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Abstract

We study the mathematical theory of second order systems with two species, arising in the
dynamics of interacting particles subject to linear damping, to nonlocal forces and to ex-
ternal ones, and resulting into a nonlocal version of the compressible Euler system with
linear damping. Our results are limited to the 1 space dimensional case but allow for ini-
tial data taken in a Wasserstein space of probability measures. We first consider the case of
smooth nonlocal interaction potentials, not subject to any symmetry condition, and prove
existence and uniqueness. The concept of solutions relies on a stickiness condition in case
of collisions, in the spirit of previous works in the literature. The result uses concepts from
classical Hilbert space theory of gradient flows (cf. Brezis, Operateurs maximaux mono-
tones et semi-groupes de contractions dans les espaces de Hilbert, 1973) and a trick used in
Brenier et al. (J. Math. Pures Appl. 99(5):577-617, 2013). We then consider a large-time and
large-damping scaled version of our system and prove convergence to solutions to the corre-
sponding first order system. Finally, we consider the case of Newtonian potentials - subject
to symmetry of the cross-interaction potentials - and external convex potentials. After show-
ing existence in the sticky particles framework in the spirit of Brenier et al. (J. Math. Pures
Appl. 99(5):577-617, 2013), we prove convergence for large times towards Dirac delta so-
lutions for the two densities. All the results share a common technical framework in that
solutions are considered in a Lagrangian framework, which allows to estimate the behav-
ior of solutions via L? estimates of the pseudo-inverse variables corresponding to the two
densities. In particular, due to this technique, the large-damping result holds under a rather
weak condition on the initial data, which does not require well-prepared initial velocities.
We complement the results with numerical simulations.
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1 Introduction

Nonlocal aggregation models touch various domains of science and technology such as
astro-particle physics, microbiology, population biology, social sciences, artificial intelli-
gence and machine learning. The use of integro-partial differential equations in this context,
describing the evolution of a density of individuals p(x,t) subject to nonlocal interaction
forces, such as

oo

- =div(pVW x p), ey

ot
has become very popular in the literature. In (1), x is a spatial variable typically ranging
in R, ¢+ > 0 is time, W = W(x) is a given interaction potential accounting for attractive
or repulsive drift among individuals. The modelling approach in (1) allows to formulate
concepts of solutions in a “probability measure landscape”, which includes the motion of
“pointy particles”

N
xi:—%ZVW(x,- —x)) 2

j=1

as a special case of the “continuum theory”, see for example the results in [1, 10] framed
within the Wasserstein gradient flow theory.

At least on a formal level, a similar dichotomy exists in the case of a second order ap-
proach that takes into account inertial effects, namely

3p+d’( )=0

_— 1V V)=

ot P

d

%mev@v):—pvmp, 3)

the “particle-counterpart” of which is given by the second order particle system

)&[:U,‘
1 N
i),:—ﬁj;VW(x,-—xj). )

In (3), v =v(x, t) is the Eulerian velocity of the fluid-like ensemble of individuals.

System (3) can be considered as a nonlocal version of Euler system for gas-dynamics,
in which the classical “pressure term” —V p(p) is replaced by a nonlocal interaction force
—pVW % p. A variant of (3) includes a linear “friction” - or “damping” - term (witho > 0O a
damping parameter) and an external force —V V, the full model including nonlinear pressure
thus looks like

ap

di =0

a7 +div(pv)

a(pv) | .

T—i—dlv(pv@v)—l—Vp(p):—,oVW*p—pVV—a,ov. (®)]
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The existence theory for systems of the form (5) is a classical challenge of the analysis
of PDEs, with strong links with the mathematical theory of systems of conservation laws.
Since we are not concerned with pressure terms in this paper, we briefly list a few references
on this matter such as [18, 27] for the multi-dimensional case and [13, 16, 20, 21] for the
one-dimensional case. We refer to [11] for a survey on Euler equations.

In the pressure-less case p = 0 in (5), the density p is not forced to be absolutely continue
with respect to Lebesgue measure. Hence, “particle” solutions in the spirit of (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. The existence and uniqueness of such “sticky particle” solutions has attracted
the attention of many researchers for decades. We refer to the recent [3] for a through ex-
planation of the issues related with existence and uniqueness in the multi-dimensional case.
A case with W # 0 that is particularly interesting in the applications is the Euler-Posson
model, in which W is the solution operator to Poisson equation, see [25]. In one space di-
mension the theory is quite rich of results in the literature, we mention here [5, 6, 24]. In
particular, [6, 24] first addressed the coupling with general nonlocal forces W # 0 in the
context of Wasserstein gradient flows.

At least on a formal level, models of the form

9
a_‘; =div(Vp(p) + pV(V + W % p)) ©)

can be obtained by rescaling time in (5) as t = ot and letting 0 — 4o00. Such a singular
limit regime is called “overdamped limit”, or “large friction limit”, and, in case p # 0, it is
well-known in the literature of singular limits for systems of conservation laws as a “diffu-
sive relaxation limit”. Relevant examples arise in the case of porous-medium like pressures
[22] p(p) = pY, y > 1, see also [23] for more general models, and the more recent result in
[9].

In recent years the attention of many researchers in this field turned to systems with
many species, motivated for example by opinion formation models [17], chemotaxis models
with many species of cells and other aggregation phenomena in biology [8, 12], pedestrian
movements [2]. In many of those phenomena, the second order modelling approach via
(3) or similar seems more appropriate in that inertial effects, sometimes referred in these
contexts as “persistence” effects, do play a role in the model’s dynamics. However, while
the mathematical theory of many species systems in the first order modelling approach has
been considered in many papers, see e.g. [10, 14, 15], very little attention has been devoted to
second order models with many species. In this paper we wish to provide a first contribution
in that direction, by restricting for the moment to the one-dimensional case.

More precisely, we will first of all tackle the existence theory of the system

%+ 2 iony =0
ar T ax PYTY
M 2 wy=0
o " ax W=

d d )
5. (P + a(pvz) =—opv— p[K) *p+ H, %],

3 9 2 ’ /
E(Uw)-i- E(le ) =—onw —n[K, xn+ H, *p],
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equipped with initial data
(0, 0)(t=0)=(p,v), @)
(1, w)(r =0) = (77, w).

In system (7), p and n are probability measures modelling two species of agents, or indi-
viduals, v and w are the corresponding Eulerian velocities of the two species, o > 0 is the
damping parameter, H,, H,, K,, K, are smooth (to an extent to be specified later) given
space-depending potentials. K, and K, are called self-interaction potentials as they describe
the interaction between the agents of same species, H, and H, are called cross-interaction
potentials and model the interaction between the agents of opposing species. The convolu-
tions in (7) are meant with respect to the space variable. All potentials appear in the system
with their first derivative. This choice of ours is merely motivated by the fact that all those
terms should be considered as gradients of potential energies.

System (7) has a natural discrete particle counterpart. Let us consider xy,...,xy as N
particles of the first species with masses m, ..., my, and yy, ..., yy as M particles of the
second species with masses ni, ..., ny. The dynamics of x; and y; is determined by the
following equations

%) = =0k (1) = Y i K, (xi (1) — xi (1)) = Y2 i H) (xi () — i (1)), ©
Vi) =—0y;(t) = X4 nkK,/,(yj(f) — () =Y, mkH,;(yj(l) —xc (1)),
withi=1,...,Nand j=1,..., M and the following initial data
x:(0) =X, ;0 =Yy;,
x(0) =v;, y;(0) =w;.
The candidate large-friction of (7) is the first order system
ap a ,
—=—[pK,*p+pH), 1],
ot 0x (10)
ﬁ:i[ K «n+nH *p|
ar ax Nk, xnr+nt,*pj,

which was extensively studied in [14], see also [15] for the case with cross-diffusion terms.
Our work contributes to the above line of research in what follows. We stress that our
results only deal with the one space dimensional case.

(1) In the case of smooth interaction potentials, we provide a well-posedness result in the
2-Wasserstein space of probability measures. Our main result is contained in Theorem
1.

(ii) We then investigate the large damping limit and prove that, under a suitable rescaling,
our system converges towards the corresponding first order model. Our result in this
framework is stated in Theorem 2. We observe that, at least to our knowledge, the
technique used in Theorem 2 was never used in the one-species case.

(iii) We then consider the case of Newtonian potentials for the self-interaction part and
suitably coercive external potentials and prove a large-time collapse result in Theorem
3.

The paper is structured as follows. In Sect. 2 we introduce the main concepts of gradi-
ent flows in Wasserstein spaces that we need in our paper, we introduce the large-damping
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scaling limit, we state our model in a suitable Lagrangian framework, and we state our main
results (see Sect. 2.6). In Sect. 3 we prove Theorem 1, essentially following the classical
strategy of [7], which is also used in [6] for the one-species case. In Sect. 4 we prove Theo-
rem 2. In Sect. 5 we consider the case of Newtonian potentials and prove existence of sticky
solutions and the large time collapse to Dirac deltas stated in Theorem 3. Finally, in Sect. 6
we provide some numerical simulations.

2 Preliminaries and Main Results

In what follows we will set the notations, the assumptions, and introduce definitions that
will be used throughout the paper, see Sects. 2.1 and 2.2. Sections 2.3 and 2.5 are devoted
to the precise description of system (7) in terms of particles and Lagrangian coordinates
respectively. In Sect. 2.4 we provide a formal argument for the large damping limit of system
(7) towards (10). Finally Sect. 2.6 collects the main results of the paper.

2.1 One Dimensional Wasserstein Distance

We start introducing some preliminaries and definitions on the metric structure; the reader
can refer to the classical references [1, 26] for further details. Let P(IR") be the set of Borel
probability measures on R”. Given p € P(R") and a Borel map 7 : R* — R™, we denote
by v :=T#u € P(R™) the push-forward of ju through T defined by

v(A) = //,(T_1 (A)) for all Borel sets A C R™.

We denote by P, (R?) the set of probability measures on RY with finite second moment,
ie., fRd |x12dp(x) < oo for all i € P,(R?). The 2-Wasserstein distance W, (i, v) between
two measures i, v € P>(RY) is defined by

yell(p,v)
R4 xRd

Wy(w,v) = inf {/ |x—y|2dy<x,y)}, (11)

where IT(u, v) denotes the class of transport plans between p and v, i.e., the probability
measures y on R? x R? that satisfy the conditions

771#)’:“7 7'[2#}/:1),

where 7' is the projection operator on the i-th component of the product space. By intro-
ducing the class of optimal plans between p and v, i.e., minimizers of (11), denoted by
I1,(u, v), the Wasserstein distance can be rewritten as

W3 (. v) = // lx — ylPdy(x,y) y €Il (u,v). (12)
R4 xRd

In the one-dimensional case, there exists a unique optimal plan y € I1,(u, v) for which
the infimum in (11) is attained, and it can be characterised by the monotone rearrangements
of i and v: given p € P(R), its monotone rearrangement is

X, (m) :=inf{x : M,(x) > m} for all m € €2,
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where Q := (0, 1) and M, is the cumulative distribution of the measure p, i.e.,
M,(x):= /L((—OO, x]) for all x € R.

The map X, is right-continuous and nondecreasing and satisfies, by denoting the one-
dimensional Lebesgue measure on 2 by m,

(X/L)#m:l"l" /;(X)M(dx):/g(x/t(m))dm
R Q

for all Borel maps ¢ : R — R. In particular, u € P,(R) if and only if X, € L?*(R2). Moreover,
the joint map X, , : 2 — R x R defined by X, ,(m) := (X,,(m), X, (m)) characterises the
optimal transport plan y € I1,(u, v) by the formula

y = (Xp)#m,

according to which

sz(u,v)=/|Xu(m)—Xl,(m)|2dm.
Q
We further recall that, introducing the closed convex set of right-continuous non-decreasing
functions in the Hilbert space L(Q), i.e.,
K:={XeL*Q) : Xis non-decreasing}, (13)
the map
U:P,R)su> X, €K (14)

is a distance-preserving bijection between the space of probability measures with finite sec-
ond moments P,(R) and the convex cone K of non-decreasing L>-functions.

Since we are dealing with a two-species system, we will work on the product space
P2 (R) x P>(R). For all w = (1, i2), v = (vi, v2) € P,(R) x P,(R), we define the product
Wasserstein distance as follows

Wi, v) = W5 (1, vi) + W5 (o, v2).
2.2 Main Assumptions

In this subsection we collect the main assumptions we will need in the rest of the paper. We
start by specifying the class of interaction potentials we are going to use.

Definition 1 A function K : R — R is called an admissible potential if
K € W»*(R), K(0)=0and K (—x) = K (x). (A)

An admissible potential K is said to be sub-quadratic at infinity if there exists a constant
C > 0 such that

K(x) < C(1 + |x?) forall x € R. (SQ)
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An admissible potential K has a sub-linear gradient if there exists C > 0 such that
K'(x) <C(1+ |x|) forall x e R. (SL)
We call an admissible potential attractive if
K(x)=k(]x|) >0, forall x € R and K'(r)r > 0 for all » € R. (AT)

In Sect. 5 we will also take into account the action of external potentials in the dynamics.
More precisely, we consider A € C?(R) and assume that there exist the positive constants A
and « such that

A(x) = Alx|? (H1)
and
xA'(x) > alx|? (H2)
for all x € R.

Denoting with (-, -} ;2(q)2 the inner product on the space L?*(Q)?, that is

(ZLZZ)LZ(Q)Z=/[XI(S)XZ(S)+Y1(S)Y2(S)]d5a
Q

for Z; = (X1,Y)) and Z, = (X,, Y») in L?(2)?, we recall below the notion of Fréchet sub-
differential for a generic operator § on a general Hilbert space.

Definition 2 Let H be a Hilbert space. For a given, proper and lower semi-continuous func-
tional § : H — (—o00, +00], we say that Z € H belongs to the sub-differential of § at Z € H
if and only if

F(R) —§(2) = (2, R=Z)u +o(IR = Z|)),
as |R — Z|| — 0, with R € H. The sub-differential of § at Z is denoted by dF(Z).
In particular, throughout the paper, we will usually consider as Hilbert spaces H = L*(2)
or H=L*Q).
Let Iic : L?(2) — [0, +00) be the indicator function of the L?-convex cone K introduced

in (13), that is

0 ifX ek,

+00 otherwise.

I (X) = {
For a given X € L?(2), the sub-differential of Ix in X is given by
A (X) = {z € LX) : Ii(X) > I (X) +/Z(m)(55(m) — X(m))dm forall X e IC},

or in its alternative form

{ZeL*(Q): 0> [,Zm)(X(m) — X(m))dm forallX eK} ifX ek,
] otherwise.

3IK(X)={

@ Springer
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The definitions above can be easily extended to any Hilbert space H different from L2,
as sometimes required in the following sections. Furthermore, we will denote with A° the
unique element of minimal norm in any closed convex set A C H.

We conclude this subsection with the following definition, which we borrow from [6].

Definition 3 An operator F : K — L?*(Q) is bounded if there exists a constant C > 0 such
that

I FIX 2@ < CA+ 11Xl 12(0) forall X € K.

An operator F : KK — L%(Q) is pointwise linearly bounded if there exists a constant C,>0
such that

IFIX1(m)| < Cp(1+ X (m)| + 11Xl 1)) forae.me Qandall X € K.

An operator F : K — L*(Q) is uniformly continuous if there exists a modulus of continuity
w such that

IF[X1] — F[Xalll 20 < o(1X1 — Xall12¢0)) for all X, X, € K.
2.3 Particles System

We dedicate this subsection to the study of sticky solutions in the finite dimensional case.
Let x = (x1,...,xy) € RV and y = (¥, ..., yu) € R be the positions of particles of the
first and second species respectively. The “sticky” condition clearly preserves the ordering
of the particles, therefore their evolution is confined in the closed convex set

KV x KM ={(x,y) eRV xR” : x; <+  <xy, y1 <+ < ym}.

Setting v = (v, ..., vy) € RY and w = (wy, ..., wy) € RM as the velocity vectors of par-
ticles of the first species and second species respectively, we consider the following system

xi (1) = v (1),

v ) =w;(1),

Ui (1) = a; (x (1)) + bi(x(2), y(1)) — ovi (1),
w;(t) =c;(y(1)) +d;(x(t), y(1)) —ow;(2),

(15)

fori=1,...,Nand j=1,..., M. In system (15),

N M
a;(x) ==Y mK,(i—x), bi(x,y)=—) mHx—y), i=1..N,

k=1 k=1

M N
M ==Y mK,i—y), dile,y) ==Y mH(yj—x), j=1,....M.
k=1 k=1

The i-th component of the vector field

a(x):xeKY - (al(x), . ..,aN(x)) eRY
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models the interactions between particles of the first species and the i-th particle of the first
species, while the i-th component of the vector field

b(x,y): (x,y) e K¥ x KM — (b (x,y),...,by(x,y)) eRY

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(:yeK” > (c;(),....cu(») €RY,
and
dx,y): (x,y) e KN x K" - (d,(x,y),...,dy(x,y)) e RY,

respectively.

Assuming that all the potentials in (15) are smooth enough (for example with C? regu-
larity), a unique solution to (15) 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. Following [6, 24], the precise formalisation of sticky collisions requires the
definition of the following normal cones

NKY:={leR" :1-x—x)<0 forallx e KV},

NKM :={neR” :n-(5—y) <0 forallyeK"}.

Note that the normal cone N, K" is equal to the sub-differential 8 Iy~ (x) of the indicator
function of KV at the point x. When two particles of the same species collide, an instan-
taneous force is released and the respective particles velocities evolve as elements of the
normal cones N, K" and N,KM respectively. Given these premises, we can consider the
second order system of differential inclusions

X=v,

y=w,

b+ NKY sa(x)+b(x,y) —ov,
w + NyKM Sc(y)+dx,y) —ow.

(16)

System (16) is justified as follows. Introducing the vector W(t) = (V(¢), W(1)) =
e’ (v(t), w(t)), from (15) we get

W(t) = e”" A(x (1), y(1)) .,

where A(x, y) is the vector in R¥*™ with components a(x) +b(x, y) and c(y) +d(x, y) re-
spectively. 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 K¥ x K™ . 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 K is the differential inclusion
W) € e” Ax(1), y(1)) + Ne KV x Ny KM,

which easily yields the last two differential inclusions in (16).

@ Springer



9 Page100f41 M. Di Francesco et al.

According to [6], if x : [0, c0) — 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 N, )K" holds:
NeoKY € NyyKY  forall s <.

Hence, for any function ¢ : [0, 00) — RY such that ¢(¢) € N, K", we have
t
/{(r)dr € NypKY forall s <t.

Consequently, integrating the last two equations in (16) on a time interval [s, ¢], one obtains

t t

v(t)+ox(t) + Nx(t)]KN Sv(s) +ox(s)+ /a(x(r))dr + /b(x(r), y(r))dr, (17

s 5

t t

w(t)+0y(l)+Ny(z>KM9w(S)+<7y(S)+/C(y(r))dr+/d(x(r),y(r))dr~ (18)

s s

System (16), together with (17) and (18), can be rewritten in a more compact form in the
new variables (x, y, p, g) where p and g are defined by

P(t)=/a(x(r))dr+/b(x(r),y(r))dr+U(S)+0x(S),

CI(f):/C()’(r))dr+/d(x(r),y(r))dr+w(s)+0y(s),

R 5

yielding the following first order system of differential inclusions

i4+ox+NKY > p,
ji+c7y+Ny]KM 3¢,
p=a(x)+bx,y),
g=c(y)+dx,y),

with the additional characterisation of v and w in terms of p and ¢

v(t) +0/v(r)dr + N.KY 5 p(1),

s

w(t)—l—cr/w(r)dr—i—Ny]KM9q(t).

s
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2.4 Time Scaling and Formal Large Damping Limit

One of the purposes of the present work is to study system (7) in the large time / large
damping regime, namely we aim to send o — +o0 in (7) after having suitably rescaled the
time variable. We start performing the scaling at the level of particles, namely for system
(9). Consider the new time variable 7 defined by

T=—, (19)
o

and introduce the scaled particle trajectories as follows:

xi(t)=xi(rt) = xi(t/o), i=1,...,N,
yi(0)=§;(x)=§;(t/o), j=1,...,M.
Notice that we can scale the initial velocities accordingly as
X0 :=v;=0v;,  £(0):=w;,=0w;.
Hence, system (9) becomes

o5 (0) = —Ki(0) = Y miK) (xi(®) = xi () = D micH (i (v) — &(D)),

k#i k
o 2E;(1) = —£j(t) = D mK; (& (r) —&(D)) = D myHy (& (1) — (D).
ksj k

A formal limit ¢ — +o00 leads to the following first order system of differential equations
for particle positions

Xi(t) =— kaK,; (xi(t) = xx()) — anH,Q (xi(r) — & (1)),
ot k

Ei(1) ==Y mK}(&(1) — &(r) = > _miH)(&;(7) — xu(1)).
k

k#j

A similar time scaling can be performed at the level of (7). Using the definition of 7 in (19)
and considering (0, U, 77, w) solution to

p

E-i'—( pv) =
an
E—I——( w) =

E(ﬁ’ﬁ)Jr E("” )=—0pv— pLK, *p+ H, * 7,

0 0 —— ~ ~

—(w)+ — () =—onw —n[K’ * H' xp],
57 (1) + = (") nw — 7K, * 7+ H, * p]
we can introduce the rescaled densities and velocities as

o(t,x)=p(t, x), v(t,x) =00(t, x),

n(t,x) =17t x), w(t,x) =0ow(t, x).
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9 Page120f41 M. Di Francesco et al.

Then the quadruple (p, v, 1, w) solves

ap ad

-2 =0,

ot + 0x (pv)

B B

4 —w) =0,

(20)

-2 0 0 2 i /
0| = (pv) + —(pv°) | = —pv—p[K, * p+ H, xn],
ot ax

0 0 , ,

02| —(w) + —w?) | = —nw — nlK| % n+ H, * p],
ot 0x

and formally, as ¢ — 0o, we have

p D )
3 —a[pr*P'i‘pHp*fl],
an 0 , ,

2

2.5 Lagrangian Description of the Continuum Model

We now transpose the considerations above in terms of a Lagrangian description for system
(7). For any X € K, where K denotes the convex cone introduced in (13), we define the set

Qx :={m € Q : X is constant in an open neighborhood of m}, (22)
and the closed subspace
Hx ={Z € L*(0,1) : Z is constant on each interval (a, b) C Qx}. (23)
A crucial quantity in the following analysis is the projection Py, : L> — Hy given by

b

U(m)dm in any maximal interval (a, b) € Qy,
Pruy (U) = 7[ Y ¥ (24)

a

U a.e. in Q\ Qy,

for all U € L*(S2). The proof of the following Lemma is an easy consequence of Jensen’s
inequality, see [6, Lemma 2.2].

Lemma 1 (Hx-contraction) Let  : R — [0, 00) be a convex Ls.c. function. Then Py, is
dominated by X, namely

/w(PHX(Y))dm < /1//(Y)dm forall X e K and all Y € L*(R),
Q Q

and we write Py, < X.

Consider a quadruple (p, n, v, w) solution to (7) and define the maps X, Y : [0, 00) X
Q2 — R and the velocities V, W : [0, 00) x 2 — R as follows

X(t,)=W(p(,)), Vi, )=v@, X)) =0X({, ),
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Y, )=wn(,-), W, )=w@ Y, ) =93Y(,-),

where W is the isometry defined in (14) that associates to a probability measure its monotone
rearrangement. In the new unknowns (X, Y, V, W), system (7) can be (formally) rephrased
as

X (1) =V @),

Y (1) =W@),

a,vm:-/ (X (m) — X (m'))dm’ —/H X(m)—Y(m'))dm' —o V),
Q

Q
B,W(t):—/ 2(Y(m)—Y(m'))d /H Y(m)— X(m'))dm' — o W(1).
Q

Q

Similarly to Sect. 2.3, 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 paper we consider the Lagrangian counterpart of the
rescaled system (20). Then, according to the previous calculations, we get the system

eX(t)+X(z)+aI,C(X(z))98V+Y+/F[X(.,r),Y(-,r)]dr,
g (25)
eY()+YU)+dLc(Y(1)2eW+Y + /G[X(-,r),Y(-,r)]dr
0
with & := o =% and where we have denoted by

F:KxK— L*Q) and G: K x K— L*()

the operators

F[X,Y](m)= /K X(r,m) — X(rm) a’m —/H’ X(r,m)— Y(rm))dm (26)

Q

G[X, Y](m):—/K,;(Y(r, m) —Y(r, m/))dm/—/H,;(Y(r,m)—X(r,m’))dm/. 27
Q

Q

We observe that if K,, H,, K,, H, are C ! functions that satisfy (A) and (SL) then the
two operators F and G defined in (26) and (27) are uniformly continuous and bounded
according to Definition 3.

Definition 4 (Lagring_ian soluti@s)_Let H, K, H,, K, € C'(R) be potentials satisfying
(A) and (SL)._Le_t X,Ye Kand V, W e L*(Q) be given. A Lagrangian solution to (25) with

initial data (X,Y,V,W)isapair (X,Y) € Lip,,.([0, 00); K) x Lip,,.([0, 00); K) satisfying
X(0)=2X, Y(0)=Y and (25) for a.e. t € [0, 00).

In order to consider the case of Newtonian potentials, we introduce the following notion

of generalised Lagrangian solutions for system (25) under globally sticky dynamics, see

[6].
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Definition 5 A generalised solution to the system (25) is a pair (X, ¥) € Lip, ([0, 00); K) x
Lip, ([0, 00); K) such that
(1) Differential inclusion:

eX (1) + X () + 01 (X (1)) 2 sV+Y+/®(s)ds,

0
t

SY(t)—i-Y(t)—l—alK(Y(t))98W+7+/E(s)ds,
0

holds for ae. t € (0,00), for some maps ©O,E € LE)?:([O’OO);LZ(Q)) «
L2 ([0, 00); L*(2)) with

O—-F[X@#),Y@®)]e H)J{(t) and ® < F[X(),Y()] forae.te(0,00)
(28)

and, similarly,

E—-G[X@),Y@®)]e Hyi(,) and E<G[X(@),Y(@®)] forae.te (0,00),
(29)
where F[X(t), Y(t)] and G[X (¢), Y (¢)] are the operators defined in (26) and (27).
(2) Semigroup property: for all t > t; > 0, the right derivatives V = %X and W = %Y
satisfy

£V(t)+X(t)—|—8I;C(X(t))98V(t1)+X(11)+/®(s)ds, (30)
1
5W(l)+Y(t)+8I,C(Y(t))58W(t1)+Y(z1)+/E(s)ds. 31

|

(3) Projection formula: forallt >t >0

t t
X(t) =Py (X(t]) + é(z —m) (X)) +ev)) — é/X(s)ds + é /(z —s)@(s)ds),(32)
11 n
1

1
Y(t):P,C<Y(t1)+é(z—tl)(Y(t])—l-sW(t]))— %/Y(s)ds—t—é/(l—s)E(s)ds). (33)
5] 1

Note that if we choose O(t) := F[X(¢), Y (¢)] and E(¢) := G[X (¢), Y (¢)] with F and
G as in (26) and (27) and the interaction potentials K, K,, H, and H, satisfying (A) and
(SL), then any Lagrangian solution is a generalised Lagrangian solution.

In the following we will make use of the auxiliary variables

P(t,m)=¢V(m)+ X(m) + / FIX(,r), Y(,r)]m)dr, (34)
0
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and

t

Q(t,m) =W (m)+Y(m) + / GIX(,r), Y(,r)](m)dr, (35)
0

that allow to rephrase system (25) in the equivalent form

eX+X+0Lc(X)> P,
eY +Y +9Ic(Y)> 0,
P=F[X,Y],
0=G[X,Y].

(36)

2.6 Main Results

We collect in this subsection the main results presented in the paper. The first result concerns
the well-posedness of system (7) in the 2-Wasserstein space of probability measures and in
the sense of sticky solutions, under smoothness assumptions on the interaction kernels.

Theorem 1 Let T > 0 and suppose that the kernels H,,K,, H,, K, € C'(R) satisfy (A)
and (SL). Let p,7 € P>(R) and v € L*(dp) and w € L>(d7). Then, there exists a unique
quadruple

(p.n,v,w) € Lip([0, T]; P2(R) x P2(R) x L*(dp (1)) x L*(dn(1)))
that is a distributional solution to system (7) such that
liﬂ)lp(t, )=p in PR), liilgp(t, Jut,)=pv in M(R),
t t

limn(,-)=7n in P,[R), limn(t, Yw(,)=nqw in MR).
t10 110

We then address the 0 — oo limit of (7) towards (10) using the rescaling in (20), making
rigorous the formal argument presented in Sect. 2.4. This task is performed at the level of the
Lagrangian system (25) sending the parameter € = o ~2 — 0, coming back to the Eulerian
description through the isometry (14). The following result is proved in Sect. 4.

Theorem 2 Let T > 0 and suppose that the kernels H,, K ,, H,, K, € C'(R) satisfy (A) and
(SL). Let (p¢, N, Ve, W) be solution to system (20) with &€ = o2 under the initial condition
(P, M., Ve, we) and let (o, n) be solution to system (21) with initial data (p, 7). Further-
more, assume that

(@) p,— pandn, — 7nase— 0inP(R);

(ii) ve=o0(1/¢e) in Lz(dﬁg) andw, =o0(1/¢) in L2(dﬁ£) as e — 0.
Then,

T

lin(l)/sz((pe, ne), (o, m))dt =0.

£—

0
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Remark 1 (Initial data are not well-prepared in the velocity variable) In Theorem 2, recall-
ing that v, = Lgﬁ, assumption (ii) is satisfied in case v € L?(dp) and w € L*(dn) are given
and independent of ¢. Therefore, assumption (ii) is quite general in the context of singular
limits. Assumption (i) instead imposes that the initial density should converge to the one of
the limiting first order system.

Lastly, under the action of Newtonian self-interaction kernels, K,(x) = K, (x) =
N(x) :=|x|, symmetric and attractive cross-interactions, H,(x) = H,(x) = H(x) and suit-
ably coercive external potentials, we focus on a different aspect, that is the convergence to
stationary solutions of (7). More precisely, we will consider the following system

ap
g_t + —( v) =
Ui
—+ —(nw)
3[ (37)

E(’OUH a(pv Y=—opv—p[N' xp+H xn+ A,

d a ,
5 7w+ a(nwz) =—onw—n[N' 1+ H % p+A,l
and its Lagrangian counterpart

0, X(t,m)=V(t,m),
0, Y(t,m)=W(,m),

B,V(t,m):—/sign(X(t,m) —X(t,m"))dm'’

Q

—/H’ (X, m) =Y (@, m))dm' —oV(t,m)— A (X), (38)
W (t,m)=— /s1gn (Y(t,m) =Y, m'))dm

_/H (Y(t,m) = X(t,m"))dm' —aW(t,m)— A, (Y).

Stationary solutions in this case are (p;, 1) = (80, 80) Where 6 is the Dirac measure, which
corresponds to (X;, ¥y) = (0, 0) in terms of the Lagrangian description. The last result we
present in the paper shows that solutions to (37) converge to the stable stationary solution in
the 2-Wasserstein distance.

Theorem 3 Let H be an interaction potential under assumptions (A), (SL) and (AT). Con-
sider A, , A, € C2(R) under assumptions (H1) and (H2). Let (X, Y) € Lip,,.([0, 00); K)?
be a generalised Lagrangian solution to (38) in the sense of Definition 5. Assume that the
initial positions (X, Y) € K? and velocities (V, W) € (LZ(Q))2 satisfy

XNz + 1Y 12 + Vg2 + W]l 2 < o0,

then

Jlim <||X||L2 Y2 +11VI2 + ||W||L2> =0.
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Furthermore calling p(t,-) := W~ (X(¢,-) and n(t,-) :=V~'(Y(t,.)), where ¥ is the
isometry defined in (14), we have

: 2 —
tl—l>n§.10W2 ((107 ’7)7 (1037 Ws)) =0.

3 Existence and Uniqueness for Smooth Potentials

In this section we prove Theorem 1, namely existence and uniqueness of solution to system
(7). To perform this task, we pass through existence of solutions to the Lagrangian sys-
tem (25), where we apply the theory of Maximal Monotone Operators subject to Lipschitz
perturbations in the spirit of [7, Theorem 3.17], see Proposition 1 below. The result in the
original variables is then proved using the properties contained in Proposition 2 below.

We start proving the following Lemma.

Lemma2 Let (X,Y), (i, ?) € K x K be given. Consider the interaction kernels H,, K ,,
H,, K, under assumptions (A) and (SL) and let F and G be the operators defined in (26)
and (27) respectively. Then there exist two positive constants C, and C, depending on the
Lipschitz constants 0]: thf kernels, such that ~ ~

() IFIX, Y] = FIX, Y1l}21q) < C1(I1X = X720, + 1Y = Y72g)):

S (V)] 2@ P (%))
(i) IGIX, Y1 = GIX, Y1l}21q) < Co(IX = X320, + 1Y = Yli}2q))-

Proof We only prove (i) since (ii) follows from a similar argument. By the definition of F
in (26) we have

T T2

IFIX. Y] - FIX. V112,

= /‘_ / K, (X(r,m)—X(r,m"))dm’ — / H) (X (r,m) =Y (r,m")) dm’

2 @ Q (39)

2

—i—/K//)(}?(r, m) — X(r, m/))dm/—i—/H;)()N((r,m)—?(r, m/))dm/ dm.
Q

Q

Using the fact that |x + y|> < 2(|x|> + |y|?), the right hand side of (39) can be controlled by

2

2/ (‘/[K;(X(r,m) — X(r,m)) — K, (X(r,m) — X (r,m")) ] dm’
Q

Q
2
)dm

= 2/ (/'K;(X(”’") — X(r.m)) — K (X(r.m) — X (r, m/))ldm/>
Q

Q

+ ‘/ [H) (X (r,m) =Y (r.m")) — H (X (r,m) — Y (r, m")) ] dm’
Q

T

2
+ </|H;(X(r, m) =Y (r,m")) — H,(X(r,m) = Y (r, m/))|dm/) dm.
Q
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Let L(K}) and L(H,) be the Lipschitz constants of K|, and H, respectively, then, using
Jensen’s inequality, the right hand side of (40) is bounded by

2
2/(/L(K;)(|X(r, m) — X(r,m)| + |X(r,m’)—)?(r,m’)|)dm’)

Q Q

2
+ </L(H/'))(|X(r,m)—§(r,m)| + 1Y (r,m') — ?(r,m’)|)dm’) dm

Q

54/</[L(K;’)2|X(r’m)_)N((r,m)|2+L(K;,)2|X(r,m/)—i(r,m/)|2]dm/>

Q Q

+ (/ [L(H)X (r,m) = X (r, m)[* + LCH)|Y (r,m') = ¥ (r, m') ] dm’> dm.
Q

Thus, there exists a positive constant C; = C (L(K;,), L(H;)) such that
IFIX, Y] = FIX, Y1l}206, < Ci(I1X = X122, + 1Y = YII22q))-
Analogously, one can prove the inequality (i), we omit the details. ]
We are now ready to state existence result for Lagrangian solution to system (25).
Proposition 1 Let T > 0 and suppose that the kernels H,, K ,, H,, K, € C'(R) satisfy (A)
and (SL). Then, for every (X,Y,V, W) € K? x L*(Q)? there exists a unique Lagrangian

solution (X,Y) to (25)in [0, T].

Proof According to the discussion in Sect. 2.5, system (25) can be rewritten in the following
equivalent form

. |X|? P
X+olIxg(X)+— )2 —,
2¢e e

Y+a(1,<(Y)+ﬂ> -2 (1)
2¢e e

P =FI[X,Y],

0=G[X,Y],

where P and Q are defined in (34) and (35) respectively. In order to prove the result we will
follow the strategy in [7, Theorem 3.17]. Consider the operator

x> Y
AXY, P, Q) i=1Ix(X) + Ix(Y) + —— + ——
2¢e 2¢e

defined on the Hilbert space H := L*(Q)? x L?*(2)?. Note that A is convex and bounded

from below. Consider the iterative sequence defined as follows: fix Uy := (X, Y, P, Q) =
(X,Y,eV+ X,eW +7Y) and, for n > 1 construct U, (t) := (X,41(), Yiy1(2), Puy1(2),
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Q,+1(1)) recursively as the weak solution to the implicit-explicit system

. | X1 Py ¥
Xn+l +0 IIC(Xn-H) + 2— > —, Xn+l(0) =X,
& &
y |Yn+l|2 Qn 72
Y, ol I (Y, — | 3> —, Y,11(0)=Y,
+1+ ( k(Yur) + e - +1(0) (42)
Pn+l=F[XnaYn]v Pn+1(0)=P7
QrH—l = G[an Y.l Qn+1(0) =§

Setting R(U,) = (Pn/e, 0./e, FIX,, Yu1, G[X,, Y,,]), the previous system (42) can be
rewritten in the following compact form

Upii +dAU,11) 3 R(U,). (43)

Since the functional A is convex, its sub-differential is a maximal monotone operator in the
sense of [7] and R can be seen as a Lipschitz perturbation of it, see [7, Lemma 3.1]. A direct
computation shows that

1d )
EZ”UYHJ - Un ||L2(0,|) = (Un+1 - Una R(Un) - R(Unfl))‘

Proceeding as in [7, Lemma A.5], we may introduce the function

1 2 2
Vs =5 (1010 = U, O}, +3)

+/(Un+1(r) — U, (r), RWU)(r) = R(U,-1(r))) dr

0

and prove that it is absolutely continuous for all 7 € [0, T'] with
l t
Vs () = Vs (0) + NG /IIR(Un)(r) = RUn-) (Dl 2 drs
0
uniformly in 8. Since || U, (t) — U, ()l 12¢q) < «/Z/t/fg (¢) for all § > 0, we have that

1Un+1() = U@l 120 < /IIR(Un)(r) — RWUu—) ()l 2 dr-
0

Invoking Lemma 2 and the definitions for P and Q in (34) and (35) respectively, we can say
that there exists a positive constant C depending on 7, ¢ and on the Lipschitz constants of
the kernels L(K/’J), L(H/’)), L(Kr”), L(H,;) such that

t
1Un1(®) = U Ol 20y < C/”Un(”) — U1 (Ollp2dr for0<r<T.
0
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An easy iterative procedure implies that

(Ct)"
n!

NUni1 (@) — Un (@Ol 120) < U1 — Usll 120

thus, U,, uniformly converges on [0, T'] to some U. Due to the Lemma 2, R is continuous
in L? in each component. Moreover, since the subdifferential of A is closed, we can pass to
the limit in (43) and obtain that U is a weak solution to the system (41).

Concerning uniqueness, let U; = (X, Y1, P;, Q1) and U; = (X3, Y2, P>, Q;) be two so-
lutions to system (41) with the same initial condition U, =U,=U. Proceeding in an anal-
ogous way as before, we can argue that

t
1010 = U020y =€ [100) = Va0l dr - for0 =1 <T,
0
where the positive constant C depends on T, ¢, L(K;), L(H;), L(K,;), L(H,;). This implies
that
1U1(t) = Us (D)l 2y < €U — Uall 20y =0,
that proves the uniqueness. ]

The following Proposition collects some properties of Lagrangian solution.

Proposition 2 Let F, G : K x K — L*(Q2) be uniformly continuous operators in (26) and
(27) and let (X, Y) be the Lagrangian solution to (25). Then, the following properties hold:
(i) The right-derivatives

d* d+t
V= EX W= EY (44)
exist for all t > 0.
(i) V and W are the unique elements of minimal norm in the closed convex sets
1 1
(PO = (X)) =X () and  —(Q() =LY (1) = Y (1)),
respectively, i.e.
1 o
V(t):(E(P(t)—alK(X(t))—X(t))) ; (45)
and
1 o
W) = (g(Q(t) — 0l (Y (1) — Y(t))> . (46)

In particular, by replacing X by V and Y by W, (25) and (36) hold for all t > 0.

(iii) The functions t — V (t) and t — W ((t) are right-continuous for all t > 0.

(iv) IfT)? C (0,00) and 7'),0 C (0, 00) denote the subsets of all times at which the maps
s > V)l 2 and s — |W(s) |l 12(q) respectively are continuous, then (0, 00) \ 7',?
and (0,00) \ T are negligible, V and W are continuous, X and Y are differentiable
in L*>() at every point of 7}? and 7';) respectively.
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(v) Setting p(t,-) := W~ (X(t,.) and n(t,-) := V(Y (¢,)) where ¥ is the isometry
introduced in (14), there exist a unique map v(t,-) € L>(R, p) and a unique map
w(t,-) € L2(R, n) such that

. 1

X(t) =V (1) =Py, (E(P(t) - X(t))) =v(t, X)) € Hx)» 47
foreveryt e ’T)?, and

i 1

Y(1) =W(t) =Py, (g(Q(t) - Y(r))) =w(t, Y (1) € Hyw. (48)

foreveryt e T.

Proof The results in (i), (ii), (iii) are consequences of the general theory of [7, Theorem
3.5]. Concerning (iv) and (v), we follow [6, Theorem 3.5]. We prove only (47), since the
proof of (48) is similar. By applying [7, Remark 3.9], one can see that if ¢ is a point of
differentiability of X, the derivative with respect to time of X in ¢ is the projection of O onto
the affine space generated by P(t) — d[xc(X(¢)) — X (), i.e., the orthogonal projection of
P(t) — X (¢) onto the orthogonal complement of the space generated by d /i (X ()). By using
[6, Lemma 2.5], we obtain (47). Since any element of Hy ) can be written as v o X, where
v € L?(R) is a suitable Borel map, we have that there exists a Borel map v : [0, 00) x R — R
such that v(z,-) € L?(R, p(t,-)) and V(¢,-) = v(t, X (¢)) for t € 7}? O

We are now in the position of proving the main result of this Section, namely Theorem
1, that concerns existence and uniqueness of the solution to system (7).

Proof of Theorem 1 Let 5,7 € P,(R) and v € L?>(dp), w € L?*(d7) be given initial condi-
tions. Define the L2(£2)-functions X = W(p) and Y = W (%) and the compositions V =vo0 X
and W =wo Y. Then (X, Y, V, W) is an admissible initial condition for system (25), thus
Proposition 1 ensures existence and uniqueness of a couple (X, Y) that is the Lagrangian
solution to (25). According to Proposition 2 we can define the right-continuous functions
V and W such that (44) holds for all #+ > 0 and introduce p(z,-) := W' (X(z,-)) and
n(t, ) =W (Y(t,-)). Let v(¢, -) be the map given by Proposition 2 and ¢ be a test function
on (0, T) x R, then

//s(azfﬂ(t,x)+3Xg0(t,x)v(t,x))v(t’x)p(t,dx)dt
r 49)
://8(8t¢(t,X(t,m))+ax(p(t, X(t7m))v(t’X(tsm)))v(t,x([,m))dmdt.
0 Q
Using (47) and integrating by parts, the r.h.s. of (49) is equal to
r d
//<E"’(t’x(“m)))(P(hm)—X(t,m))dmd;
0
(50)

[o9)

=//(p(t,X(t,m))(X(t,m)—P(t,m))dmdt.
Q

0
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As proved in Proposition 2 we have that X (t,m) = V(t,m) and from the definition of the
operator P (t,m) in (34), one obtains that (50) equals

//w(t,X(r,m))<V(r,m)+/K;(X(s,m)—X(s,m/))dm/
0 Q

Q

+/H;,(X(s,m) - Y(s,m’))dm’> dmdt
Q

://ga(t,x)(v(r,x)JrK;*p(z,x)+H;,*n(t,x))p(t,dx)dz,
o R

that is the distributional formulation of the momentum equation in (7). Similarly, for the
continuity equation we have

(%(p(t, X(t, m))) dmdt

o~y
o _

1
/ (Brp(t, X (t,m)) + dep(t, X (t,m))V (t,m)) dm dt
0

0\8 0\8

/ (Brp(t, x) + @ (1, x)0(t, X)) p(t,dx)dt =0.
R

Concerning the initial conditions, since lim, o X () = X in L3(Q) for Proposition 1 and X =
W (p), we have that p — pin P2(R) as t — 0. Moreover, V =v0 X, so that lim, o V(1) = V
in L?(Q), therefore for every ¢ € C,(R) we have

1

/(P(X)E(X)ﬁ(dX)Z/w(Y(m))V(m)dm

R 0

1
=ltiﬂ)1/<p(X(t,m))V(t,m)dm=ltiﬁ)1/(p(t,x)v(t,x)p(t,dx).
0 R

A similar argument can be used for the pair (1, w). O

4 Large-Damping Limit

In this section we study the large-damping limit of system (7) for the damping parameter
o — 00 as stated in Theorem 2. In particular, we aim at making the formal argument intro-
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duced in Sect. 2.4 rigorous, and showing that solutions to system (20) converge to the ones
of the first order system

o 0 , ,
vl a[pr *p+pH, x7],
o B (51)

Py —a[nK;*n+nH,§*p].

In what follows we will assume that the potentials H,, H, K,, K, are under assumptions
(A) and (SL).

Recalling the definition of F[X, Y](m) and G[X, Y](m) in (26) and (27), we introduce
the operator

F[X,Y](m)
L((X,Y))(m) := (G[X Y](m)) :

By setting Z, = (X,, Y,), Z, = (X, Y.), U, = (V., W,) and U, = (V,, W,), system (25)
can be rewritten in the following compact form

eZo(t) + Zo(t) + 012 (Ze(1)) 2 €U, + Z, + / L(Z,(r))dr. (52)
0

We are now in the position of proving Theorem 2.

Proof of Theorem 2 Let (p, n) be a solution to system (51) subject to the initial condition
(p, 1), and (pg, ne, Ve, w,) be a solution to system (20) subject to the initial condition
(P, M, Ve, we), Define Xo = W(p) and Yy = W (n), then Zy = (Xy, Yp) is a solution to

Zo(t) + 812 (Zo(1) > Zo + / L(Zo(r))dr, (53)
0

with Zy = (Xo, Yo) = (¥ (p), ¥(77)). Similarly, consider Z, = (X,,Y,) that solves (52),
with X, = W(p,) and Y, = W (1,.). Adding SZO(I) to both sides of (53) and taking the dif-
ference between (52) and (53), we get

e(Z:(t) — Zo(t)) + Z:(t) — Zo(t) + 32 (Zo (1)) — 32 (Zo (1))
seU,+ Z, — Zo — Zo(t) + / [L(Z.(r)) — L(Zo(r))] dr.
0

(54)

We now estimate the evolution of the L? norm of the quantity Z,(t) — Zo(¢). In doing that,
we use the monotonicity of the set valued operator d/,2, which is a consequence of the

@ Springer



9 Page240f41 M. Di Francesco et al.

convexity of the indicator function and of the definition of sub-differential.

N ™

%/(Zs(tvm)—Zo(t,m))zdm-l—/(Zs(t,m)—Zo(t,m))zdm
Q

Q

< / [€T.(m) + Zo(m) — Zo(m)|(Z.(t. m) — Zo(t, m)) dm
Q

. (55)
—g/Zo(t,m)(ZE(t,m) — Zo(t,m)) dm

Q

+//[L(Zg(r, m)) — L(Zo(r,m)1(Z.(t,m) — Zo(t,m)) dm dr.
0 Q

Using Young’s inequality and the bounds in Lemma 2, (55) becomes

%%/(Zs(t,m)—Zo(t,m))zdm+/(Ze(t,m)—Zo(t,m))zdm
Q Q
1 — - - 2 1 2
< 5/[8U€(m)+Z5(m)—Z0(m)] dm+§/(z€(t,m)—zo(t,m)) dm
Q Q
+%/Zg(t,m)a’m—i—%/(Zg(t,m)—Zo(t,m))2dm
Q Q

+%//[L(Zg(r, m))—L(Zo(r,m))]zdmdr—}—%//(Zg(r, m) — Zo(r.m))>dmdr .
0 @ ,

which implies
2 1—¢ 2
(Ze(t,m) — Zo(t,m))”dm + T/(Zs(t,m) — Zo(t,m))" dm
Q

[sﬁs(m)JrZ(m)—?O(m)]zder%/Zg(t,m)dm

Q

1 t 2
+C§//(Zg(r,m)—Z0(r,m)) dmdr ,
0 Q

where C is a fixed constant depending on the operator L and coming from Lemma 2. Inte-
grating over [0, 7] and denoting

Ae, T) = (2s+4T)/(Z(m)—70(m))2dm +4T/[£ﬁg(m)]2dm
Q Q

@ Springer



Second Order Two-Species Systems with Nonlocal Interactions Page250f41 9

T
+2g//zg(z,m)dmdt,
0 Q

assuming ¢ < 1/2, by using Cauchy-Schwarz inequality we have that

/ (Ze(t,m) = Zo(t,m))* dm di

Q

O\\;

IA

T t
C///(Zg(r,m)—Zo(r,m))zdmdrdt+A(8, 7),
0 0 @

by suitably renaming the constant C. By applying Gronwall’s lemma we get

T
//(Zg(t,m)—Zo(t,m))zdmdtgA(s, T)eCT.
0 Q

In order to conclude it is enough to see that A(e, T) — 0 as ¢ — 0. We recall assumption
(i) reads p, — p and 7j, — 77 in Po(R), thus Z, — Z as ¢ — 0 in L?(2)%. Assumption (ii)
implies initial velocities under the following conditions

v, =o(1/e) 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 Zo does
not depend on ¢. ]

5 Newtonian Potentials

This section is devoted to study existence of solutions and asymptotic property of system (7)
when self-attractive forces are driven by Newtonian potentials, i.e., K,(x) = K, (x) = |x]|.
We restrict the analysis to the case of equal cross-potentials, namely H, = H, =: H. We also
consider two uniformly convex external potentials A, and A, acting on the system. More
precisely, we assume A,, A, € C 2(R) under assumptions (H1) and (H2). These additional
terms don’t affect the study of existence of solutions, in the generalised sense specified in
Definition 5, but are only required in the study of asymptotic behaviour in Theorem 3. The
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system we are dealing with can be expressed in Lagrangian coordinates as follows

0, X(t,m)=V(t,m)),
0, Y(t,m)=W(,m),

B,V(t,m):—/sign(X(t,m) —X(@t,m"))dm'’
Q
—/H’ (X@t,m) =Y (t,m))dm' —oV(t,m)— A, (X), (56)

W (t,m)=— /51gn Y(t,m)—Y(t,m"))dm

_/H (Y(t,m) = X(t,m"))dm —aW(t,m) — A, (Y).

We can associate to the system (56) the following functional

X, Y) = //|X(m)—X(m)|dm dm+ = //|Y(m)—Y(m)|dm dm

Q Q

+//H(Y(m)—X(m/))dm’dm+/A,,(X(m))dm—l—/A,,(Y(m))dm.
Q o Q Q

(57)
In particular, we write
SX,Y):=8SX)+SY)+K(X,Y),

where

S(X) ::%//IX(m)—X(m’)Idm'dm,
Q Q

S(Y) :=%//|Y(m)—Y(m/)|dm/dm,
Q Q

K(X,Y) :=//H(Y(m)—X(m’))dm’dm—i—/Ap(X(m))dm+/A,,(Y(m))dm.
Q Q Q

Q

As shown in [4, 10], it is easy to prove that the self-interaction contributions in § are
linear when restricted to K.

Lemma3 If X € K, then

S(X) :/(Zm — DX (m)dm.
Q

Proof A direct computation shows that

S(X)=%//|X(m)—X(s)|dsdm= // (X(m) — X(s))dmds.
Q Q

{(X(m)=X(s)}
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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 <s < Z(m)},
with
(m) =sup{s €[0,1] : X(s) = X(m)}.

Moreover, X (s) = X (m) on {m <s < X(m)}, then

S(X)://(X(m)—X(s))dmds

m>s

m 1
:<//X(m)dsdm—//X(s)dmds>
Q0 Q s

:/mX(m)dm—/(l—s)X(s)ds
Q

Q

=/(2m — D)X (m)dm. O
Q

The first result in this Section consists in proving the existence of a map ¢ +—
(X (1), Y (t)) that is a generalised Lagrangian solution to (25) with respect to the choice
© =Py (F1)(t,m) and E = Py, (F>)(t, m), i.e., the system (56) can be written as follows

atX([7m) = P’Hx(v)(l!m)s
0, Y (¢, m) = Pay, (W)(z,m),

0,V (t,m) = —Pq (F\[X, Y])(m) —a V(t,m), o
W (t,m) = =Py, (F[X, Y] (m) —oW(z,m),
where
Fi[X,Y1(m)=2m — 1 +/H/(X(m) —Y(m'))dm' + A, (X) (59)
6!
and
Fo[X,Y](m)=2m — 1+ / H'(Y(m) — X(m'))dm' + A} (Y) (60)
2

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 3 Assume the cross-potential H under aSﬂAniptLons_(A) and (SL). Assume the
external potentials A,, A, € C%(R). Then for every (X,Y,V,W) e IC21 ’;‘iy_x ﬂy there
exists a generalised Lagrangian solution to system (56) with initial data (X,Y,V, W) in the

sense of Definition 5.

@ Springer



9 Page280f41 M. Di Francesco et al.

Proof The proof is based on a discretization argument, inspired by the result in [6, Theorem
4.5]. Consider the following two partitions of €2:

O=:lp<lij<---<ly:=1, and O=:zo<zi1<---<zy:=1,

with
i J
l; ::Zm_,-, and z; ::Zn,-,
j=1 i=1
fori=1,...,N—1land j=1,..., M — 1, and introduce the piecewise constant functions
N N
X()=) x@Oly,, V@)=Y u®l, (61)
i=1 i=1
M M
Y(t,)=) yiOlz, W)=Y win)ly, (62)
j=1 j=1

defined on the intervals L; :=[l;_1,[;) and Z; :=[z;_y,z;),fori=1,...,N —1and j =
1,..., M — 1. Consider the finite dimensional Hilbert space

N M
Hon X Hy 1= {(x, Y)= (Zx,-h,-, Zyﬂlz,) Dy eRY x RM} C L*(Q) x L*(Q)
i=1 j=1
and its closed convex cone
N M
K x Ky i= l(x, Y)= (innh, Zy,-nzj> C(x,y) e KN x KM} cKxK.
i=1 j=1

Note that the projected forces
FulX,Y]:=Py, (FI[X,Y]) and Fi[X,Y]:=Py, (F2[X, Y])

are well defined and Lipschitz continuous according to the definitions in (59)-(60) and as-
sumptions (A) and (SL).

Now, assume that the initial condition (Y, Y. V,W)eK,, x K, x Hx x Hy doesn’t hit
the boundary of K, x KC,,. Consider the time interval [0, #;) with #; = min {tlx , tly } where

tf=inf{t >0: X(t) €3K,}, t/ =inf{t>0:Y()€dk,}.

Then, we obtain (61)-(62) by solving

. . 1
X(t)=V@), V)=Py, (E(Fl [X(®),Y®)]— V(t))>,
. (63)
Y =W(@), W(t)=Py, (;(Fz[X(f% Y ()] — W(r))>.
We have that H,, = Hx«) and H, = Hy(, in [0, 1), thus the projection onto the set H,,
yields functions defined on €2 that are constant on the same intervals where (X, V) is con-
stant, and similarly the projection onto #,,. Taking ¢, as the new initial time, we can consider
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a new initial condition (Y/, 7,, V,, W/) € K X Ky x Hz X Hy of dimensions N’ < N and
M’ < M and, proceeding in the same fashion, we can define 7, > ¢, and consider the evo-
lution in the time interval [#;, #,). Iterating the procedure, we obtain a sequence of collision
times 0 =:fy) <t < --- < tg := 0o and the quadruple (X, Y, V, W) such that

. . 1
X@)=V(0), V@)=Pyuy, (g(E[X(Z), Yl - V(t))),

| (64)
Y()=W(@), W(@)=Py,, <E(F2[X(l‘), Y ()] - W<t>)>,
forallt € [t_1,t), k=1,..., K with
Hxny =Hxw s Hrey =Hre_p- (65)
‘When an inelastic collision occurs, we have that
X(t+) = X)), V(tit) =Py, (V).
(66)

Y(t+) =Y (t—), Wt+) = Pay, (W (H—)).

We proceed by induction on the collision times. In the first time interval [0, ¢,), inclusion
(30) holds by considering the empty set for the subdifferential d/x (X (¢)). Now, suppose
that (30) is satisfied in [#;_, #x). Hence, by induction assumption,

I
V() + X(h—) +E=¢V + X + / Priye (FilX (), Y ()] ds 67)
0

with & € 31 (X (#)). By (64),

eX(1) + X (1) =X (ie+) + eV (e +) +/PHX(S)(F1 [X(s), Y(s)Dds
1
=Xt+) + (V) = Vi—)) +&V(n—) (68)

+/an(x)(F| [X(s), Y(s)Dds

s
for any ¢ € [t, t4+1). Combining equations (67) and (68) we get

t

eX()+ X(0) + (V=) — Vet) +& =8V+Y+/Paxm(ﬂ [X(5), Y ()] ds.
0

Invoking again (64), we have

X () — Xt —h)

V(ti—) = lim ,
(=) h—0+ h
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hence using (66), we derive

Vte—=) = Vtrt) =V (=) = Pay,, (V=)

X (1) = X (e = h) = Pagy (X () — Xt — 1))

= lim
h—0+ h
Prty, (X (6 — h) = X (1 — )
= lim .
h—0t h

Applying [6, Lemma 2.6], we find that V (ty,—) — V (tx+) € 01, (X (#)), and using the mono-
tonicity property of the sub-differential, one obtains that

E+Vt—) = V(t+) € 0l (X(1))

for all t € [#, t;+1). Therefore inclusion (30) is satisfied. Now, let us prove that (32) holds.
Consider system (36) with P replaced by

Pi(t,m) =V (m) + X(m) +/Fl (X (r,), Y(r,)](m)dr.
0

Thus, we have that for any t > s > 0,
1
E[PI(S) — X ()] = V(s) € (X (s)) C (X)),

where we used the monotonicity of the sub-differential. Integrating on s € [0, #] we obtain

t

/ém (5) = X($)1ds + X — X (1) € DL (X (1))
0

for a.e. t > 0. Since the following property holds (cft. [6])
Y=Pr(X) &= X —-Y €dlc(Y),

we derive

t t
— 1 1, — — 1
X(1)=Px (x - - /X(s)ds +-1(eV+X)+ - /(t —5)F1[X(s), Y(s)]ds).
& e &
0 0

A similar proof holds for the equations (31) and (33). Finally, since the construction above
starts form discrete initial data in the form of the piecewise constant functions as in (61)-(62),

and since these functions are dense in L?(£2), we can approximate any given initial data and
then combine the procedure into the proof with the stability Theorem 4.4 in [6]. O

Now, we provide an estimate on the total energy of the system (58), used in the proof of
Theorem 3 below.
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Lemma4 Let (X,Y,V, W) e K? x L*(0,1)? be the solution to the system (58) with initial

data (X,Y,V,W). Then, the following uniform estimate holds:

1 2 1 s — 1 — 1

t>0

Proof The proof is based on an estimate of the following total energy

| 1
EX.Y, V., W)= E/|V|2dm+ 5/|W|2dm+g(x, Y).
Q Q

Considering (X, Y, V, W) generalised solution to (58), we have

d+
TTEXY V. W) :—a/(|V|2+ |WI*) dm
Q

—/VPHX(Fl)dm—/WPHy(Fz)dm
Q Q

+/PHX(V)[2m—1+/H’(X(m)—Y(m/))dm/+A;(X)]dm
Q Q

+/PHY(W)[2m —1+/H/(Y(m)—X(m/))dm/+A;](Y)]dm.
Q

Q
(70)
Thanks to the definitions of F;[X, Y] and F>[X, Y] in (59)-(60), we obtain that
d* 2 2
TEXY V. W) =—0 (IVIP+IW[?)dm — | VPy, (F))dm
Q Q
(71)
- / WPy, (F2)dm —{—/PHX(V)F] dm +/Pny (WYF,dm.
Q Q Q

By definition of the projection operator in (24),

/PHX(V)(PHX(FI[X, Y) - Fi[X, Y])dm=0=/PHX(F1[X, YD) (Pay (V) — V) dm,
Q Q

then

(FiIlX, YIP3 (V) — VPy (Fi[X,Y])) dm =0,

{0\

and similarly

/(FZ[X, Y1Ps, (W) — WPy, (F2[X, Y]))dm =0,
Q
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therefore (71) reduces to

d+
EQS(X, Y, V, W)=—0/|V|2dm—a/|W|2dm§O, (72)
Q Q

from which we can easily deduce the uniform estimate (69). O
We can now provide the proof of Theorem 3.

Proof of Theorem 3 Integrating in time the equation (72), we find that for all 7 > 0
T
EX, Y, V., W)|_, +o//(|V|2 + W) dmdt =&X, Y, V,W)| _,.
0 Q

Thanks to the non-negativity of the cross-potential H, assumption (H1) and the fact that

/(Zm— 1)(X+Y)dm:—/(mz—m)(amX—i-amY)dm20, (73)
Q Q

which holds since m?> —m < 0 for m € (0, 1) and 9,,X + 9,,Y > 0 for X, Y € K, we obtain
that

T
a//(|V|2+|W|2)dmdt5—A/|X|2}[:Tdm—M/|Y|2|t:Tdm+C1,
0 Q Q

Q

where C is a constant depending on initial data and A and w are the constants in assumption
(H1) for both potentials. Thus

6\8

/(|V|2+|W|2)dmdt<+oo. (74)
Q

Computing the temporal derivative of the L?-distance between (X, Y) and (X;, Y;), we de-
rive

1d
EE/(|X|2+|Y|2)dm=/XPHx(V)dm+/YPHY(W)dm
Q Q &

=/X(PHX(V)— V)dm—i—/Y(PHY(W)—W)dm

2 2
(75)

+/(XV+YW)dm
Q

:/(XV+ YW)dm.
Q
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In order to control the last term in the chain of equality above we compute

%/(XV+YW)dm:/X[—oV—PHX(FI)]dm+/VPHX(V)dm

Q Q
(76)

+/Y[—0W—PHY(FZ)]dm—k/WPHY(W)dm.
Q

Using the definitions of F; and F; in (59) and (60) and the property for the projection
operator we have

%/(XV+YW)dm=/(—axv—aYW+|V|2+|W|2)dm—/(2m—1)(X+Y)dm
Q

—//X(m)H/(X(m)—Y(m/))dm/dm
Q Q
—//Y(m)H/(Y(m)—X(m/))dm/dm

—/XA;(X)dm—/YA;(Y)dm. (77)

Q Q

Using assumption (AT) we can bound the terms involving the cross-interaction potential H
as follows

—//X(m)H’(X(m)—Y(m/))dm/dm—//Y(m)H’(Y(m)—X(m’))dm’dm
Q Q Q Q
—//H’(X(m) —Y(m"))(X(m)—Y(m"))dm'dm <0,
Q

thus, using assumption (H2) and (73), (77) can be bounded from above by

d
E/(XV—!—YW)dm5/(—0XV—0YW+|V|2—|—|W|2—¢x|X|2—,B|Y|2)dm. (78)

Q

Note that for any A > 0 we have —XV < X?A% 4 2 A2 Then, applying this inequality to
—o XV and —o YW, we obtain the following inequality holding for any A;, A, > 0:

/(—GXV—UYW—I—|V|2+|W|2—a|X|2—,B|Y|2)dm
5—/|X|2(a—oAf)dm—/|Y|2(/3—oA§)dm (79)

Vl—d Wl—
/|| 4 m+/|| 1)
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By taking sufficiently small A; and A,, we have that (78) is bounded from above by
d — _
E/(XV—F YW)dm < —Cl/(|X|2+ 1Y *) dm +C2/(|V|2+ [W[*)dm  (80)
Q Q Q

for some constants C;, C, > 0. Putting together estimates (75) and (80), we have that

d
E/(|X|2 +|Y? + XV +YW)dm

(81)
52/(XV+ Yw)dm—a/(|X|2+|Y|2)dm+62/(|V|2+|W|2)dm
Q Q Q

Integrating in time inequality (81), for all 7 > 0 we obtain

/(|X|2 +YP+XV+YW)dm|_, —/(|X|2 +YP+XV4+YW)dm| _,
Q Q

T T
2// XV +YW)dmdt — 1// |X| +1Y] )dmdt
0 Q 0 Q

T

o [ [avesiwe)ama,
Q

0

thus

61// IXI> + Y *)dmdt <C, /IVI +|W[*)dmdt
Q

Q
T
+2// XV+YW dmdt
0 Q
|

(IXP+YP+XV+YW)dm| _, +C,

Q

where C; is a constant which depends on initial data. Proceeding as in (79) and using the
bound in (74), we have that

/(|X|2 + 1Y) dm < +o0. (82)
Q

0\8

Combining estimates (74) and (82) we get

oo

//(|X|2+|Y|2+|V|2+|W|2)dmdt<+oo,
0 Q
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Fig. 1 In this first example, we fix N = 160, and M = 150. All the potentials are attractive. In particular we
3 4 2
set Kp(x) = —e~lI7 Ky(x) = —e~ " Hp(x) = Hy(x) = —e— ¥l
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Space Space
. . . . . 2
Fig. 2 Evolution under the action of attractive self-potentials given by Kjy(x) = —3¢~ 17 and
3 . . —1x? .

Ky(x) = —2e~2Ixl , and repulsive cross-potentials Hp(x) = —|x|2, Hy(x) =e I¥I” In this example,

N =180, M =200

hence, there exists a sub-sequence {#;}; such that

/(IX(tk)I2+IY(tk)|2+IV(tk)|2+ IW@)I?)dm — 0 asp— +oo.  (83)
Q

Since the operator § defined in (57) is a monotone operator, then

1 1
S(X,Y)—i—§/|V|2dm+§/|W|2dm—>E>0 as t — 400
Q Q

and ¢ is unique. Moreover, Lemma 2 ensures that the operator § is continuous, thus

1 1
5/|V|2dm+§/|W|2dm+$(X, y)|t:tk—>z as fy — +00.
Q Q
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Fig. 3 Two possible outcomes (top and bottom) for the evolution of the system under the action of self-
2 3 . .
repulsive potentials K (x) = 2¢~ 1% and K. p(x) = e~ *I” and attractive cross-potentials Hp (x) = |x|2 and

2
Hy(x) = —e~ 31 In both the simulations the numbers of particles are fixed as N = 170 and M = 160, but
initial velocities change (randomly)

Using the coercivity of the external potentials A, and A, and (83), we have that £ is neces-
sarily zero, hence the statement holds. a

6 Simulations

This last section is devoted to provide some numerical examples on the behaviour of solu-
tions to system (7). Numerical simulations will be performed by using the discrete particle

counterpart of (7), namely solving numerically (9). We recall that the system of ODEs we
are dealing with is the following

Xi(t) = v; (1),

yi() =w;(1),

v;(t) = —ov;(t) — kaVKp(xi(t) —x(1)) — anVHp(xi(t) — (D)), (84)
or k

(1) = —ow;(t) = Y m VK, (y;(t) = () = > miVH, (y;(t) = xi (1)),
k#j k

where x; 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.

@ Springer



Second Order Two-Species Systems with Nonlocal Interactions Page370f41 9

5 First species A Second species
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Fig. 4 Evolution under the action of attractive Newtonian self-potentials and attractive Gaussian cross-
2

potentials given by H,(x) = Hy(x) = —e~¥I”, The external potentials are Ap(x) = |x — %lz and

Ap(x) =2|x — %lz. In this example, N =200 and M =210

First species Second species
T T T ;‘ T

Fig. 5 In this example, N = 180, M = 190, the self-potentials are Newtonian attractive and the cross-
4

potentials are equal and repulsive. In particular they are H,(x) = Hy(x) = 3e 11" The external potentials

are Ap(x) = 31x — 52 and Ay (x) =5|x — 1|2

For simplicity we assume all the particles having the same mass. By a normalisation in
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 (84) will be coupled with an uniform distributed set of particles in the space
interval [0, 1] and a random distribution for the velocities. We then let the particles evolve
by using an explicit second order three steps Runge-Kutta method, (cf. [19]) up to the first
collision. In order to detect collisions between particles we fix a tolerance parameter foll and
we assume that it occurs when the distance between two consecutive particles of the same
species, for instance x; and x; ., is smaller than foll. Once two consecutive particles collide
they are replaced by a single particle with new position and velocity given by

X (t) + x4 (1)

xi+%(t) = )
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First species

Second species

Time
Time

Time
Time

Space

Fig. 6 Solutions to the second order system (blue in the online version) and solutions to first order sys-
3 4
tem (51) (in red) under the action of the following potentials are K, (x) = —e~ I, Ky(x) = e

Hp(x) = Hy(x) = —e_‘x‘z. In this simulation we set N = 160, M = 150 and o = 10 (top) and o = 1000
(bottom)

v () = Vi (1) + i1 (F)
i+3 2 ’

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 (84) 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 solution 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 computed using its one-dimensional
equivalence with the LZ?-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 1 displays the sticky particle dynamics when all the poten-
tials are smooth and attractive. Instead, in Fig. 2 the self-potentials are attractive and the
cross-potentials are repulsive, while in Fig. 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) velocities.
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First species

Time

Space

First species

Time

Time

Time

Second species

08

06

A

£

02 0. 0.8 1 12

Space

Second species

Fig.7 Solutions to the second order system (blue in the online version) and solutions to first order system (51)

(in red) under the action of the following potentials are K (x) = —e*‘x‘2, Ky(x) = —e*3|x|3 s Hp(x) = |x|2,
Hy(x) = —e~ 211" _In this simulation we set N = 180, M = 190 and & = 5 (top) and & = 900 (bottom)

First species

o=1
=10
=500
2=1000] |

01t

Wasserstein distance

) = n n n n n n n
0 0.5 1 1.5 2 25 3 35 4 4.5
Time

Wasserstein distance

0.16

Second species

Time

Fig. 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

. _1xl? . . . . .
are given by Hp(x) = Hy(x) = —e 1x1” Increasing the damping parameter Wasserstein distance remain

controlled

We then show a couple of simulations in which the self-potentials are attractive Newto-
nian, while the cross-potentials are symmetric, radial and smooth. In particular, in Fig. 4, the
cross-potentials are attractive, indeed the particles collide, while in Fig. 5, they are repulsive
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and not all the particles collide. According to results in Sect. 5 also the effect of external
potentials is taken into account.

We then focus on the numerical investigation of the large damping regime. Figures 6
and 7 show a comparison between particles evolution associated to the second order system
and the ones associated to the first order system (51), for various choices of potentials. We
highlight numerically the relevance of the damping parameter o in the evolution: increasing
the value of o solutions of the two different problems become indistinguishable.

Finally in Fig. 8, considering the same potentials in Fig. 4, we display the Wasserstein
distance between the solution to the second order system and the ones to 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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