
B b 2 6
T 46 e o + — 8Ky % pldx + = S do dv d
Z//Rded2f x dv + Z/ * p a:—l—g/Z//RdXRd]v]f xdvds
<Z// 2 Zodxdv—i—Z/ pioKii % plo da + = ZHKZJ”LOO

Rd x R4

z>]

In this case, if we define a free energy F(p) as

Z/ piKij * pjde,

1,5=1

then the limiting system (3.3) has a gradient flow structure:

570

Opi =V - <,0iv
opi

ast=1,...
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3.3 Existence of weak solution to the kinetic system

Now, we prove the existence of weak solutions to system (3.1). For this porpouse, we
need the following lemma, cf. [43, 49].

Lemma 3.4. Let {f"}, be bounded in L} (R?x RY x [0,T]) with 1 < p < oo, and
{G™},, be bounded in L} (R x RY x [0,T]). Assume that f* and G™ satisfy

Hf"+v-Vuf"=V,G", " |i—o= fo € LP(R? x RY),

and
f™ is bounded in L>®(R? x RY),

(Jo]? + |z[2) f™ is bounded in L=((0,T); LY(R? x RY)).

Then, for any q < %, the sequence

(L),

is relatively compact in LI((0,T) x RY).

The existence result of weak solutions to system (3.1) is contained in the following
Theorem.

Theorem 3.1 (Existence of weak solutions). Assume that the initial datum fy satisfies
fio € X NL®RIxRY),  (|z> + [v]}) fio € L'(R? x RY),

and
(Kn’ * pio)fi() c Ll (Rd X Rd).

Then there exists a weak solution £ to (3.1) such that
f € C([0,T]; P(R? x RHN).

Proof. By the uniform in § bound estimates obtained above we know

9 &
171l oo (0,190 R x )y + 108 1] oo ((0,7);Lametyy < O

with p € [1 + 0], ¢ € [1, dff], C > 0 independent of 4. Therefore, by compactness
theory, we have that as 6 — 0, up to a subsequence,
F=fioin LO((0,T); LP(RY x RY)), - p € [1,+oc],
p = pi in L2((0,T); LP(RY), pel, 4]

Set
N

1 1
G = —uf) + - ) (VG )}
j=1
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We want to prove that G2 € LI (R? x R? x [0,7]) for some p € (1,00), in order to
apply Lemma 3.4. We need to check the self terms. Let ¢ < 2. Then

1 R
// '”ffqd"’”d“// w10 fl1°) ()2 dwdv
RexRe RixRe \ f
q
1 512 2 sl
< —|vfi|"dxd 912
—<//RW glofilde ) i

For the second term, by using Young’s inequality for convolution, we obtain that
IOVED % p) S e < ClF oo IV Eii % 7 o < CIL e 197 ] 10
for p < d%f. Thus, by Lemma 3.4, we derive that
p — piin LYRY x (0,7)) and a.c.,
up to a subsequence, as § — 0, for ¢ < d +1 Now we want to prove that
(VEG = o) f) = (VEii % pi) fi,

in the sense of distributions. Let ¥; € C°([0,T] x R? x R%).

T
/ //]R ) Rd[(VKg. s« p) 2 — (VK % pi) fi] Wi da dv ds
X

/ / 7,7, - ZZ) *p’b)p’t7\I/ dxds
Rd

+/ VKD« (o —p,)pl\pdxds

/ / (VK * p;) pz’q, — piw)dxds
=A+ B+ C,

with p; g = [pa fi¥V dv and pf’\p = Jpa ff\Il dv. Thanks to the uniform in § estimate for
f9in L=((0,T) x R? x RY) and the compact support of ¥;, we find

P, P?,\If € LP((0,T); LY(R%)),

for any p, g € [1, o], uniformly in 0.

Estimate of A

We have that |(VK5 i) piw| < |V EKii*pi||piw| and (VK‘S % i) pi,w converges pointwise
to (VK * pi)piw as § — 0. Moreover, by Hardy-Littlewood-Sobolev inequality, we get

/ / (IVEKy| * pi)|piw| dzds </ //Rd Rd -y~ al+1)’ﬂi,\1/|(y) dx dy ds
X

< Cllpi

(0,T);L9(R%))>

where p € (1, d%;z), aiTH =1- % + %, and p’ is the Holder conjugate of p. Therefore,
by Lebesgue’s dominated convergence theorem, we obtain that A vanishes as § — 0.
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Estimate of B

As in the previous estimate, we have that
g ) ()
/ VK (pi — pi)piw da ds
0 Jrd

T
< [ o= mi@le ol ldal ) de dy s
0 R4 xRd

< Ol = pill powax 0. 101 | Lo’ (0,110 ()

WithpE(l,%)andaiTH:1—%+%. Thus, B — 0 as 6 — 0.

Estimate of C
As said, we know that
(VK +pi)¥ € L'((0,T); L(R7)),

with ¢ < 2 uniformly in §. Then, since ff X f;, we obtain that C' — 0 as § — 0. We
conclude that f is a weak solution to system (3.1). O

3.4 Small inertia limit

In this Section we prove rigorously the small inertia limit. Since we want to study
the behaviour of solutions to kinetic system (3.1) with respect to the inertia parameter
e > 0, we explicit the e-dependence, namely we define f* = (f7 )Z]\Ll to be a weak solution

to system

N
1 1
Off v Voff = Vo (0ff) + - (Z VI * p§) Vo ff, (35)
j=1
for i =1,..., N, with smooth cross-potentials as in assumption (Pot) and singular
self-potentials of the form
C.
Kii(z) = ﬁ,

with o, € (0,d—1], and some positive constants Cj. As above, p5 (¢, z) is the macroscopic
population density of the i-th species, namely

pilta) = [ fitao)do,
Rd
The main purpose in this Section is to consider the limit € — 0 in (3.5) to derive
Ohpi =V - (piui),

N
J=1

asi=1,...,N.
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Remark 3.3. In literature, the macroscopic velocity is defined by, see [19],

_ Jgavf(ta,v)dv
N fRd ft,x,v)dv "

u(t, )

Since

pelus]? < / (w[2 % do,
Rd

Proposition 3.1 shows that for € > 0

N
> [ il < oo
i=1 /R4

on some time interval [0, 7.

Next we recall from [31] (see also [52]) the following modulated interaction energy

estimates.

Theorem 3.2. Let T > 0 and K be given by

1

Suppose that the pairs (p,u) and (p,u) satisfy the followings:

(i) (p,u) and (p,u) satisfy the continuity equations in the sense of distribution:

p+V-(pu)=0 and Op+ V- (pu) =0,

(i1) (p,a) and (p,u) satisfy the energy inequality:

sup (/ ﬁ|ﬂ|2dfc+/ ﬁK*ﬁdx) < 00,
0<t<T \ JRd Rd

sup (/ p|u|2dx+/ pK*pdw) < 00,
0<t<T \ JRd Rd

(iii) p,p € C((0,T); LY(R%)), Vu € L¥(R4 x (0,7T)) and if « < d — 2,

and

Vlld=a)/241y € Lo0((0, T); L7 (RY), if a € (0,d—2)\ (d - 2N),
V4 u € Lo((0, T); Lo (RY)), if a=d mod?2,

where d — 2N :== {d — 2n : n € N} and [-] denotes the floor function.

Then we have

1d
— — D —0)dx <
5 7 Rd(p p) K (p—p) fv_/Rd

for t €[0,T) and some C > 0 which depends only on o, d and ||Vul| e gay (o)), and
if d < a— 2, additionally

plu=i) VK 4 (p=p)do+C [ (0=p)K x(p=p)do

if a€(0,d—2)\(d-—2N),
if a=d mod 2.

)

HV[(d—a)/2]+1u|| L
Loo((0,T);L[(d=a)/2]=1))

[V VIR
Loo((0,T);LT=42)
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We also recall from [19, Lemma 4.1] (see also |28, Proposition 3.1|, [60, Theorem
23.9], |2, 18, 41]) the following lemma which gives a relation between the bounded
Lipschitz distance and modulated kinetic energy.

Lemma 3.5. Let T > 0 and p : [0,T] — P(R?) be a narrowly continuous solution of
ohp+V - (pu) =0,

that is, p is continuous in the duality with continuous bounded functions, for a Borel
vector field u satisfying

T
/ /|a(x,t)|pﬁ(x,t)d:ndt<oo
0 R4

for some p > 1. Let p € C([0,T]; Pp(RY)) be a solution of the following continuity
equation
Op+V-(pu)=0

with the velocity fields u € L>((0,T); W“°(RY)). Then there exists a Cyr > 0 de-
pending only on T and |Vu|| ;o such that for all t € [0,T]

t
d(p,p) < Cur <dQBL(p07ﬁO) +/ /dp‘€|u‘6 —ufdax ds) ,
0 JR
where p® and u® are defined in Remark 3.5.
Remark 3.4. Since
pilus il < [ il =l do,
R4

Lemma 3.5 particularly implies

t
g (pi, pi) < Cur <d123L(piOaPi0) +/ // flv — w;|* da: dv ds),
0 R4 x R4
asi=1,...,N.
Theorem 3.3. Let T > 0 and d > 1. Let f¢ = (f5)N¥, € C([0,T); P(R? x RH)N)

1
be a solution to system (3.5) in the sense of distributions, and let (p,u) = (p;, u;)¥,
be the unique classical solution of the coupled fractional porous medium flows (3.6)
with p; > 0 on RY x [0,T), Opu; + u; - Vu; € L®R? x (0,T)), and if a < d — 2,

d
Vlld=a)/2+ 1y, e L°((0, T); LT@=)72 (RY)) up to time T > 0 with the initial data py. If

N
supZ// v — wio () |* f5 (2, v) d dv < co
e>0 f—{ J/RIxRY
and
N N
S [ (o= o) (pi = pio) i+ S sl i) = 0.
i=1 7R i=1
as € — 0, then for eachi=1,... N, we have

[ fide = pi weakly in L((0.7); M),
]Rd

/ v ffdv — piu;  weakly in L*((0,T); M(R?)),
Ra
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and

f§ = pibu,  weakly in L*((0,T); M(R? x RY)),

)

where dpr, stands for the bounded-Lipschitz distance introduced in Section 1.6, and we
denoted by M(R™) the space of signed Radon measures on R™ with n € N.

Proof. We first rewrite the system (3.6) as
Oipi + V - (piui) = 0,

N
edu; +eu; - Vu; = —u; — Z VKij * pj + €e;,
j=1

where e; := dyu; + u; - Vu,, for ¢ = 1,..., N. For the error estimates, we consider the
modulated kinetic and interaction energies:

Exlpu) =g [ =l fdedo o [ (= ) (= ) da
X

Straightforward computation yields that for each i =1,..., N

— “dx d — “dx d
th//Rdx]Rd U‘ f vav //]Rde 'U’ f v

—// (ui —v) @ (v —w;) : Vauff dmdv—// (v —u;) - eif; dedv
R4 xR4 Rd xRd
1 3
+ 5//Rd><Rd v — ;) ( E VEKi;*( )>fZ dz dv

= I+ IT+1III,

where

I < ||Vasl| o // g — o2 f£ de do,
R x R4

1
11 < 45||ei||Loo + // ‘UZ - U‘fo dx dv.
€ JJRdxRd

For II1, we use VK;; € Wh™ fori,j =1,..., N with i # j to obtain

and

1
II1 gg/dpf(uj — ;) - VK * (pi — p;) da
R

1 1/2
+(// |uiv|2ffdxdv) SV Kl o (0. 5)
g RdxRd j;éz
1
<1 / 5 (uf — ) - VK * (pi — pf) da

€
—v|°fdxd —i——g dz
//dx ; U’ i arav BL (25> £5);

J#i

where

Ci = max ZHVK”HWMO
J#Z
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We then apply Theorem 3.2 and Lemma 3.5 to deduce

1
Ex (fi|pisui) + — <1— max HVquLooe—l—)/ // uj — o2 ff dzx dv ds
€ =1,..,.N Rd xRd

Cek
<&k (fivlpio, uio) + o Z dg1.(pjo, p50) + Ce
i

+ — Z/ /Rd — p5) Ky % (pi — p5) dx ds
CCK / ﬂ c
j—v dx dvds,
Z Rded ‘ f

where C > 0 depends only on uq,...,uy, and 7', but independent of ¢ > 0. We now
sum over ¢ = 1,..., N, apply Gronwall’s inequality to have

N
ZEK(fﬂPi,uz Z/ //Rd y u; — o2 ff dx dv ds
= X

< ¢ ZSK fiolpio, wio) + ? ZdBL Pi0; Pio):
=1 1=1

where ¢y > 0 is independent of € > 0. O

Remark 3.5. If VK;; € W for all 3,5 = 1,..., N, then we only need to assume
that

sup // v — wio(x)|* f5 (¢, v) da dv < 0o
Rd x R4

s>0
and
N
Z dgr(pio, pjo) = 0
i=1
as € — 0 for the desired convergences. That is, the modulated interaction energies are

not required when the interaction potentials are smooth enough. In this case, we also
readily find dyu; + u; - Vu; € L®(R? x (0,T)) forall i =1,..., N. Indeed,

N
[uillyice <Y IVEG e < 0o
j=1

and

N
|Ovui| = < il g Y NAK ] o < 0.

J=1

N
Z VK” * Bt,oj

J=1

Remark 3.6. In Theorem 3.3, if we assume

N
Z //Rd Rd|v — uio(x)|* £z, v) dz dv — 0
=1 X

and
1 & 1
- Z /d(mo — Pjo) Kii x (pio — pio) dx + - Zd%L(Pio, pio) = 0

€
i=1 7R i=1

60



as € — 0, then for each i =1,..., N, we have

/ fi dv — p;, / vff dv = piu;  weakly in L((0,T); M(R?)),
Rd Rd

and

fE = pidy, weakly in L°°((0,T); M(R? x R?))

(2

as ¢ — 0.

Remark 3.7 (Existence of unique classical solution to system (3.6)). In the statement
of Theorem 3.3 we assume that there exists a unique classical solution to system (3.6).
The strategy for proving existence of unique smooth solution to system (3.6) could be to
adapt the argument in [29] by exploiting a proper splitting argument between singular
self-potentials and smooth cross-potentials. This will be object of future investigations.
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Chapter 4

A finite volume method for a
kinetic model for interacting species

In this Chapter we propose an upwind finite volume scheme for a system of two kinetic
equations coupled through nonlocal interaction terms. Once we construct the numerical
mesh, we define the numerical approximation of the solution. After showing some a
priori estimates, we prove the convergence of the numerical solution of the scheme to
the solution to the continuum system.

4.1 The model

The system we deal with is the following two-species kinetic system

of of ..., / of
E*‘U% *(K11*P+K12*77)%7 m
dg  Og dg '
5*‘“@ :(K§2*U+K§1*P)%,

equipped with some non-negative initial data fo,go € L'(R x R), i.e.,

f(0,z,v) = fo(z,v), and g¢(0,z,v) = go(x,v).

Here, (f,g)(t,z,v) is a pair of densities describing the distribution of the two species
on the domain [0,7] x R x R, and Kj; are the interaction potentials. Moreover, p(t, )
and 7(t, z) denote the macroscopic population densities, i.e.,

plt,x) = /R f(t,z,0)dv, and p(t,x) = /R o(t,2,0) do.

The existence theory for system (4.1) has been studied in arbitrary dimension and
considering many species in Chapter 2.

In particular, here we consider a two-species version in order to construct an upwind
finite volume scheme, and we do not include the inertia term. Before constructing the
numerical scheme and studying its properties, let us present some formal properties of
the solutions at the continuous level.

For convenience, we shall, henceforth, use the notation

Yi(t,x) = K{yxp+ Kigxn, and Yg(t,z):= Kjy*n+ Ky *p. (4.2)
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Now, we show that the solutions on the continuous level are bounded and posi-
tive. Indeed, for any smooth function ¢ : R — R and p € {f, g}, a straightforward
computation shows

d/ ¢Opd3:dv—/ P)Oyp dx dv
dt JJrxr RxR

Op
d'(p (— —+7 ) dx dv
/]RXR pav

... (a_r) V1 $() da
=0

We introduce the notation
[z]" = max{z,0}, and [z]” := —min{x,0}

for the positive part and the negative part, respectively, of a real number z. Using
¢(s) = [s]7, we observe that the solutions of system (4.1) remain non-negative if they
were non-negative initially. Furthermore, if ¢(s) = [s — ||poll )™, with po € {fo,90},
we obtain that the solution is bounded at the continuous level. Moreover, considering
o(s) = |s|?, we see that the L%-norms of the solution are preserved.

4.2 Derivation of the numerical method

In this Section, we shall derive a finite volume scheme to approximate the solutions of
system (4.1) on the domain Qr = (0,7) x (—L, L) x R, equipped with some periodic
boundary conditions in the physical space. Throughout this Chapter, we will use the
following domains @ = (=L, L) x R and Q7 := (0,T) x (—L, L).

4.2.1 Numerical mesh

We discretize the phase space by introducing cells

Cij = (5Ui—1/27$i+1/2) X (Uj71/2avj+1/2)a

for (i,5) € T x Z, where T = {0,..., N, — 1}. Here, (z;_1/2)ic{0,..,n,} 18 a strictly
increasing family of interfaces with x_; p = —L and oy, _1/o = L. Similarly, (v;_1/2)jez
denotes a strictly increasing sequence in R, with v; /0 — F00, as j — +o0.

We denote by Ax; = x;41/2 — x;_1/2, for ¢ € Z, the width of the spatial interval
(xi—1/2)$i+1/2)' Addltlonally, we set A’Uj = Vjy1/2 — /Uj—l/27 for j € Z, to denote the
width of the velocity interval (v;_j/2,v;41/2)-

We associate with the mesh the parameter h as the maximum of all space and
velocity steps, i.e.,

h = nax, {Az;, Av;} > 0.

We denote by z; the centre of the interval (%‘—1/27 xi+1/2) and by v; the center of
the interval (’Uj_l/g, /Uj—i-l/Q)‘

Additionally we call the mesh admissible if there exists o € (0, 1) such that

ah < Ax;, Av; < h,
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for all (i,7) € T x Z. Henceforth, we assume that our mesh admits the existence of such
an a > 0.

Finally, for some Np € N, we set At := T/Nrp for the time step and t" = nAt,
n =0,..., N7, to denote the discrete time instances.

4.2.2 Discretization of the data

We discretize the initial data by a piecewise constant function. We set

fi?j = ][o .fo(.%',’l)) dxdv, and ggj 12][ VQO(%U) dz dv,
2,7

]

for (i,j) € Z x Z as the averaged integral { of the initial datum (fo, go) over the cell
Ci,j-

To approximate the functions f and g we use piecewise constant functions on each
cell (t",t")x C;j,n=0,...,Np—1, (i,j) € T x Z. For that purpose, we write these
approximations as

fﬁjz][ f(t", z,v)drdv, and g{‘j%][ g(t",z,v) dx dv.
Cij

¥

Besides, we define the piecewise constant approximations, p; and 7y, of the macroscopic
densities p and 7 as

ph(t7x) - p?, and nh(tvx) - 7717'17
for (t,x) € [t", t"*1) x [Ti—1/2, Tit1/2), With i € 7, and

(L n no.__ n
Py = E Av;fi, and n;' = E Avjg;';.
JEL JEL

However, these sums are over infinitely many entries 7 € Z. To implement the
scheme, we have to work in a bounded domain. Therefore we need to truncate the
velocity domain. Hence, we choose an arbitrary vy > 0 sufficiently large, such that
vp — 00 as h — 0 and restrict the velocity domain to (—wvp,vy). We introduce the
index set J = {j € Z : |vj41/2] < vi} which consists of all indices j of the interfaces
(vj—1/2); that are inside the truncated velocity domain. Note that the choice of v; > 0
is made precise in Remark 4.2.

Therefore, we define the piecewise constant approximation associated with the it-
erates obtained from the scheme, (fp,gp) on [0,T) x [—L,L] X (—vp,v). They are
extended by zero to the whole domain [0,7") x [-L, L] x R, such that

(Figsgi)s i (t,0) € [0, 0) x Gy and (1.5) €T % .

(fhvgh)(tvxﬂv) = {(070)7 else.

4.2.3 Construction of the method

We obtain the finite volume approximation by integrating system (4.1) over a test cell,
(t", ") x C;  for a fixed n € {0,... Ny — 1}, i € Z and j € Z. A formal computation
yields
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T N _zmn 4V v
][ f(tn+1 x U) _ f(tn x U) do dv — — Fi‘H/QJ Fi*1/27] F ij+1/2 Fivj*1/2
T oz v mn
][ G 2 0) — gt 2, v) da dv = — G, — "G 125 1 G”+1/2 Gi,j—1/2
Cij |C’ij‘

xX v n
where Fz+1/2j= F i1

of the cell C; ; given by

z+1/2,] /
tn
,]+1/2 /

are the fluxes of f on the respective parts of the boundary

tn+1

i+1/2
/ vf(t, iy1/2,v) dvdt,

Vj—1/2
tn+1

i+1/2
/ —Tf(t,qf)f(t,.%',’l)]qu/g) dl’dt,
i—1/2

for (i,7) € T x Z. Similarly, IG?H/Z]" UGZ]’H/Z are the fluxes of g on the boundary of
the cell Cj ;, i.e.,
tn+1 J+1/2
7,-‘1—1/27] / (t Liy1/2,V )d’U dt
tm Uj 1/2
tn+1

i+1/2
/ =Yy(t,7)g(t, z,vj41/2) dz dt,
i—1/2

i j+1/2 /
with (i,7) € Z x Z.
If we apply the piecewise constant approximation for f, g, p and n as in Section 4.2.2,
we arrive at the discrete version of (4.1):

1 _ _ _ _
1
1 = 1 = 1 (Fivgeg = Fiaps + Figop = Fijap),
27]
1 (4.3a)
1 AN AN VAN v AN
gzn;r = 9ij — ICol ( Givijoy— Giipog+ Gijpre — Gi,j—1/2)’
for (i,7) € Zx Z and n € {0,... Nr — 1}. Note that we have replaced the continu-
ous fluxes above by the discrete upwmd fluxes Fz+1/2g7 UFHJH/Q, $GZL+1/27J7 DGZJH/Z’
defined as _— . B
Fitiyay = AtAv; (fi5lo]" = sl 7).
ven . - (4.3b)
Fy e = AtAz; (f5(C)7] = £ [(C0)77),
and, similarly,
Cliryay = AtAv;(g7[o]" = gl s lvi] ),
(4.3c)

G i1 n = AT (g2 [(Te)M)™ = g1 (YT,

for (i,7) € T x Z.
The terms (T)? and (Y,);" are the approximations of the interaction terms Y ¢ and T
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at the point (", z;), and are defined by

n n Trt1/2 , n Tk41/2 ,
(Ty)i ::Z Pk/ Ku(xi—y)d?/‘i‘nk/ Kip(zi —y)dy |,

kET Tk—1/2 k—1/2

n n Tk+1/2 , n Tk+1/2 ,
(Ty)i ::Z 77k/ Koo (zi — y) dy‘i'Pk/ Ky (zi —y)dy

kez k—1/2 k—1/2

The scheme is complemented with periodic boundary conditions in space, i.e.,
TN = Tog 9N, = 90, (4.4a)

fﬁl,j = fﬁrl,jv gﬁl,j = g%zfl,]ﬁ (4.4b)

where the values fﬁL i 9"y, o f}(‘;z i g]T(]D ; represent an approximation on a “virtual cell”.
In velocity we have no-flux boundaries, i.e.,

_ o
UFi7j+1/2 =0= UGi,j+1/2 (4.4¢)

for all (i,j) € ZxZ\ J.

4.2.4 The finite volume scheme

Throughout the Chapter we will use the following two representations of our scheme.
First, we consider

1 _ _
1 n n n n
1 = 1~ e (Fingeg = Fiaaps + Figan = Fijap),
1” (4.3a)

+1 _ AN TN VAN v AN

9ij =905~ |Cisl (Givrpzg = Giyjay T Cigrrp = Cijorpa),
forn=0,...,Nyr—1and (i,j) € T x J, where “F, "F, G and "G are defined in (4.3b)
and (4.3c). Second, we can rewrite the scheme (4.3) and get by a short computation

n vil™ vt
pz;—l < At|:| ]| —i—M])pZ]—I-At[ J]‘p?—i-l,j_‘_At[ J] p?—l,j

Ax; Av; Ax; Ax;
(e () -
+ Atﬁpﬁjﬂ + Atﬁp%_l,
forpe {f,g} and n=0,...,Np —1 and (¢,7) € Z x J. For both representations we

use the boundary condltlons (44)
Before proving some a priori estimates, let us introduce our notion of solutions.

Definition 4.1 (Weak solution). We call the pair (f, g) a weak solution to system (4.1)
if it satisfies

dp | Op Iy _
/ f<8t+ I — Ty I >dtda;dv—|—/f0wv (0, z,v) dx dv =0,

Op [ dp B
/ <at +wv I Tg(‘%) dtdwdv—i—/@go(a:,v)go(o,x,v) dxdv =0,

for every ¢ € C°([0,T) x Q).
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4.3 Properties of the numerical method and a priori
estimates

4.3.1 A priori estimates

This Section is dedicated to establishing the positivity and boundedness of the discrete
approximation obtained in Section 4.2.4.

4.3.2 Positivity of the solution and the CFL condition

To mimic the structure-preserving properties of system (4.1) on the level of the approxi-
mations, a stepsize restriction is required. Indeed, we assume that there exists £ € (0, 1)
such that, for both species, p € {f, g},

At

‘CJ,(AM%HA%I( p)il) <1, (4.6)

for all (i,7) € Z x J, and all n € N.

It is absolutely crucial to stress that, albeit apparently dependent on n, the stepsize
restriction, (4.6), can be shown to be satisfied uniformly in n. Indeed, we shall see in the
subsequent Proposition that it is independent of n using a short induction argument.

Proposition 4.1 (Positivity preservation of the scheme). Let K;; € Wh*°(—L, L),
i,7 € {1,2}, p € {f,g} be with non-negative initial condition py € {fo,g0} with
[poll L1y = 1. Assume that there exists § € (0,1) such that the stepsize restriction

At
M(A%‘Ml + Az (T,)) <1-¢, (4.7)
1s satisfied. Then, the following holds true:

(i) pi; = 0, for all (i,j) € Zx J, and |pp(t")|l11q) = lIpn(t = 0)|l11(g), for all
n € N,

(11) If At is chosen such that

(1—-&a

where & is as in (4.7) and Cyy is defined by

Cyy = g}%}ZII il Lo ronys (4.9)

then the CFL condition (4.6) is satisfied for the two species uniformly in n € N.

Remark 4.1. Note that, by Proposition 4.1, the positivity of f; and g is guaranteed,
and the scheme conserves the mass.

Proof. We proceed by induction. First, let us consider n = 0. Since pg is non-negative,
we know that pgj > 0 which implies (7). On the other hand, for n = 0 the CFL condition
(4.6) is satisfied by assumption. Next, let us assume for n fixed that the statement (7)
and condition (4.6) hold true. Let us prove (i) for n+1. We consider the representation
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(4.5) of our scheme. Since, by induction assumption, pi; 2 0forallie€Z and jeJ,
and condition (4.6) is met for n, we derive from the representation (4.5) that

1
)

Next, we prove the conservation of mass. Using the non-negativity in conjunction with
the scheme, we compute

1 1
(™ My = Y 1Cislpl

i€L,jeT
_ o n _ N _a:*n
= E |Cz,y|pi,j E (Pi+1/2,j Pi—1/2,j)
i€L,5€T €L, jeT
vHNn vHN
- Z (Pi+1/2,j - Pi—1/2,j)
i€Z,jeJ
T
= Z ’Ci,j’pi,j7
i€L,je€T

since both sums over the fluxes are telescopic sums and having exploited the periodic
and no-flux boundary conditions. Therefore, we obtain

Ipa (™ D)oy = D [Cisl oy = lon(t™) o) = IPa(0) L1
i€L,jeT

where the last equality holds by assumption. Thus, the conservation of mass, (i), is
guaranteed on the numerical level.

Next, we prove statement (i7). Let (; € {pn,nn} be the respective macroscopic
density of p € {fn,gn}.- We know that

L
/ Gtayde= Y 0yl

i€L,jedJ

- Z |Ciil 2

€L,jeT

< Y Gl

1€L,j€ZL
=1.

Then we compute for p, = fp,

L
(T :‘/L Ky (zi — y)pn(t" T y) dy + Klo(zi — y)nn ("1, y) dy‘
L

/ ntl / Ll (4.10)
<Kl peo Lph(t 2 Y) dy + [ Ksll oo th(t ,y) dy

< Cyy.

The same estimate can be established for the other species, pp, = gp. Overall, this shows

that —
ol 1(Cp)i™ | v, Cw
At ! <At — + —
<Ami + Av; - ah + ah
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for p € {f,g}. So, if we choose At such that

Mh>At’
vp, + Cyy

o] 1(0p)7
A L <1-¢&.
t(A{BZ‘ + A?)j - ¢

we can guarantee

Therefore, the stepsize condition (4.6) is satisfied for both species and all n € N. O

4.3.3 Boundedness of the solution and an a priori estimate

We will begin by proving that the solutions of the scheme described in Section 4.2.4
are bounded in LP(Q) for each time ¢ € (0,7). This we will prove using the next
Proposition.

Proposition 4.2. Consider a non-negative, convex function ¢ : R — R such that

/LL/RQb(po(x,v))dxdv < 400,

for po € {fo,g0}. Let the assumptions of Proposition j.1 hold true. Then, under the
CFL condition (4.6), the numerical solution satisfies

/LL/Rsﬁ(ph(HT,x,v))dxdvg/LL/qu(ph(t,x,u))dm,

forp e {f,g} and every t,7 > 0.

Proof. Consider the representation (4.5) of the discrete scheme. Under the CFL condi-

tion (4.6), we can observe that pZ}H is a convex combination of p?,jv p?+1,j7 p?_lvj, ij-H’
pij—1- By convexity of ¢, we obtain

B n [U']+
d(piyq ) + At ijz

otz <1 ad[ Bl O ) 4 il

A.’Ei AU]' Aml (;S(pi_l’j)

1,0+ Tp)il”
+ At[(Api;]qﬁ(PZjH) + At[(zz);;]qﬁ(pzj_l)'

Integrating in space and velocity, we have

L
/ /Gﬁ(ph(tnﬂ,x,v))dxdv
—rJr

= > [Ciloih

i€Z,jeJ
Np—1
<> >
i=0 jeJ
+ AtAvjv;gb(pZ_Lj) + AtAUjvj¢(p?—l,j)

[(AmiAUj — At(‘vj‘AUj + ’(Tp)?‘sz))¢<pZ])

+ AtAz[(T); 176 (pry11) + AtA[(Ty){ 1760 1) |-
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By shifting the indices and applying the boundary conditions (4.4), we get

L
/ / Son w0 dedv < S AzAvio(pl)
-LJRr i€Z,jeT (4.11)

:/_LL/Rqﬁ(ph(t”,:):,v))dxdv.

Finally, let ¢, 7 > 0 be given. The statement follows from fixing integers, ng,n; € N such
that ¢ € [t"0, "0 1) and t+ 7 € [t™,¢™T!) and applying estimate (4.11) iteratively. [

In the subsequent analysis, more refined bounds are required. To this end, we
estimate the tails of (f, gn)-

Proposition 4.3. Let the initial datum of both species be mon-negative and bounded
from above by a function R of the following type

C

R(z,v) = ;
1+ o)™ + |z

for some Ay > 1, Ao > 1, with Ao < A1, d.e., 0 < po(z,v) < R(z,v) with p € {f,g}.
Then, there exists a constant Cp > 0 depending on «, A1, A2, Cy and the final time
T > 0 such that

0 <pnp(t,z,v) < CrRp(z,v), (4.12)

for (t,x,v) € Qr, pn € {fn,gn}, where

C

Rh(x7v) = X
1+ Jo; M+ |22

for (z,v) € Cj ;. As a consequence, for h small enough
0< Ch(tvx) < CT7

for (t,x) € Qp, and where ¢, € {pn,nn} is the respective macroscopic density of py €

{fn, gn}-

Proof. Let pp, € {fn,grn}. By Proposition 4.1, we know that py is non-negative. Next,
since x; = @41 — %(AacZ + Awiy1), setting Az )9 = %(AacZ + Azit1), by definition of
Ry, we have
A A
Ry (iy1,v5) < L+ v ™ + (Jig1| + Azigg )™
Rp(zi,vi) — 1+ oM + |z
1+ \Uj|)\1 + | [ + C|$i+1’/\27lAl’i+1/2 + O((A$i+1/2)2)

1+ o) + [ziga ]2
Ao—1

|90i+1|

<1402
LA Jo| ™ + |zt

~ Az + O((sz’+1/2)2)-

In the same way, we obtain

Ao—1
Bp(zi1,v5) _ l+C |z

Ry(wi,vj) — 1+ Ju | 4 |22

Azi_1/3+ O((Axi—l/Q)Q)'
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Since by assumption Ay < A1, we derive, for ¢ € Z,

A2—1
|| Jv]

L+ oM+ g T

Indeed, if |v;| < |x;], we get
il 7 | < il <14 og ™ 2.
If, instead, |z;| < |v;| and |v;| > 1, we obtain
i o] < Jog*® < Jo ™ < 1 o™+ sl ™.
If, finally, |z;| < |v;| and |v;| < 1, then
i og| < Jza 2T < 1 [l < 1 o 4 oy

Therefore, we derive that

R, i+15 U4 R 1—1, U3
o Fpreetata) e BB ) <) e (24

Azip1 + Aﬂ?il)
R (zi,v;) Ry (,v))

Al‘i
< ”Uj’ + 01(04, )\Q)AJ}Z'.

Now, setting Avjq/p = %(Avj + Avji1), we have

A A
Ri(wi,vjr1) _ 14 oM + | o 1 (il + Avjgayo)™ + il ™
Ru(@i;v) 1+ o M A+ o L o [N + ]
0411 T A1 + O(Avjy/2)7)
<1+C 5 3
L [oja ™+ [ ™
creolunl™ o o((a 2
<1+ m V172 + O((Avjii2)7)
Jj+1
<1+ co(a, A\)Av;.
In the same way, we obtain
Rp(xi,v5-1)
——————2 < 1+ c3(a, A\)Av;.
Rh(-xiavj) ( ) J
Set co(ar, A1, A2) = max{cy, c2,c3}. Set A := (1+Atco(14Cyy)). We know that po(z,v) <

ARy (z,v).
Let us proceed by induction. Assume pp,(t", z,v) < A"Rjp(x,v). Using the numerical
scheme (4.5) we have
n+1 n n
Pig (1 - ael Uil L 1(Tp)S] Pi;
) sz- Avj Rh (.%'i, Q}j)
vj]” Py Ru(xiga,v))
Az; Rp(ziv1,v5) Bu(zi,vy)
[I"  Pit1; Ra(wio1,v))

Aﬂ?i Rh(.fl?i_l, Uj) Rh(Ii,Uj)
[(Cp)71" Pihjsr Ra(wi,vip)
Avj Rh(ZL'i,’UjJrl) Rh({L‘i,Uj)
[(Cp)i]™  Pij1 Bu(wivi-1)
Avj  Rp(vi,vj—1) Ru(xi,vj)

+ At

+ At

+ At

+ At
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Hence, using the estimates above and (4.10) we arrive at

n+1 n

P |vj [(Tp); | n [vil Az;
T < _

Rh(CCi,Uj) _<1 At{Axi + Av]- A"+ AtAxiA 14+ ¢ |Uj|

+ At Av, A™M(1 + coAvy)

<A™ (1 + Ateo(1 + CW)) = A"

Thus, we obtain that for all (i,5) € Z x Z,

By definition of A", we have for all n € {0,...[T/At]}, A"t < e0(+EWT  There-
fore, as in the continuous case, at discrete level there exists Cpr > 0 depending on
a, A1, A2, Cyw, T such that

ph(t,x,v) < CTRh(ﬂf,U),

for (t,z,v) € Qp. Moreover, we have that

Awv; h
Ry (z,v)dv=C J <2C .
/R J% A e E J% 1+ (afj — 1M + |2
S x 291 S ?C,\ / : v
14 (afj —1]p)™ — ot Jg 1+oM

JjeN

Now, we have that

00 1 1 1 00 1
dv = d —d
/0 Ton /0 1+ oM ”+/1 Toh

o0
<1+/ 1d 14 !
—— av = .
- 1 U)\l )\1—1

Thus, for h small enough, we obtain that

1 dv
t,r) = t,x,v)dv < C / ><+oo,
Ghlts) = [ palt.a,0) T<OM e

for ¢ € {pn,nn}- O

Remark 4.2. With this proposition we now choose an appropriate v, which is applied
for the cut off in the velocity domain in Section 4.2.2. First, let x € (—L, L) be fixed
and € > 0. Now we want to choose vy, such that

/ pr(t,z,v)dv < g,
R\ (~vp,vp)

with pp € {fn,gn} and t € (0, 7). Indeed we derive as in the proof of Proposition 4.3

2 * 1
pr(t, z,v)dv §/ CrRy(z,v)dv < Cp / dv
/R\(vhﬂ’h) ( ) R\(—vh,vn) () alth v, L+ v

QCT 1 —A1+1
“althi ), 1" ’
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for t € (0, 7). Then we choose

(20p 1 \mm
Vp = 7@1_*_)\17)\1_16 .

Such a choice of v;, guarantees that the mass outside of (—wvp,vy) is less then e for all
time t € (0,7"). If € is much smaller than the machine epsilon then the error that we
are making by cutting off the functions f and ¢ in the velocity domain is minimal with
respect to the computational error.

4.4 Convergence of the scheme

Before we will prove the convergence of the scheme, we will introduce the piecewise
constant approximation of the interaction terms that we will use in the following proof.

Definition 4.2 (Piecewise constant interpolation). We define the piecewise constant
approximation of the interaction terms as

L L
(Tp)p(t,z) = /L Kii(z —y)pn(t,y) dy + /L Kio(x — y)nn(t,y) dy, (4.13a)

L L
(Tg)p(t,z) = /_L Kyo(x — y)u(t,y) dy + /_L K (2 —y)pn(t,y) dy. (4.13b)

We are now in the position to prove the main result of this Chapter concerning the
convergence of the scheme.

Theorem 4.1 (Convergence of the scheme). Assume py € {fo, 90} non-negative and
bounded from above by a function R, where

C

R(z,v) = ,
1 o+ a2

for (z,v) € (z5_1/2, Tit172) X (Vj_1/2, Vj1/2), with A1 > 1, Aa > 1 and Ag < Ay, for some
C > 0. Assume that the CFL condition (4.6) is satisfied and that At satisfies (4.8).
Let K;j € W?®(—L,L), fori,j € {1,2}. Denoting by (fn,gn)(t,z,v) the numerical
solution to the scheme (4.3), then we have

fh(t’ ‘/E’ U) - f(t7 :L‘, /U), gh(t’ :'E’ U) - g(t7 x’ ,U)’

weakly-+ in L>®(Qr) as h — 0, where (f,g) is a solution to system (4.1), in the sense
of Definition 4.1.

Proof. Let py, € {fn,gn} and (, € {pn,nn} the respective density. By Proposition 4.3
we know that pp, is bounded in L*°(Qr), thus, by Banach-Alaoglu Theorem we have
that, up to a subsequence, there exists a function p € L>(Qr) such that

ph(t)xvv) - p(t,fL‘, U)v

weakly-* in L>®(Qr), as h — 0. We also know that ¢ is bounded in L*°(€r), thus, up
to a subsequence,

Ch(tv 1‘) - C(t7 l‘),
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weakly-+ in L*(Qr), as h — 0. Moreover, we have that ((t, z) is equal to [ p(t,z,v) dv
a.e.. Indeed, considering 1 € L*(Qr) we have

/OT/_LL (Ch—/dev>¢(tviv)d:vdt=/OT/_LL/R(ph—p)¢(t,m)dvdxdt—>o,

since pp, — p weakly-* in L*°(Qr). Furthermore, if p = f, it holds that

9 ¢y, frdwdvdt — [ 227, fdwdvat,
Qr v Qr v

since f, = f weakly-* in L>(Qr), and (Yy), — T strongly in L'(—L, L). Indeed, for
any x € (—L, L) fixed, we get

(Tp)p(t, o) = Yy(t, x) / K1y (z —y)pn(t,y dy+/ Kio(z — y)na(t,y) dy

/ Kii(z —y)p(t,y)dy — / Kiy(z —y)n(t,y)dy
- / Ko =)ol du -+ / il = )ntt.u) dy

L L
- / K1y (z —y)p(t,y) dy — / Kiy(z —y)n(t,y) dy
—L —L

since pp, — p and 7, — n weakly-x in L*°(Q). Thus, we have pointwise convergence.
Since

1511 % prll e < 1K1 [l oo llonllpr < € and [[Ky s nl oo < [ Kgll poellmmll o < C©

with C independent of h and fQ C dx < 00, then by Lebesgue’s dominated convergence
theorem we get (Yy), — Ty strongly in L'(Qr). The same argumentation can be done

for p=g.
Having garnered all information necessary, we are now ready to identify the limit.
The following notation will be convenient:

" ::/ pr(t, x, v)gf(t x,v) dtdmdv—f—/ po(x,v)p(0,z,v) dz dv,
Qr Q

Ij} 3:/ Ph(t,x,v)va—@(t,x,v) dtdx dv,
- Ox
ho._ O
1, =~ pr(t,x,v)(Yp),(t, :E)a (t,z,v)dtdz dv,

where ¢ € C2°([0,T) x Q) is arbitrary but fixed throughout. With the compactness
from above, it is immediate to see that

Ath}IgOIt —/Tp(t,x,v)aaf(t,x,v) dtdxdv—{—/@po(x,v)go((),x,v) dt dx dv,

as well as

Oy
lim I = t 2t dtdx d
Al T /Q?Tp(,x,v)va$(,x,v) z dv,
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and

: h _ 7686
t%m OI” = /Tp(t, z,v) Tp(t, z) " (t,x,v)dtdx dv.

It remains to show that

lim 7'+ 7!+ 1" = 0. 4.14
At,liILIl)O t+ x+ v 0 ( )

In order to establish this limit, we exploit the discrete scheme, (4.5). Indeed, let us
observe that (4.5) can be rewritten as
n+1 —
Pi,; _ij_[Uj] (n _ n)_}_{vj]—‘r(n _n)
Al N Pit1,5 — Piy Az, Pi—1,5 — DPijj

(4.15)

[(Cp)i'T™ [();T"

+ T(p?,jfl — i)+ A (Pfj41 — Piy)-
j

j
Multiplying (4.15) by
O ::/ o(t,x,v) dt dz dv,
7 Gl

where C7; == [t",t"T1) x C; j, and summing over i € Z, j € J and n € {0,..., Ny — 1},
we obtain

T+ TJh+ gh=o,

with
pn_."l — pﬂ.
h o— 1, [2¥) n
Jp = g:] T%‘,J‘,
[vs]™ [v;]*
T =~ Z [ Ajaci (i1, — Pig)wiy + iji (Pi1,; — Pig)¥is s
n7l7]
[(Tp);']™ [(Tp)i]"
gt == [y - e + O - ey
n,i,j J I
The strategy is to show that
28+ T, |+ TR 1T+ T 0, (4.16)

as At, h — 0, which shows the convergence of each of the terms on the one hand and
establishes the limit in (4.14) on the other hand. We proceed term by term.

Estimating 7

We consider

1 .
Tl = Al Zh,j, (4.17)
17]
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where

Np—1
N . 1
Jig = > (0f =Pl
n=0
—1 0 0
==Y ol — o) —pl el
Nr—1
1 1 0 0
== Z p?; ‘P?j SDZJ‘) —Di % (4.18)

having used integration by parts and the fact that cpZNjT = 0 due to the compact support
of ¢. By using Taylor expansion we derive

Do At? 9% 3
o(t — At,z,v) = o(t, z,v) — Ata(t x,v) + 7@@’%”) + O(At°).

Then, using the definition of ¢}'; we get

tn+2 tn+1

et o= / / o(t,z,v)dt — / o(t,x,v)dt| dx dv
b J C; ; tn+1 tn

2y

= / [@(t, x,v) — p(t — At, x, v)] dt dzx dv
ot

dp A2 920 \
/C.m.r1 [ t@t (t,z,v) 5 2 (ta:v)+(’)( 3| dt da dv

Substituting this expression in (4.18), we obtain

Np—1

. n 5} At? 9?
jig=— > ot /Cn+1 [At(f;: - 73—5 - O(At?’)] dt dwdv —pf 0. (4.19)
n=0 i
Substituting (4.19) into (4.17) yields
Nr-1 2 52
1 Do At? 9%

h _ ~ _ n+1 n-+1
jt_Atsz:[ RZ% [/Ci"jl i g Ata dtdxdv—i—/cﬁrlp,] - athtd = dv

Nr
— P3P0 — Zp?ﬂci,jlﬁt?’@(l)]

Np—1

Npr—1 5
At 0%
n+1
|: Z/ l]a dtdl’dv—f— Z /n+1 ’i,j ?76252 dtdﬂ?d’l}

1
— AP Zpi,lez‘,j\AtQO(l)],

n=1
since the test function has compact support. Rearranging the expression in ZJ*, we find
hoy Th 1 " ap
AT =3 sl [ / dtdado+ [ (o 0)p(0.0.0) do do
, .

! At 92
n+1 2
- Z /n+1 P S o dtdmdv—Zp”\C”]At o )]

n=1
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Now, noting that

1 4 1 !
— V= t dtdx d
[P ft/ci,j/o o(t, z,v) dt dz dv,

0y
we use the Taylor expansion for both ¢(t, z,v) and a(t x,v) around the point (0, z,v)
to get

1 3 ® 9
—— o(t, z,v) dt dz dv +/ / —(t,x,v)dtdx dv
At /Cu /0 CiyJo Ot
Oy a
:—/ (Oxv)dazdv—i—/ (Oxv)/ <1—>dtdazdv
Ci; A

ot
e t 3
—l—/cm ﬁ(o,m v [ < 2A>} dt dz dv + O(At° Ax;Avy),

for: € Z and j € J. Therefore, we derive

Oy At
FAESAESDY [/ po(z,v) — pi1#(0, 2, v)| da dv +p?,jHE(O)HLOO(Q)’Ci,”?
i i\
5
+ i atg( )HLOO(Q)‘CZ'J’EAtQ +1751Ci 5| A O(1)

Np—1 n+1 82 Nrp

p;; % .
+ A Y =l o i Cisl At = 3wl |CiglAZO(1)|.
n=0 n=1

Thus, we obtain that
T + I < Clipo = pr(0) | 11(g) + CAL + O(AE) = 0
as At, h — 0.

Estimating J,f

Next, let us consider

h_ N ol [o]*
To' =D A Phy = i )l + 5 (0l — Pl )l

n”"hj
=T+ I
with
h,+ . [vj]Jr n n n h,— . [Uj]i n n n
T = Z Az (pi,j _pi—l,j>90i,j7 and J,"7 = Z Az (pi,j —pi+1,j)80i,j-
n,i,j nyi»j

By using Taylor expansion on the test function, we have
i+1/2 9
/ @(t7$av) dx = Qo(tvxiil/%v)Axi +O(Amz)
i—1/2

Thus, using integration by parts and the spatial boundary conditions, we obtain

Nz—1 ¢t

jh+ ZZUJ pz] pz 1]/

n,j =0

Vj+1/2
/ o(t, w512, v)dvdt + EMF, (4.20)

Vj—1/2
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where

ExT1 < C Y IO o Ipks — Pl 4. (4.21)

niz’-]

Manipulating the first term, we get

ZUJ [pNx—LJ/
tn+1

Jj+1/2
—p- 1,]/ / o(t,v_g/9,v)dvdt
Vj—1/2

tn+l

j+1/2
/ QO t I'Nx 3/2, )dvdt

Vj—1/2

Np—2 t’n+1 J+1/2
S [ [ ) - el o) dods
i=—1 Vj—1/2
Na—1 L vy,
- Z Z [Uj]+pi,] / / (gD(t, Lit1/2, 'U) - So(t7 Ti—1/25 U)) dv dt
nj =0 i-1/2
No—1 P
:—ZZ [v] / phtxv)asp(txv)dtdxdv
n,j t=0 m
Substituting this into (4.20), we obtain
Tkt =~ Z[Ujﬁ/ pu(t,x U)gw(t z,v) dt dz dv 4+ EPT. (4.22)
niyj i

Next, let us address jxh . We have

N1 AR IREYE
Tk = Z Z vl (P41, — Pry / / go(t,le/Q,v)dvdt—i-Ef’*, (4.23)
n,j =0 j—1/2
where
h.— —
€271 < C 1G] i — wi (4.24)
n7i7j

Estimating the first term of ._7;?’7, we find
j+1/2
/ t.’L’N ,1/2, )dvdt
Vj—1/2

tn+1
_E :U] |:psz.]/
tn+1

j+1/2
—pod/ / o(t,z1/2,v) dv dt
tn Vj_1/2

et J+1/2
_pr/ / ot 210, 0) — @(t Ty, v)) dv dt

Vj—1/2

Nz—1 et J+1/2
=3 > vl pz,g/ / o(t, Tit1/2,0) — ot 3172, v)) dv dt
n,j =0 Vi=1/2
_ZUJ / phtxv)aw(txv)dtdmdv
n,i,J iy]
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Substituting this into (4.23), we obtain

T~ = Z[%‘]/

cr

n,%,] %]

pu(t, x v)g(p(t x,v) dtdx dv + EP. (4.25)

Adding up (4.22) and (4.25), we get

jﬁ:—Z/ pu(t, z,v)v g¢(t x,v) dt de dv + EMT 4 £h

n

n,%,J i,
=-> n(t, 2, v)v gi(t,x,v) dtdzdv + EMT + EM 4 O(h).
xXr
n,i,J i,

Thus, we may conclude our estimate by summarising

Jh 410 = ght 4 g+ O(n). (4.26)

Estimating jvh

We consider

Jh = Z W(pi,j —Dij—1)Pi; + [(Apz)j](pi,j = Pij1)Piy

where

T v N n n n — T ? B 7 n U
Jht = E [(Apiz,](?i,j — Pij+1)¥is,  and T = E , ( Al)z)] (PLj = Pij—1)¥i-
7 J

n,,j ,%,J

Again, we proceed by Taylor expanding the test function, i.e.,

i+1/2
/ ’ o(t,z,v)dv = o(t,,vj11/2)Avj + O(A’U?).

Vj—1/2

Now, let J € N such that supp(p(t,,-)) C (v_j_1/2,V41/2)- Then we have

jvh’_ ZZ (P75 — pij—1)ei

n,t jf—J

n trtl i+1/2 -

=> Z pil (i = Pij— / / ot @,vj_1/0) dwdt + £,
ng j=—J t Ti—1/2
where
h,— _
&7 <C Z ’Cﬁj|[(Tp)?] ‘PZJ' —pzr‘qu . (4.27)
n’ikj
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By manipulating the first term in T~ we get

Z p? [PZJ/t

tn+1

i+1/2
/ ¢(t71’7v]fl/2) dx di
i—1/2

n,i
¢t i+1/2
_pz —J— 1/ / (P(t,x,U_J_3/2) dz dt
2k i—1/2
1 . n+1 Z+1/2
D / (p(t x7vg+1/2) Sp(t7$a’l)jf1/2))d$dt
-1 2k Ti_1/2
J n+1 1+1/2
- _Z Z / / t x7vj+1/2> (p(t .’L',’UJ 1/2))dﬂ?dt
n,i j=—J Ti—1/2
_0p
= - Z ph(ta z, U)[(Tp)z ] 7(15, X 'U) dvdz dt
nij? Crj 0

having used the compact support of the test function. Next, let us consider

jvh’+ =- Z M(Pi,jﬂ — Dij)Pi

Iy Av;
thrl Tiq1/2 \
:—Z Z p1j+1 pzd / / gp(t,x,vj_H/Q) d.’l?dt—{—gvﬁ"
n,t j=—J i—1/2
where
h
EF1 < C Y ICHI)F T |pE 41 — ). (4.28)
n7i7j

We continue treating the first term of jvh’+, obtaining

- Z [pz J+1 /t

tn+1
tn

tn+1

i+1/2
/ o(t, z,v543/2) do dt
i—1/2

i+1/2
/ o(t,m,v_j41/2) dzdl
xX;

i—1/2

J+1 g+l i11/2
Z pm/ / (ot z,v5401/2) — @(t, 2,v5_1/2)) do dt
j=—J+1 i—1/2
¢+l Tiv1/2 Viy1/2
=l Z pm/ / /J ?p(t,x,v)dvdmdt
n,% j==J i—1/2 Vj—1/2 v
n +830
=2 [ paltsm ) [T} 55 () dv da dt.

=3[ pult, 2, )0 52 1, 0) dv e dt -+ €1
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In conclusion, we have
h h,— h,—
VAR A i

= / pr(t, x, v)[(Tp)n]a—(p(t, x,v) dvdzdt + 51]}’_ + 5,5”’+

n,%,] ng v
=> | pult.z,0) (Tp)hgf(t, z,v) dvdzdt + EPT + EMT 4 O(h),
g ¥ O
since
n i
Z ph(tvxvv)[[(’rp)z] - (Tp)h]ai(taxfu) dvdz dt
nyij Y Cig v
<Y ICHIPHII0)F] = (Xp)ul + O(h).
n,'L,j
Thus

Th gh=ght L ehm10().

Combination of all Estimates

We have
= |+ T+ T+ T+ T+ T
<|\TP+ T+ T+ TR+ T8+ T
<|EPF|HIERT|+ |EMTI+ |E) T 4+ O(h).

Using equations (4.21), (4.24), (4.27), (4.28), we have

en < Y| ]!{vg Tl = pisa 4 ) Py — piy

n7l7-j

LOET B0, — B2l (LT —pzj\] L om)

< hAt Z |:AU.7 UJ] |p13 pz 1 ]| + AUJ ‘pz—‘rl N pZ]‘

n727‘7

AT I, — sl + Al(Tp) 1o 00 —pzj|] Lo

1/2
< RALL Y Avglog] + Azl[(T,)]]]
n,%,]
X [Z Aw;lo] TP}, — p?fl,j]Q + Avjlv;] " [pil; — p?+1,ﬂ2
n,%,]

1/2
+ Azi[(Tp)F [ — ) + Azl (0)7 17}y — piya)?| + O(h),
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having used Cauchy-Schwarz inequality. Since

1/2 1/2
X gl +anf(T] < )| (B0 + 800)

n,t,J n,%,9

< C(vn Ly Oy T)—

K172 At1/2°
we have
ep < Chl/zAt1/2R1/2, (4.29)

where

9 - 2
R= Y Ao Il — vl + Avglus) [pF; — i)

n7i7j
2 - 2
+ Az [(Tp)7 T [P}y n — P17+ Az ()71 [pf -1 — piyl™
Using the fact that

2

)

A~ 2 A A
D= pil" = 2(v8; — D)ol +5° — [l
in particular for p € {p?ﬂ’j,piyjﬂ}, we may rewrite R such that

R=2%" [Avj oy It — Byl + Auglog] [0 — pls I

n,t,J

AT [0 — ol ol + Axl (L)Y, pzjﬂ]pzj]

2 2 — 2 2
iy [Awmpm ) + vyl (a5 — 5 )

/rL?Z"j
- 2 2 + 2 2
+ Az [(Yp)7 1 (P51 1 = Ipity 1) + Aas[(Cp)7 T (P71 — |pil] )]~
We observe that the last summation contains telescopic sums such that, indeed,
R<2> py {Avj [ " [Py — i ) + Avslo;] ™ [y — DRty ]
n7/[:7j

+ Axi[(rp)m_ [ij - p?,jfl] + Axi[<Tp)?]+[ij - ijJrl]]

+ [Afﬂi[(Tp)?]+(lp2_Jl2 — b}y )+ Azl(Cp)7T (1pF gl — IpZJ|2)] ;

where we factored out a p'; in the first term. Using the scheme (4.15), we see that

n+41
oo P “Py o, O
b At At’

R<2> |Cij

n,%,3
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where the last term comes from bounding the boundary terms, i.e., the second sum in
the previous equation. By convexity of x — z2, we can estimate further to get

C: C C
R < Z | ,J| n+1 (ij)Q) + N < X (4.30)

Substituting (4.30) into (4.29), we finally obtain
en < Ch'/?,
which goes to zero, as h — 0. Therefore, we have established (4.16), and thus

dp Oy Iy
v— —(T,) )dtdxdv—{—/po(m,v)go(O,x,v)dmdv—)O
/T <8t or Moy o

as At,h — 0. Then the limit (f, g) of (fx,gn) is a solution to the weak formulation of
system (4.1). O
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Chapter 5

One-dimensional second order
system with two species

In this Chapter we study a second order system with two species subject to nonlocal
interactions and linear damping. We prove that, under smoothness assumptions on
the potentials, a unique measure solution exists. We then consider a large-time large-
damping scaled version of the system and prove convergence towards the solution to
the corresponding first order system. Finally, we consider the case of self-interaction
potentials driven by Newtonian potentials and external coercive potentials. After pro-
viding an existence result, we prove a collapse result, showing that for large times the
solutions converge to Dirac delta measures. We complement the results with numerical
simulations.

5.1 The model

The system we deal with is

dp 0

5 + %(Pv) =0,

0 0

8 8 2 / / )
a(pv) + %(pv ) = —opv — p[Kj; * p+ Ky * 1],

0 0

—(nw) + %(m}ﬂ) = —onw — n[Kjy * 1+ Ky * p],

equipped with initial data
(P,’U)(t = 0) = (ﬁ’ﬁ)7
{(777 w)(t =0) = (7, w). (5.2)

In system (5.1), p(t,z) and n(t,z) are probability measures modelling two species of
agents, or individuals, v(t,x) and w(t,z) are the corresponding Eulerian velocities of
the two species, o > 0 is the damping parameter, K;; are smooth (to an extent to be
specified later) given space-depending potentials. The convolutions in (5.1) are meant
with respect to the space variable.

System (5.1) has a natural discrete particle counterpart. Let us consider xy,...,xx
as N particles of the first species with masses mq, ..., my, and y1, ...,y as M particles
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of the second species with masses n1,...,ny. The dynamics of z; and y; is determined
by the following equations

I =—od; — kaKh(%' — ) — anKb (i — k),
P K

Uj = —0g; = Z”kK§1 (97— u) — Z MK (y; — o),
k£ k

(5.3)

withi=1,...,N and j =1,..., M and the following initial data
z;(0) = 7, y;(0) = ;5
.CL'Z(O) = v, y](O) = w;j.

5.2 Main assumptions and particle system

In what follows we will set the assumptions and introduce definitions. Then, we precise
description of system (5.1) in terms of particles and Lagrangian coordinates respectively.
We also provide a formal argument for the large damping limit of system (5.1) towards
the corresponding first order system.

We point out here that, since we are dealing with a two-species system, we will work
on the product space Pa(R) x Pa(R), where P(R) is the set of probability measures
with finite second moment. For all pu = (u1,u2), v = (v1,v2) € P2(R) x P2(R), we
define the product Wasserstein distance as

W2 (p,v) = Wi (u1,v1) + Wi (u2, 1),

where W5 is the 2-Wasserstein distance introduced in Section 1.6. See Subsection 1.6.1
for the description of the 2-Wasserstein distance in the one-dimensional case and the
bijection between the space of probability measures on R with finite second moment
and the convex cone K of the non-decreasing L?(Q)-functions, with € = (0, 1).

5.2.1 Main assumptions

Let us start by specifying the class of interaction potentials we are going to use.
Definition 5.1. A function K : R — R is called an admissible potential if
K € W»*(R), K(0) =0 and K(—z) = K(z). (A)

An admissible potential K is said to be sub-quadratic at infinity if there exists a constant
C > 0 such that
2
K(x) <C(1+|z|") forall z € R. (SQ)

An admissible potential K has a sub-linear gradient if there exists C' > 0 such that
K'(x) <C(1+|z|) foralxeR. (SL)
We call an admissible potential attractive if

K(z) = k(|z]) > 0, for all z € R and K'(r)r > 0 for all r € R. (AT)
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In Section 5.5 we will also take into account the action of ezternal potentials in
the dynamics. More precisely, we consider A € C?(R) and assume that there exist the
positive constants A and « such that

Az) > Nz|? (H1)
and
zA'(z) > a|z|? (H2)

for all z € R.
Denoting with (-,-)2(q)2 the inner product on the space L*(€2)?, that is

(21, ) 1202 = /Q (X1 (5)Xa(s) + Yi(5)Ya(s)] ds.

for Z; = (X1,Y7) and Zy = (Xo,Ys) in L?(Q2)?, we recall below the notion of Fréchet
sub-differential for a generic operator § on a general Hilbert space.

Definition 5.2. Let H be a Hilbert space. For a given, proper and lower semi-
continuous functional § : H — (—o0,+0c0], we say that Z € H belongs to the sub-
differential of § at Z € H if and only if

8(R)=3(2) 2 {Z. R = Z)u + o(|R — Z]),
as |R— Z|| — 0, with R € H. The sub-differential of § at Z is denoted by 8F(Z).

In particular, we will usually consider as Hilbert spaces H = L?(Q2) or H = L?(2)2.
Let Ic : L?(2) — [0, +00) be the indicator function of the L2-convex cone K intro-
duced in (1.15), that is

0 if X e,

+o00 otherwise.

Ix(X) = {
For a given X € L?(f2), the sub-differential of I in X is given by
Al (X) = {Z € L*(Q) : Ix(X) > Ix(X) +/ Z(X — X)dm, for all X € /c} :
Q

or in its alternative form

2 . e Y :
Oe(X) = {ZeL*(Q):0> fQZ(X—X)dm, forall X € £}, ifX GI.C,
0, otherwise.
The definitions above can be easily extended to any Hilbert space H different form
L?, as sometimes required.
We conclude this Subsection with the following definition, which we borrow from
[12].

Definition 5.3. An operator F' : K — L?(Q) is bounded if there exists a constant
C > 0 such that

IFXl2(q) < CA+ [IX]| o)) forall X € K.
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An operator F : K — L?(Q) is pointwise linearly bounded if there exists a constant
Cp > 0 such that

IFIX)(m)| < Cp(1+ |X(m)| + | X1 qy)  for ae.m € Qand all X € K.

An operator F : K — L2(Q) is uniformly continuous if there exists a modulus of
continuity w such that

|FIX)) — FIXall ooy < w(IX1 = Xall o) for all X1, Xz € K.

5.2.2 Particles system

We dedicate this Subsection to the study of sticky solutions in the finite dimensional
case. Let x = (x1,...,ozy) € RY and y = (y1,...,yn) € RM be the positions of
particles of the first and second species respectively. Since the particles do not overtake
each other, the “sticky” condition preserves the ordering of the particles. Therefore their
evolution is confined in the closed convex set

KNXKM:{(x,y)ERNXRM < ... < xn, ylggyM}

Setting v = (vq,...,vx) € RY and w = (w1, ..., wy) € RM as the velocity vectors of
particles of the first species and second species respectively, we consider the following
System

£ (1) = vil0),

(1) = wj(0), o
84() = ai(w(t) + bil(t), y(1)) — owi(0),

() = ¢ (y() + i (2(0), y(1)) — ow; (0),

fori=1,...,Nand j=1,..., M. In system (5.4)

)

N M

=Y K (i —ap), bi(wy) == mpHp(zi — yr),
k=1 k=1
M N

= oK (i — k), di(w,y) == miH)(y; — ).
k=1 k=1

fori=1,...,N and j =1,..., M. The i-th component of the vector field
a(z):x € KN = (a1(2),...,an(z)) € RY

models the interactions between particles of the first species and the ¢-th particle of the
first species, while the i-th component of the vector field

b(z,y) : (z,y) € KN x KM — (by(z,y),...,bx(z,y)) € RN

describes the interactions between the i-th particle of the first species and particles of
the second species. Similarly one can describe the j-th component of the terms

c(y) :y e KM = (c1(y), ..., cmu(y)) € RM,

and
d(l’,y) : (‘Tay) € KN X KM — (dl('rvy)a B ,dM(fL',y)) € RM?
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respectively.

Assuming that all the potentials in (5.4) are smooth enough (for example with C?
regularity), a unique solution to (5.4) exists as long as particles occupy distinct positions.
When two or more particles collide, we apply the concept of sticky particle solution
sketched in the introduction, Section 1.3. Following [12, 51], the precise formalisation
of sticky collisions requires the definition of the following normal cones

NKY ={leRY : 1. (T—2)<0 forallZ ek},
NEKM:={neRM :n.-(F—y) <0 foralyecKY}
Note that the normal cone N, K¥ is equal to the sub-differential Iy~ (z) of the indicator
function of KV at the point . When two particles of the same species collide, an
instantaneous force is released and the respective particles velocities evolve as elements
of the normal cones N,KV and Ny]KM respectively. Given these premises, we can
consider the second order system of differential inclusions
T =,
y=w,
v+ NKY 3 a(z) + b(z,y) — ov,
W+ NKM 3 e(y) 4+ d(x,y) — ow.

(5.5)

System (5.5) is justified as follows. Introducing the vector W(t) = (V(t), W(t)) =
e (v(t), w(t)), from (5.4) we get

W(t) = e Ax(t), y (1)),

where A(z,y) is the vector in RV+*M with components a(x) 4 b(z, y) and c(y) + d(z, )

respectively. Now, due to the smoothness of the interaction potentials, the vector
field A(x,y) can be extended by continuity to the boundary of the cone KV¥ x KM,
Therefore, as W and (v, w) only differ by a scalar factor, a suitable modified version of
the differential equation for W that keeps the dynamics in KV x KM is the differential
inclusion

W(t) € et A(x(t), y(t)) + Nx(t)KN X Ny(t)KM,
which easily yields the last two differential inclusions in (5.5).

According to [12], if = : [0,00) — KV satisfies the global sticky condition, i.e.,
particles are not allowed to split after colliding, then the following monotonicity property
on the family of normal cones Nx(t)KN holds:

Ny KN € NyyKY  forall s < t.

Hence, for any function ¢ : [0,00) — R such that ((t) € Nm(t)KN, we have

t
/ ((r)dr € NypKY  forall s <t.

Consequently, integrating the last two equations in (5.5) on a time interval [s, ], one
obtains

v(t) +ox(t) + Nx(t)KN Sv(s) + ox(s) + / a(z(r))dr + / b(z(r),y(r))dr, (5.6)
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and

w(t) + oy(t) + Ny(t)KM > w(s) + oy(s) + / c(y(r))dr+ / d(z(r),y(r))dr. (5.7)

System (5.5), together with (5.6) and (5.7), can be rewritten in a more compact form
in the new variables (x,y, p, ¢) where p and ¢ are defined by

p(t) = / a(xz(r))dr + / b(x(r),y(r)) dr +v(s) + ox(s),
q(t) = / c(y(r)) dr +/ d(z(r),y(r)) dr +w(s) + oy(s),

yielding the following first order system of differential inclusions

i+ ox+ N,KY 5 p,
y+ay+NyKM 5 q,
p=a(z) +b(z,y),
¢ = c(y) +d(z,y),

with the additional characterisation of v and w in terms of p and ¢ given by
¢
u(t) +o / o(r) dr + N,KY 3 p(t),
S

w(t) + J/tw(r) dr + N,KM 3 ¢(t).

5.2.3 Time scaling and formal large damping limit

One of the purposes is to study system (5.1) in the large time / large damping regime,
namely we aim to send o — 400 in (5.1) after having suitably rescaled the time vari-
able. We start performing the scaling at the level of particles, namely for system (5.3).
Consider the new time variable 7 defined by

= (5.8)

and introduce the scaled particle trajectories as follows:

zi(t) = xi(7) = xi(t/0),
y;(t) = &(1) = &(t/o),
asi=1,...,Nand j=1,..., M. Notice that we can scale the initial velocities accord-
ingly as '
XZ(O) =V, = 00y, {j(O) =W = ow;j.

Hence, system (5.3) becomes

0'_25(.1'( *Xz kaK Xz ( )) - anH;;(Xl(T) - é-k(T))a
hoti %

o 2E5(7) ) = > kI (§(7) = (7)) = Y miH (&(7) = xk(T)).
kAj 3
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A formal limit ¢ — 400 leads to the following first order system of differential equations
for particle positions

Xi(T) = =Y mK), (xi(T) = xk(7)) = D meH), (xi(7) = &(7)),
Kot p

§(m) == meK)(§(r) = & (7)) = > meH)(§(7) — xa(7)).
oy !

A similar time scaling can be performed at the level of (5.1). Using the definition
of 7 in (5.8) and considering (p, v, 7, w) solution to

o o,
a*‘%(ﬂ’v)—(),

o 9,

E—i_%(nw)_oa

(g 0 ~~D ~~ Ty ~ !
a(ﬁ”) + %(PU ) = —opv — p[Kqy * p+ Ko * 7],
0 0 U ~

5 (10) + 5 (7j0%) = =i — [ Kby 7 + Kpy = pl,

we can introduce the rescaled densities and velocities as

p(r,z) = p(t,x), v(r,x) = ov(t, ),
n(r,z) =n(t,z), w(r,x) = ow(t, ).

Then the quadruple (p,v,n, w) solves

op 0
iy O*(PU) 0,
0 0
or 0
2| 0 9 2 / / (5.9)
o @(Pv)‘ka(m’ )| = —pv— p[Kyy * p+ Kip x 1),
-2 0 0 2 / /
0% | 5o () + - (%) | = —npw — 1Koy * 1 + Kz * pl,
and formally, as ¢ — 0o, we get the first order system
ap 0
o %[PKﬁ *p+ pKis x 1),
n (5.10)

)
5 = g (1o # 0+ 0Ky *p].

5.2.4 Lagrangian description of the continuum model

We now transpose the considerations above in terms of a Lagrangian description for
system (5.1). For any X € K, where K denotes the convex cone introduced in (1.15),
we define the set

Qx ={m € Q : X is constant in an open neighborhood of m}, (5.11)

and the closed subspace

Hx ={Z € L*(0,1) : Z is constant on each interval (a,b) € Qx}. (5.12)
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A crucial quantity in the following analysis is the projection Py, : L? — Hx given by

b
][ U(m)dm in any maximal interval (a,b) C Qx,
Py (U) = a
U a.e. in 2\ Qx,

(5.13)

for all U € L?(Q2). The proof of the following Lemma is an easy consequence of Jensen’s
inequality, see [12, Lemma 2.2].

Lemma 5.1 (Hx-contraction). Let 1) : R — [0,00) be a convex lower semi-continuous
function. Then Py, is dominated by X, namely

/ P (Px (Y)) dm < / Y(Y)dm  forall X € K and all Y € L*(),
Q Q

and we write Py, < X.

Consider a quadruple (p, 7, v, w) solution to (5.1) and define the maps X, Y : [0, 00) x
2 — R and the velocities V, W : [0, 00) x © — R as follows

X(t’ ) = \I/(p(t, ))) V(tv ) = U(t7 X(ta )) = atX(t’ ‘)7
Y(ta ) = ‘I’(ﬂ(ta ))7 W(t, ) = w(t, Y(tv )) = 8tY(t7 ‘)7

where ¥ is the isometry defined in (1.16) that associates to a probability measure
its monotone rearrangement. In the new unknowns (X,Y,V, W), system (5.1) can be
(formally) rephrased as

9 X (t) = V(1),
Y (t) = W(t),

HV(t)=— | Ki1(X(m)—X(m'))dm'

- / Ko (Y (m) — X (m)) dm — oW (t).
\ Q
Similarly to Subsection 5.2.2, one can show that the previous system can be reformulated
in terms of differential inclusions to incorporate particles collisions. Moreover, since
we will investigate on the large-damping limit, through the chapter we consider the
Lagrangian counterpart of the rescaled system (5.9). Then, according to the previous
calculations, we get the system

eX(t,m) + X (t,m) + oI (X (t,m)) 3 eV (m) + X (m)
+/ F[IX(-,r),Y(-,m)](m)dr,
0
eY (t,m) + Y (t,m) + OIc(Y (t,m)) > eW (m) + Y (m)

/ GIx )](m) dr,

(5.14)
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with ¢ := 072 and where we have denoted by
F:KxK—L*Q) and G: K x K — L*(Q)

the operators

F[X,Y](m) =— / K1 (X (r,m) — X (r,m')) dm’
@ (5.15)
_ /QK{Q (X(r, m) — Y (r, m')) dm/’,

and
G[X,Y](m) = — / Koy (Y (r,m) =Y (r,m')) dm’
@ (5.16)
- /QKél (Y(r,m) — X(r,m’)) dm’ .

We observe that if K;; are C! functions that satisfy (A) and (SL) then the two
operator F' and G defined in (5.15) and (5.16) are uniformly continuous and bounded
according to Definition 5.3.

Notice also that the parameter € = 0~ is an inertia parameter; thus a large damping

limit corresponds to a small inertia limit, i.e., send o — oo means to consider € — 0.

2

Definition 5.4 (Lagrangian solutions). Let K11, Ko, Ko1, K22 € C}(R) potentials
satisfying (A) and (SL). Let X,Y € K and V,W € L?(Q) be given. A Lagrangian
solution to (5.14) with initial data (X,Y,V,W) is a pair (X,Y) € Lip, ([0,00); K) x

Lipioc ([0, 00); K) satisfying X (0) = X, Y(0) =Y and (5.14) for a.e. t € [0, c0).

In order to consider the case of Newtonian potentials, we introduce the following
notion of generalised Lagrangian solutions for system (5.14) under globally sticky dy-
namics, see [12].

Definition 5.5. A generalised solution to the system (5.14) is a pair
(X,Y) € Lip,([0,00);K) x Lip, ([0,00);K)
such that

1. Differential inclusion:

eX(£) + X(t) + OIc(X (1) 3 eV + X + /t O(s) ds,
0

eY(t)+Y(t)+0I(Y(t) W +Y + /Ot Z(s) ds,

holds for a.e. t € (0,00), for some maps
6,2 € L= ([0,00); LA(9)) x L ([0, 00); LA(2))

with

O—F[X(t),Y(t)] € Hyy and © < F[X(1),Y(t)] forae. te (0,00), (5.17)
and, similarly,

E—-GIX(1),Y(t)] € Hyyy and E<G[X(1),Y(1)] forae. t e (0,00), (5.18)
where F[X(t),Y(t)] and G[X(t),Y(¢)] are the operators defined in (5.15) and
(5.16).
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2. Semigri)up property: for all t > t; > 0, the right derivatives V = %X and
W = Cfi—tY satisfy

5V@%+X@%HHAXU»95V@)+X@Q+/d@@ﬂ&

t1

eY(t)+ W(t)+ 0Ix(Y(t) 2eW(t1) + Y(t1) + /t =(s) ds.

t1

3. Projection formula: for all t > t; > 0

.

X(t) = P <X(t1) + é(t —11)(X(t1) +eV(tr))
1 X(s)ds—i—l/ (t—s)@(s)ds),

€ Juy € Ju

Y(6) =P (Yt + 20 - ) (¥ (1) + W 1)

_é ,:Y<S) ds + é /t:(t — 5)Z(s) ds).

(5.19)

(5.20)

(5.21)

(5.22)

Note that if we choose O(t) :== F[X(t),Y (¢)] and Z(t) := G[X(t),Y (t)] with F and

In the following we will make use of the auxiliary variables

P(t,m) =&V (m) + X (m) —i—/o F[X(-,r),Y(-,r)](m)dr,

and

Q(t,m) = eW(m) + Y (m) —I—/O G[X(,r),Y(-,r)|(m)dr,

that allow to rephrase system (5.14) in the equivalent form

eX + X +0Ix(X) 3 P,
Y +Y +0Ix(Y) 3 Q,
P =F[X,Y],
Q = G[X,Y].

5.3 Existence and uniqueness for smooth potentials

, Theorem 3.17|, see Section 1.7.

We start proving the following Lemma.
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G asin (5.15) and (5.16) and the interaction potentials K11, K12, K921 and Ky satisfying
(A) and (SL), then any Lagrangian solution is a generalised Lagrangian solution.

(5.23)

(5.24)

(5.25)

In this Section we prove existence and uniqueness of solution to system (5.1). To perform
this task, we pass through existence of solutions to the Lagrangian system (5.14), where
we apply the theory of Maximal Monotone Operators subject to Lipschitz perturbations
in the spirit of [14



Lemma 5.2. Let (X,Y),(X,Y) € K x K be given. Consider the interaction kernels
K11, K19, Ko1, Koo under assumptions (A) and (SL) and let F' and G be the operators
defined in (5.15) and (5.16) respectively. Then there exist two positive constants C and
Cy depending on the Lipschitz constants of the kernels, such that

(i) |FIX,Y] = F[X,Y]|720) < C1(1X = X720y + Y = YI2())
(ii) |GIX,Y] = GIX, Y] 72y < Co(IX = X72() + Y = Y72(q)-

Proof. We only prove (i) since (i) follows from a similar argument. By the definition
of F'in (5.15) we have

IF[X, Y] = FIX, Y][72(q

:/Q _/QKgl(X(r,m)—X(r,m’))dm’—/QKiz(X(ﬁm)—Y(Tvm'))dm’ (5.26)

N N N N 2
—i—/ﬂK{l(X(r, m) — X (r, m’)) dm' + /QK{Q(X(r, m) — Y (r, m’)) dm’

dm.

Using the fact that |z+y|? < 2(|z|*+|y[?), the right hand side of (5.26) can be controlled
by

.

+ ’/ (K15 (X (rym) — Y (r,m)) — Kio(X (r,m) — Y (r,m))] dm’
Q

2

/Q [K{l (X(r, m) — X(r, m/)) — K{l(;((r, m) — X (r, m’))] dm’

2
) dm
9 (5.27)
< 2/Q (/Q|Kil (X(Ta m) — X(r, m/)) — Kil()?(r, m) — )Af(r, m/))\ dm’

B B 2
+ </QK{2 (X(r,m) =Y (r,m)) — K{o(X(r,m) = Y (r,m))] dm’> dm.

Let L(K{;) and L(K{,) be the Lipschitz constants of K|, and K], respectively, then,
using Jensen’s inequality, the right hand side of (5.27) is bounded by

2
2 [ ([ L3 (X0) = K]+ X ) = K e
+ (/QL(K{Q)UX(T, m) — X (r,m)| + |Y (r,m’) = Y (r,m’))) dm’)Qdm
< [ ([ 021X ) = R+ LUGPX ') = Ko ] )
([ IR~ X (rm + UGV () = ¥ ()] i) i
Thus, there exists a positive constant Cy = C1 (L(K7;), L(K{,)) such that
IFIX.Y] = FIX Ty < O (IX = Koy + 1Y Vlage)).

Analogously, one can prove the inequality (7i), we omit the details. O]

We are now ready to state existence result for Lagrangian solution to system (5.14).
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Proposition 5.1. Let T > 0 and suppose that the kernels K11, Ko, Ko1, Koo € C*(R)
satisfy (A) and (SL). Then, for every (X,Y,V,W) € K*x L?(2)? there exists a unique
Lagrangian solution (X,Y) to (5.14) in [0,T].

Proof. According to the discussion in Subsection 5.2.4, system (5.14) can be rewritten
in the following equivalent form

. X\ _ P
X+8<IK(X)+|’> > —,

2¢e €
2
Y +8<I,C(Y) + D;g’) > g (5.28)
P =F[X,Y],
Q=G[X,Y],

where P and @ are defined in (5.23) and (5.24) respectively. In order to prove the result
we will follow the strategy in [14, Theorem 3.17|. Consider the operator

X2 |y)?
A(X,Y,P,Q) = Ix(X) + Ix(Y) + 25| n |2€|

defined on the Hilbert space H := L?(Q)% x L?(2)2. Note that A is convex and bounded
flgmiaelgw. gons'iler ﬂle iterative sequence defined as follows: fix Uy = (Y, Y, P, @) =
(X,Y,eV + X, eW +Y) and, for n > 1 construct

Unt1(t) = (X1 (), Yar1 (), Poga(t), Quia(t))

recursively as the weak solution to the implicit-explicit system

) X,ql? P, _
Xn+1 + 3<IIC(Xn+1) + ’2;1’) > Xnt1(0) = X,
. Y,.1]? " —
Yoi1 + a<IIC(Yn+1) + ‘2J;1|> e %, Yut1(0) =Y, (5.29)
Pn+1 = F[—X’VM Yn]v Pn-i-l(o) = F?
Qn+1 = G[Xna Yn]v Qn+1(0) = @

Setting R(U,,) = (Pn/g, Qn/e, F[Xn, Y], G X0, Yn]), the previous system (5.29) can be
rewritten in the following compact form

Upi1 4+ 0AUns1) 2 R(U,). (5.30)

Since the functional A is convex, its sub-differential is a maximal monotone operator in

the sense of [14] and R can be seen as a Lipschitz perturbation of it, see |14, Lemma
3.1]. A direct computation shows that

1d
5 77 1Un 1 = Unlli20) < (Unt1 = Un, R(Un) = R(Un-1))-

Proceeding as in [14, Lemma A.5|, we may introduce the function
1 > 2
05(0) = 5 (10U 11(0) = Ua(O)l32(q) + 6
t
4 [ U (0) = Un(r), BUL 0 = RUna () dr
0
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and prove that it is absolutely continuous for all ¢ € [0, 7] with

1 t
¢%®SVM®H\@AHMMMW—MMHXMmmMn

uniformly in 6. Since |[Up41(t) = Un(t)|| 12(q) < V2:/1s(t) for all § > 0, we have that

|wﬁﬂo—UAmumnsAumeww<mm%awmymwn

Invoking Lemma 5.2 and the definitions for P and @ in (5.23) and (5.24) respectively, we
can say that there exists a positive constant C depending on T', € and on the Lipschitz
constants of the kernels L(K1,), L(K},), L(K%;), L(K}5) such that

t
umﬂw—mwﬂmmscémmm—wqmumwr

for 0 <t <T. An easy iterative procedure implies that

()"

n!

[Un+1 = Unll 20y < U1 = Uoll 20y

thus, U,, uniformly converges on [0, T'] to some U. Due to the Lemma 5.2, R is continuous
in L? in each component. Moreover, since the sub-differential of A is closed, we can
pass to the limit in (5.30) and obtain that U is a weak solution to the system (5.28).

Concerning uniqueness, let U; = (X1,Y1, P1, Q1) and Uy = (Xo, Ys, P5, Q2) be two
solutions to system (5.28) with the same initial condition U; = Uy = U. Proceeding in
an analogous way as before, we can argue that

t
nmm—wmm@scémmm—wmmmwr

for 0 <t < T, where the positive constant C' depends on T, e, L(K;), L(K1,), L(K},),
L(K),). This implies that

Ciie
1U1(t) = U2(t) | 12y < €U = Uzl 2y = 0,
that proves the uniqueness. O
The following Proposition collects some properties of Lagrangian solution.

Proposition 5.2. Let F, G : KxK — L*(Q) be uniformly continuous operators in (5.15)
and (5.16) and let (X,Y) be the Lagrangian solution to (5.14). Then, the following
properties hold:

(i) The right-derivatives
d* d*
V=—X W=—Y 5.31
dt ™’ dt (5:31)

exist for all t > 0.
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(11) V and W are the unique elements of minimal norm in the closed convex sets

L(P() — OLe(X (1) = X(1)  and Q1) ~ DY (1)) ~ Y (1)

3

respectively, i.e.,
1 [e]
v = (2P0 - orex) - X)) (5.32)
and . .
W) = (1) - 01y (0) - Y1) (539

respectively. In particular, by replacing X by V and Y by W, (5.14) and (5.25)
hold for all t > 0.

(iii) The functions t — V(t) and t — W (t) are right-continuous for all t > 0.

(iv) If TY C (0,00) and T C (0,00) denote the subsets of all times at which the
maps s = [V ()|l 2 and s — [W(s)||p2(q) respectively are continuous, then
(0,00)\ T2 and (0,00)\ T are negligible, V and W are continuous, X andY are
differentiable in L*(Q) at every point 0f7}? and 7;9 respectively.

(v) Setting plt, ) = UL (X(t,)) and n(t, ) = U~N(Y(1,)) where ¥ is the isometry
introduced in (1.16), there exist a unique map v(t, ) € L*(R, p) and a unique map
w(t, ) € L*(R,n) such that

Xt)=V({t) = Pr <i(P(t) — X(t))> =o(t, X () € Hx), (5.34)
for every t € 7}?, and
Y(t)=W(t) = Pty <i(Q(t) — Y(t))> =w(t,Y(t) € Hyq), (5.35)

for every t € 7;9

Proof. The results in (1), (i), (i) are consequences of the general theory of [14, Theo-
rem 3.5]. Concerning (iv) and (v), we follow [12, Theorem 3.5]. We prove only (5.34),
since the proof of (5.35) is similar. By applying [14, Remark 3.9], one can see that if
t is a point of differentiability of X, the derivative with respect to time of X in £ is
the projection of 0 onto the affine space generated by P(t) — 0Ix(X(t)) — X (¢), i.e.,
the orthogonal projection of P(t) — X (t) onto the orthogonal complement of the space
generated by 0Ix (X (t)). By using [12, Lemma 2.5|, we obtain (5.34). Since any element
of Hx( can be written as v o X, where v € L?() is a suitable Borel map, we have
that there exists a Borel map v : [0,00) x R — R such that v(t,-) € L*(R, p(t,-)) and
V(t,)=v(t,X(t)) for t € T%. O

We are now in the position of proving the main result, that concerns existence and
uniqueness of the solution to system (5.1).
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Theorem 5.1. Let T > 0 and suppose that the kernels K11, K12, Ko1, Koo € CH(R)
satisfy (A) and (SL). Let p, € P2(R) and v € L*(dp) and w € L*(dn). Then, there
exists a unique quadruple

(psm,v,w) € Lip([0,T]; P2(R) x Pa(R) x L*(dp(t)) x L*(dn(t)))

that is a distributional solution to system (5.1) such that

limn(t,) =7 in Pa(R), lgfnn( Jw(t,) =nw in M(R).

Proof. Let p,1 € P2(R) and v € L?(dp), w € L?(dn) be given initial conditions. Define
the L%(Q)-functions X = ¥(p) and Y = ¥(7) and the compositions V = 7o X and

W =woY. Then (X,Y,V,W) is an admissible initial condition for system (5.14),
thus Proposition 5.1 ensures existence and uniqueness of a couple (X,Y) that is the
Lagrangian solution to (5.14). According to Proposition 5.2 we can define the right-
continuous functions V' and W such that (5.31) holds for all ¢ > 0 and introduce
p(t,") = U=YX(t-) and n(t,-) = ¥ L(Y(t,-)). Let v(t,-) be the map given by
Proposition 5.2 and ¢ be a test function on (0,7") x R, then

/Ooo/le(@tgo(t,x) + Opo(t, x)v(t, x))v(t, 2)p(t, dz) dt
:/OOO/Q5(8tcp(t,X(t,m)))v(t,X(t,m))dmdt (5.36)
+/OO/6(8mcp(t,X(t,m))v(t,X(t,m)))v(t,X(t,m)) dm dt.

Using (5.34) and integrating by parts, the right hand side of (5.36) is equal to

/0 /Q (dtcp(t,X(t,m))) (P(t,m) — X (t,m)) dm dt
- /OOO /Q p(t, X (t,m)) (X (5, m) = P(t,m)) dm dt.

As proved in Proposition 5.2 we have that X (t,m) = V(t,m) and from the definition
of the operator P(t,m) in (5.23), one obtains that (5.37) equals

/ / (1, X (t,m) <V(t,m)+/QK;1(X(s,m)—X(s,m’))dm'

+ [ K OxGm) = ¥ (som) dn ) dma

(5.37)

— /°° /R o(t, x) (’U(t,x) + K1y * p(t,z) + K1 *n(t, x)) p(t,dx) dt,

that is the distributional formulation of the momentum equation in (5.1). Similarly, for
the continuity equation we have

[ / (et X m) ) dmas

_/Ooo/ol (Bep(t, X (t,m)) + Bpp(t, X (t,m))V (£, m)) dm dt

—/OO/ (Brp(t, ) + @u(t, x)o(t, @) p(t, do) dt =
0 R

98



Concerning the initial conditions, since lim; o X (¢) = X in L%*(Q2) for Proposition 5.1
and X = ¥(p), we have that p — p in P2(R) as t — 0. Moreover, V = v o X, so that
limyjo V' (t) = V in L%(2), therefore for every ¢ € Cy(R) we have

1 PR PR—
/ o(@)o(x)p(de) = / (X (m))V(m) dm
R 0
1

=lim [ (X (t,m)V(t,m)dm =1lm [ (¢, z)v(t,z)p(t,dx).
tl0 Jo tl0 Jr

A similar argument can be used for the pair (1, w). O

5.4 Large-damping limit

In this Section we study the large-damping limit of system (5.1) for the damping pa-
rameter 0 — 0o. In particular, we aim at making the formal argument introduced in
Subsection 5.2.3 rigorous, and showing that solutions to system (5.9) converge to the
ones of the first order system

0 0

55 = %[pK;*erpH,’;*n],

A (5.38)
Tr = B My ¥ 0+ nHy gl

In what follows we will assume that the potentials K71, K13, Ko7, K99 are under
assumptions (A) and (SL).
Recalling the definition of F[X,Y](m) and G[X,Y](m) in (5.15) and (5.16), we

introduce the operator

L)) = (G v )

By setting Z. = (X.,Y:), Z. = (X.,Ye), Uc = (Vo,We) and U, = (V,W.), system

(5.14) can be rewritten in the following compact form

eZo(t) + Zo(t) + Olic2 (Ze(t)) 3 U= + Z- + / t L(Z(r)) dr. (5.39)
0

We are now in the position of proving

Theorem 5.2. Let T > 0 and suppose that the kernels K11, K12, K21, Koo € CH(R)
satisfy (A) and (SL). Let (pz, -, ve,w:) be solution to system (5.9) with e = 0=2 under
the initial condition (p,, 7., Ve, ws) and let (p,n) be solution to system (5.10) with initial
data (p,7). Furthermore, assume that

(i) p. — P and 7, — 7 as € — 0 in P2(R);
(i) v = o(1/e) in L*(dp.) and w. = o(1/¢) in L?(dn,) as e — 0.
Then,

T
lim o W22((105’ 1), (P 77)) dt = 0.

e—0

99



Remark 5.1 (Initial data are not well-prepared in the velocity variable). In Theorem
5.2, recalling that v° = %@, assumption (i) is satisfied in case v € L?(dp) and w €
L?(dn) are given and independent of e. Therefore, assumption (i) is quite general in
the context of singular limits. Assumption (¢) instead imposes that the initial density

should converge to the one of the limiting first order system.

Proof of Theorem 5.2. Let (p,n) be a solution to system (5.38) subject to the initial
condition (p,7), and (pe, 7e, Ve, we) be a solution to system (5.9) subject to the initial
condition (p., 7., Ve, We ), Define Xg = ¥(p) and Yy = ¥(n), then Zy = (Xop,Yp) is a
solution to

20(6) + O (Za(t) > Zo + [ " L(Zo(r)) dr, (5.40)

with Zg = (Xo,Y0) = (¥(p), ¥(7)). Similarly, consider Z. = (Xc,Y:) that solves
(5.39), with X, = ¥(p;) and Yz = ¥(n.). Adding £Zy(t) to both sides of (5.40) and
taking the difference between (5.39) and (5.40), we get

5(Za(t) - Zo(t)) + Z(t) — Zo(t) + 0Lyc2(Z(t)) — Olx2(Zo(t))
5eU. + Ze — Zo — eZo(t) + /0 [L(Z(r)) = L(Zo(r))] dr. (5.41)

We now estimate the evolution of the L?-norm of the quantity Z.(t) — Zy(t). In doing
that, we use the monotonicity of the set valued operator 9z, which is a consequence
of the convexity of the indicator function and of the definition of sub-differential.

%% i (Ze(t,m) — Zo<t,m))201m+/Q (Z.(t,m) — Zo(t,m))” dm
< / [eU-(m) + Z=(m) — Zo(m)] (Z:(t,m) — Zo(t,m)) dm
o (5.42)
= E/QZO(t,m)(Za(t, m) — Zo(t,m)) dm
—i—/o /Q [L(Za(r, m)) — L(Zy(r, m))](Zg(t,m) — Zo(t,m)) dm dr.
Using Young’s inequality and the bounds in Lemma 5.2, (5.42) becomes

%% | (Zettm) = Zo(t m))Qdm+/Q(Z€(t, m) — Zo(t,m))* dm

< ;/Q [eU-(m) + Zz(m) — 70(m)]2 dm + ;/Q (Z=(t,m) — Zo(t’m))Q dm
+ % /Q Z2(t,m)dm + ;/ﬂ (Z=(t,m) — Zy(t, m))de
+ ;/0 /Q [L(Z:(r,m)) — L(Zo(r, m)))? dm dr
+ ;/0 /Q (Ze(r,m) — Zy(r, m))zdmdr,
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which implies
£d (
2dt Jq

< ;/Q [EUE(m)+Za(m)—ZO(m)]2dm+;/QZ'S(t,m)dm

Z:(t,m) — Zy(t, m))2 dm + % /Q (Z=(t,m) — Zy(t, m))2 dm

1 [t 2
+C’2/0 /Q(Zg(r,m)—Zo(r,m)) dmdr,

where C' is a fixed constant depending on the operator L and coming from Lemma 5.2.
Integrating over [0, 7] and denoting

A(e,T) :==(2e + 4T) /Q

T
+25/ /Z'g(t,m)dmdt,
0 Q

assuming € < 1/2, by using Cauchy-Schwarz inequality we have that

(Ze(m) — 70(m))2 dm + 4T/Q [eU(m)] % dm

[ [ @t~ 2o ama
SC/OT/Ot/Q(Za(r7m)_ZO(T’m))QdmdrdtJrA(E’T)’

by suitably renaming the constant C'. By applying Gronwall’s lemma we get

/T/ (Ze(t,m) — Zo(t,m))> dm dt < A(e, T)e ™.
0 Q

In order to conclude it is enough to see that A(e, T)) — 0 as e — 0. We recall assumption
(i) reads p, — p and 7. — 7 in Pa(R), thus Z. — Zp as € — 0 in L*(Q)2. Assumption
(74) implies initial velocities under the following conditions

T. = o(1/¢) in L?(dp.) and W. = o(1/e) in L?(d7.)

as € — 0, thus eU. — 0 as ¢ — 0. Finally, the last term in A(e,T) converges to zero
since Zy does not depend on €. O

5.5 Newtonian potentials

This Section is devoted to study existence of solutions and asymptotic property of sys-
tem (5.1) when self-attractive forces are driven by Newtonian potentials, i.e., K11(z) =
Ko (x) = N(z) = |z|. We restrict the analysis to the case of equal cross potentials,
namely K19 = K91 = H. We also consider two uniformly convex external potentials
A, and A, acting on the system. More precisely, we assume A,, A, € C%(R) under as-
sumptions (H1) and (H2). These additional terms do not affect the study of existence
of solutions, in the generalised sense specified in Definition 5.5, but are only required in
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the study of asymptotic behaviour in Theorem 5.3. The system we are dealing with is

9
—(pv) + %(mﬂ) =—opv—p[N"xp+ H' *xn+ Ay,

P
5 () + %(an) = —onw —[N"xn+ H % p+ Ay,

and its Lagrangian counterpart is

X (t,m) =V (t,m),
O Y (t,m) = W(t,m),

0V (t,m) = — /Q sign(X (¢t,m) — X (t,m’)) dm’
- / H'(X(t,m) = Y(t,m))dm' — oV (t,m) — A (X),  (5:44)
Q

oW (t,m) = —/ sign(Y (¢, m) — Y (¢,m)) dm/

Q
-/ H'(Y(t,m) — X (t,m')) dm’' — cW (t,m) — A (Y).
Stationary solutions in this case are (ps,ns) = (do, dg) where § is the Dirac measure,

which corresponds to (X, Ys) = (0,0) in terms of the Lagrangian description.
We can associate to the system (5.44) the following functional

F(X,Y) :;/Q/Q|X(m) —X(m’)|dm’dm—|—;/Q/QY(m)—Y(m’ﬂdm’dm
+/Q/QH(Y(m)X(m’)) dm’ dm (5.45)
—i—/QAp(X(m))dm%—/QA,](Y(m))dm.

In particular, we write

F(X,Y)=5X)+S(Y)+ K(X,)Y),

where
SO =5 [ 1X(m) = X ') o i,
S0y g [ W) = v dnt am.
K(X,Y) ::/Q/QH(Y(m)—X(m’)) dm’ dm
+/QAP(X(m))dm+/QAn(Y(m))dm.

As shown in [11, 22|, it is easy to prove that the self-interaction contributions in §
are linear when restricted to K.
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Lemma 5.3. If X € K, then

S(X) = /Q (2m — 1)X (m) dm.

Proof. A direct computation shows that

//|X s)| ds dm = // . (X (m) — X(s)) dm ds.

Since X € K, X is non-decreasing, then the set {X(m) > X(s)} can be characterised
as follows
{X(m) > X(s)} = {m > s} U{m < 5 < S(m)},

with
Y(m) =sup{s € [0,1] : X(s) =X(m)}.

Moreover, X (s) = X(m) on {m < s < 3(m)}, then

://mzs (X(m) — X(s)) dmds
_ </Q/OmX(m)dsdm—/Q/:X(s)dmds>

— [ mX(m)dm — [ (1-s)X(s)ds
/, /,
= [ Cm = )X (m)dm,

that proves the statement. O

The first result in this Section consists in proving the existence of a map ¢t —
(X (t),Y(t)) that is a generalised Lagrangian solution to (5.14) with respect to the choice
© = Py (F1)(t,m) and = = Py, (F2)(t,m), i.e., the system (5.44) can be written as

follows
(tvm) P’HX( )(t7m)7
(t,m) P, (W) (t,m),
Vitm) = P (R V) oV ) (040
( ) ) = _PHY(FQ[X7YD( ) - UW(t7 m)?
where
FX,Y](m) = 2m — 1+ /Q H'(X(m) — V() d + Ay(X)  (5.47)
and
E[X,Y](m)=2m -1+ /Q H/(Y(m) — X(m’)) dm’ + A;Y(Y) (5.48)

are the force operators and describe the external and interaction forces that act on the
system.
The following Proposition ensures that a generalised Lagrangian solution exists.

Proposition 5.3. Assume the cross-potential H under assumptions (A) and (SL).
Assume the external potentials A,, A, € C*(R). Then for every (X,Y,V,W) € K? x
H X Hy there erists a generalised Lagmngzan solution to system (5.44) with initial

data (X, 7, V, W) in the sense of Definition 5.5
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Proof. The proof is based on a discretization argument, inspired by the result in [12,
Theorem 4.5]. Consider the following two partitions of €2:

O=ly<h<---<Iy=1, and O0=2z<z1 < - <zy:=1,

with
i J
l = mej, and  zj = Zni,
j=1 i=1
fort=1,...,N—land j =1,..., M —1, and introduce the piecewise constant functions
N N
X(t,) =Y i), , V(t,) =Y vi(t),, (5.49)
=1 =1
M M
Y(t,)=> yi(t)z, W(t,) =Y w;(t)lg, (5.50)
7=1 7j=1

defined on the intervals L; := [l;_1,1;) and Z; = [2j_1,%j), for i = 1,...,N — 1 and
j=1,..., M — 1. Consider the finite dimensional Hilbert space

N M
Hpn X Hy, = {(X, Y) = (inﬂLwaj]IZj) : (.Clﬁ,y) S RN % RM} C L2(Q) X L2(9>
i=1 j=1
and its closed convex cone
N M
Kom X Iy = {(X,Y) = (ZmiHLi,Zyj]IZj> (z,y) e KN x KM} cKkxK.
i=1 j=1

Note that the projected forces
Fo[X,Y] =Py, (F1[X,Y]) and F,[X,Y] =Py, (Fo[X,Y])

are well defined and Lipschitz continuous according to the definitions in (5.47)-(5.48)
and assumptions (A) and (SL).

Now, assume that the initial condition (X,Y,V, W) € K,, x K,, X H~ x Hy does not
hit the boundary of K,, x /C,,. Consider the time interval [0,¢1) with ¢t; = min{t{*, 4"}
where

t1=inf{t>0: X(t) €Ky}, ] =inf{t>0: Y(t)€K,}.
Then, we obtain (5.49)-(5.50) by solving

X0 =V, Vo =P, (LEEO. Y0 - V).
(5.51)

Y =W, W0 =P, (L (ERE0.Y0)-W0) )

We have that H,, = Hx ) and H, = Hy(y) in [0,#1), thus the projection onto the set
H,, yields functions defined on € that are constant on the same intervals where (X, V)
is constant, and similarly the projection onto H,. Taking t; as the new initial time,
we can consider a new initial condition (Y’,?’,V’,W/) € K X Ky x Hspr X Hygpr of
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dimensions N’ < N and M’ < M and, proceeding in the same fashion, we can define
to > t1 and consider the evolution in the time interval [t1,t2). Iterating the procedure,
we obtain a sequence of collision times 0 =: tg < 1 < --- < tg = 0o and the quadruple

(X,Y,V, W) such that

X0 =V, V0 =Pry, (HAXOY0]- VD)),
(5.52)

V) = WO W0 =Py, (RO 0] W),
for all t € [tp_1,tk), k=1,..., K with
Hxw) = Hx 1), Hye) = Hy 1) (5.53)
When an inelastic collision occurs, we have that
X(tpt) = X(te—),  Vtrt) =Pry,, (V(E—)),

(5.54)
Y(tpt) =Y (=),  W(tkt) =Puy, , (W(ti—)).

In order to prove inclusion (5.19), it is not restrictive to assume ¢; = 0. We proceed
by induction on the collision times. In the first time interval [0,¢;), inclusion (5.19)
holds by considering the empty set for the sub-differential 0 (X (¢)). Now, suppose
that (5.19) is satisfied in [t;_1,?r). Hence, by induction assumption,
eV(te—)+ X({tp—)+E=eV + X + / Pay o (F1[X(5), Y (s)]) ds (5.55)
0
with £ € 0l (X (t)). By (5.52),
t
eX(t)+ X(t) =X (tp+) + eV (tx+) +/ Pa o (F1[X(5), Y (s)]) ds
tg
=X (tp+) + e(V(tp+) — V(te—)) + eV (tx—) (5.56)
t
s [ Pa (X, V() ds
173
for any ¢ € [t, tx+1). Combining equations (5.55) and (5.56) we get

t
X))+ XM +e(V(te—) = V(tp+)) + €=V + X + /0 P (F1[X(5),Y (s)]) ds.

Invoking again (5.52), we have

. X(tp) — Xt —h
Vo) = iy X=X 0=0)

hence using (5.54), we derive

V(te—) = V(tit) =V (ts—) — Prey,, (V=)
X(tk) — X(tr — h) — PHX(tk) (X(tk) — X(tk — h))

= lim
h—0+ h
. PHX(tk)(X(tk —h)) = X(tx — h)
= lim .
h—0+ h
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Applying [12, Lemma 2.6|, we find that V(ty—) — V(tx+) € I (X (tx)), and using the
monotonicity property of the sub-differential, one obtains that

E+V(tk—) — V(tet) € 0Ix(X(1))

for all t € [tg, tg+1). Therefore inclusion (5.19) is satisfied. Now, let us prove that (5.21)
holds. Consider system (5.25) with P replaced by

t
Pi(tm) = eV (m) + X(m) + [ RX(:0.Y (0 ))(m) dr
0
Thus, we have that for any ¢t > s > 0,

LPi(s) — X ()]~ V(s) € Te(X(5)) € DTc(X (1),

where we used the monotonicity of the sub-differential. Integrating on s € [0,t] we
obtain

/Ot 1[Pl(s) — X(s)]ds+ X — X(t) € 0Ic(X (1))

93

for a.e. £ > 0. Since the following property holds (cf. [12])
Y = P;C(X) — X -Y ¢ GI;C(Y),

we derive
X(t) = Px <X— i/OtX(s) ds + ét(sV%—Y) + i/ot(t — s)F1[X(s),Y (s)] ds).

A similar proof holds for the equations (5.20) and (5.22). Finally, since the construction
above starts form descrete initial data in the form of the piecewise constant functions
as in (5.49)-(5.50), and since these functions are dense in L?(Q), we can approximate
any given initial data and then combine the procedure into the proof with the stability
Theorem 4.4 in [12]. O

Now, we provide an estimate on the total energy of the system (5.46), used in the

proof of next Theorem.

Lemma 5.4. Let

t( W) € K2 x L?(0,1)% be the solution to the system (5.46)
with initial data (X,

X,
7 W) Then, the following uniform estimate holds:

Y, V.
%

1 1
sup (S00Y) + 51V g0+ 51W 1))
>0 (5.57)

= 7, L2 L =2
<X Y) + SV ) + 5 1IW L2 )
Proof. The proof is based on an estimate of the following total energy

1 1
E(X,Y,V,W) = 2/Q|V|2dm+2/QW|2dm+3(X,Y).
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Considering (X, Y, V, W) generalised solution to (5.46), we have
d* 2 2
—CEX,)Y, VW) = (IV]* + [W]7) dm
dt Q
- / VPHX (Fl) dm — / WPHy (FQ) dm
(5.58)
/PHX(V)[Zm—l—i—/H’ m) — (m'))dm'—i—A;(X)] dm
/ Pay (W) [2m — 1+ / H'(Y X(m')) dm' + A%(Y)] dm.
Thanks to the definitions of F}[X,Y] and F»[X,Y] in (5.47)-(5.48), we obtain that

d+
o QE(X,Y,V,W):—J/ (VP +|W)?) dm—/VPHX(Fl)dm
Q Q

(5.59)
— / WPHY (FQ) dm + / P'HX (V)F1 dm + / P'Hy (W)F2 dm.
Q Q Q
By definition of the projection operator in (5.13),
[ Pux V) (Prs (X, Y]) = RX,Y)) dm =0,
Q
and
/Q Pay (F1[X,Y]) (Pyy (V) = V) dm = 0,
then
/ (FI[X,Y]Py (V) = VP (F1[X,Y])) dm = 0,
Q
and similarly
(Fo[X, YPyy (W) — WPy, (F5[X,Y])) dm =0,
Q
therefore (5.59) reduces to
dr 2 2
— X, Y, VW)= —c [ |[V]"dn —0o [ [W|"dm <0, (5.60)
from which we can easily deduce the uniform estimate (5.57). O

We can now provide the collapse result.

Theorem 5.3. Let H be an interaction potential under assumptions (A), (SL) and
(AT). Consider A,, A, € C*(R) as in (H1) and (H2). Let (X,Y) € Lip, ([0, 00); K)?
be a generalised Lagrangian solution to (5.44) in the sense of Definition 5.5. Assume
that the initial positions (X,Y) € K? and velocities (V,W) € (LQ(Q))2 satisfy
XN 2 + Y112 + VIl 2 + W] 2 < o0,
then
Jim <||X||L2 + Yz + IVII2 + HWHL2> = 0.

Furthermore calling p(t,-) == WYX (t,-)) and n(t,-) = ¥ (Y (t,-)), where ¥ is the
isometry defined in (1.16), we have

tlLI& Wg((p7 77)7 (pS) 775)) =0.
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Proof. Integrating in time the equation (5.60), we find that for all T'> 0
T
(X, Y, VW) it +a/ / (V2 + W) dmdt = €(X, Y, V. W) |izo -
0 Q

Thanks to the non-negativity of the cross-potential H, assumption (H1) and the fact
that

/(2m—1)(X+Y)dm:—/(m —m)(OmX + 0nY)dm >0, (5.61)
Q Q

which holds since m? —m < 0 for m € (0,1) and 0, X + 9,,Y > 0 for X, Y € K, we
obtain that

T
a/ / (V2 + W) dmdt < —)\/|X|2 ot dm—u/|Y\2 loer dm + C1,
0 Q Q Q

where C] is a constant depending on initial data, and A and u are the constants in
assumption (H1) for both potentials. Thus

/ / (VP + W) dmdt < +oc. (5.62)
0 Q

Computing the temporal derivative of the L?-distance between (X,Y) and (Xj, Ys), we
derive

1d
S— [ (IXP+|Y]?) dm :/ XPyy (V)dm +/ Y Py, (W) dm
:/ X(PHX(V) — V) dm —I—/ Y(PHY(W) — W) dm
Q Q
+ / (XV+YW)dm
Q
_ / (XV +YW)dm
Q
(5.63)
In order to control the last term in the chain of equality above we compute
d
dt/(XV+YW )dm = /X —aV PHX(Fl)] dm+/ VPy, (V)dm
(5.64)

+/Y —O’W—P'HY(FQ) dm—l—/WPHY(W)dm
Q Q

Using the definitions of F} and F5 in (5.47) and (5.48) and the property for the projection
operator we have

d

gt J, XV +YW)dm = / — XV — oYW + [V|* + [W|?) dm

_/Q(zm_1)(x+y)dm
//X(m)H'(X(m)Y(m’))dm’dm (5.65)
QJQ
—//Y(m)H’(Y(m)—X(m’)) dm’ dm
QJQ

- /Q XA (X)dm — /Q Y AL(Y)dm
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Using assumption (AT) we can bound the terms involving the cross-interaction potential
H as follows

- /Q /Q X(m)H'(X(m) =Y (m)) =Y (m)H'(Y(m) — X(m')) dm’ dm
—/ / H'(X(m) =Y (m))(X(m) =Y (m)) dm’ dm <0,
QJQ

thus, using assumption (H2) and (5.61), (5.65) can be bounded from above by

o (XV+YW)dm</ (o XV —aYW+|V]*+|W|* —a|X|*—8|Y|*) dm. (5.66)

Q

Note that for any A > 0 we have —XV < X2A2% + + 7 A2 Then, applying this inequality
to —o XV and —oYW, we obtain the following inequality holding for any A;, Ay > 0:

/ (= o XV =YW + [V + W] — a|X|* = BIY[?) dm
Q

—/|X12(a—aA§) dm—/ny(,B—aAg) dm (5.67)

Q
1 —s d w

+/Q|V\ +4A2 m+/\ ( 4A2)

By taking sufficiently small A; and As, we have that (5.66) is bounded from above by
o (XV+YW) dm < 01/ (IX)*+ 1Y) dm+02/g(|V\2+\W|2) dm  (5.68)

for some constants C1,Cy > 0. Putting together estimates (5.63) and (5.68), we have
that

7 (|Xy +YP+ XV +YW)dm
(5.69)

2/ (XV+YW)dm — 01/ (XP +|Y[?) dm +02/ (VP + W) dm
Q Q Q
Integrating in time inequality (5.69), for all T'> 0 we obtain

/(X\2+|Y\2+XV+YW) dm |t:T—/ (IXP+ Y]+ XV +YW) dm |i=o
Q Q

T T
32/ /(XV+YW)dmdt—Cl/ /(|X|2+|Y|2)dmdt

0 Q 0 Q

. T

+02/ /(|V\2+\W|2)dmdt,
0 Q

thus

T T
Cl/ /(!X!2+!Y!2) dmdtécz/ /(vhywz) dm dt
0 Q 0 Q

T
+2/ /(XV+YW)dmdt
0 Q

_/ (X +[YP+ XV +YW) dm |i—1 +Ca,
Q
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where (5 is a constant which depends on initial data. Proceeding as in (5.67) and using
the bound in (5.62), we have that

/ / (XP + [Y]2) dm < +o. (5.70)
0 Q
Combining estimates (5.62) and (5.70) we get
/ / (X[ + Y2+ [V + W) dmdt < +oo,
0o Ja
hence, there exists a subsequence {t}; such that
[ X+ ¥ (@ + V() + W (0)2) dm =0 (5.71)
as tp — +o00. Since the operator § defined in (5.45) is a monotone operator, then
1 2 1 2
SX.Y)+- [ [VI"dm+ < [ [W|[7dn —£>0
2 Ja 2 Ja

as t — +oo, and £ is unique. Moreover, Lemma 5.2 ensures that the operator § is
continuous, thus

1 1
/|V|2dm+/|W|2dm+S(X,Y) |t:tk—>€
2 /o 2 /o

as t, — +00. Using the coercivity of the external potentials A, and A, and (5.71), we
have that ¢ is necessarily zero, hence the statement holds. O

5.6 Simulations

This last Section is devoted to provide some numerical examples on the behaviour
of solutions to system (5.1). Numerical simulations will be performed by using the
discrete particle counterpart of (5.1), namely solving numerically (5.3). We recall that
the system of ODEs we are dealing with is the following

(1) = vi(t),
y;(t) = w;(t),

= Ky () = yk(t)), (5.72)

k
w;(t) = —ow;(t) — > npKhy (y;(t) — yr(t))
ki
— > K (y; (1) — 2k(1)),

k

where z; and y; denote the particles positions of first and second species respectively, v;
and w; their velocities and m; and n; their masses, fori=1,...,Nand j=1,..., M.
For simplicity we assume all the particles having the same mass. By a normalisation in
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FIGURE 5.1: In this first example, we fix N = 160, and M = 15(33. All the potentials
are attractive. In particular we set K,(z) = —e ®I" K, (z) = —e7loI",
Hy(z) = Hy(w) = —e7loI".

First species Second species
T T 7 T

Time

1 02 0 0.2 0.4
Space

FIGURE 5.2: Evolution under the action of attractive self potentials that are given

by Kii(z) = —3¢~le” | and Kao(z) = —2¢~22l’ and repulsive cross-
potentials Kia(z) = —|z|*, Koi(z) = =17’ In this example, N = 180,
M = 200.

the masses the total number of particles for each species, N and M respectively, will be
modified in each of the examples below in order to highlights possible different changes
in the solutions.

System (5.72) will be coupled with an uniform distributed set of particles in the
space interval [0,1] and a random distrubution for the velocities. We then let the
particles evolve by using an explicit second order three steps Runge-Kutta method, (cf.
[45]) up to the first collision. In order to detect collisions between particles we fix a
tolerance parameter toll and we assume that it occurs when the distance between two
consecutive particles of the same species, for instance x; and x; 1, is smaller than toll.
Once two consecutive particles collide they are replaced by a single particle with new
position and velocity given by

wi(t) + w541 (t)

$i+%(t) = 5
v;(t) + vig1(2)
”i+%(t) = %,
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FIGURE 5.3: Two possible outcomes (top and bottom) for the evolution of the sys-

tem under the action of self-repulsive potentials Kj;(x) = 2¢~121” and
Kos(z) = e~lo® and attractive cross-potentials Kjp(z) = |z|* and
Ko (z) = —e~32l” In both the simulations the numbers of particles are

fixed as N = 170 and M = 160, but initial velocities change (randomly).

and doubled mass, and we let the system evolve again with this new set of particles. In
all the simulations below we fix toll = 0.002.

We study numerical solutions to the system (5.72) both in case of smooth potentials
and in case of Newtonian self-potentials. Several examples are presented in the smooth
case, where we highlight the possibility of a sticky dynamics, both in attractive and
repulsive regime. Furthermore, we will compare solutions to second order system with
solutions to first order one as the increasing values of the damping parameter o, also
comparing the Wasserstein distance between the solution to the second order system
and the solution to the first order system as o varies. Wasserstein distance is com-
puted using its one-dimensional equivalence with the L?-norm at the level of monotone
rearrangements.

The first examples we provide concern the evolution of particles subject to the action
of radial smooth potentials. Figure 5.1 displays the sticky particle dynamics when all
the potentials are smooth and attractive. Instead, in Figure 5.2 the self-potentials are
attractive and the cross-potentials are repulsive, while in Figure 5.3 the self-potentials
are repulsive and the cross-potentials are attractive. In particular, we highlight how the
behaviour is strongly different by comparing two simulations performed with the same
potentials, number of particles and initial position, but different set of initial (random)
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FIGURE 5.4: Evolution under the action of attractive Newtonian self-potentials and
attractive Gaussian cross-potentials given by Kjao(z) = Koi(z) = el
The external potentials are A,(z) = |z — %\2 and A,(r) = 2|z — %]2 In
this example, N = 200 and M = 210.
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FIGURE 5.5: In this example, N = 180, M = 190, the self-potentials are Newtonian
attractive and the cross-potentials are equal and repulsive. In particular
they are Kio(z) = Ko1(z) = 3¢=1o*, The external potentials are A,(z) =
Lo — 31* and A,(z) = 5z — 1%

velocities.

We then show a couple of simulations in which the self-potentials are attractive
Newtonian, while the cross-potentials are symmetric, radial and smooth. In particular,
in Figure 5.4, the cross-potentials are attractive, indeed the particles collide, while in
Figure 5.5, they are repulsive and not all the particles collide. According to results in
Section 5.5 also the effect of external potentials is taken into account.

We then focus on the numerical investigation of the large damping regime. Figures
5.6 and 5.7 show a comparison between the particle evolution associated to the second
order system and the ones associated to the first order system (5.38), for various choices
of potentials. We highlight numerically the relevance of the damping parameter o in
the evolution: increasing the value of ¢ solutions of the two different problems become
indistinguishable.

Finally in Figure 5.8, considering the same potentials in Figure 5.4, we display the
Wasserstein distance between the solution to the second order system and the ones to
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FIGURE 5.6: Solutions to the second order system (blue in the online version) and
solutions to first order system (5.38) (in red) under the action of the
following potentials are Kj;(z) = —elel? Kao(z) = —elel" Kio(z) =
Ko (x) = —e1o*. In this simulation we set N = 160, M = 150 and
o =10 (top) and o = 1000 (bottom).

the first order system for different values of o. For small values of o, the Wasserstein
distance grows initially, and then decays in time. When o is bigger, the distance remains
controlled for all times.
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FIGURE 5.7: Solutions to the second order system (blue in the online version) and
solutions to first order system (5.38) (in red) under the action of the
following potentials are Ky1(z) = —e_|"’”|2, Kos(x) = —e_3|"’”|3, Kis(x) =
2|2, Ka1(z) = —e~27" . In this simulation we set N = 180, M = 190 and
o =5 (top) and o = 900 (bottom).

First species Second species
T T T T T

0.16

o=1
=10
=500
=100/ |

Wasserstein distance
Wasserstein distance

1‘.5 2‘ 2.‘5 3‘ 3.‘5 4‘1 45
Time Time

FIGURE 5.8: Behaviour of the Wasserstein distance between solutions of the first order

system and solutions of the second order system. The self-potentials are

Newtonian attractive potentials, while the cross-potentials are given by

Kia(z) = Ko1(z) = —elal”. Increasing the damping parameter Wasser-

stein distance remain controlled.
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