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ABSTRACT. We prove global-in-time existence and uniqueness of measure solutions of a nonlocal
interaction system of two species in one spatial dimension. For initial data including atomic parts
we provide a notion of gradient-flow solutions in terms of the pseudo-inverses of the corresponding
cumulative distribution functions, for which the system can be stated as a gradient flow on the
Hilbert space L2 (0, 1)2 according to the classical theory by Brézis. For absolutely continuous initial
data we construct solutions using a minimising movement scheme in the set of probability measures.
In addition we show that the scheme preserves finiteness of the L™-norms for all m € [1,+4o0]
and of the second moments. We then provide a characterisation of equilibria and prove that
they are achieved (up to time subsequences) in the large time asymptotics. We conclude the
paper constructing two examples of non-uniqueness of measure solutions emanating from the same
(atomic) initial datum, showing that the notion of gradient flow solution is necessary to single out
a unique measure solution.
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2 J.A. CARRILLO, M. DI FRANCESCO, A. ESPOSITO, S. FAGIOLI, AND M. SCHMIDTCHEN

1. INTRODUCTION

In this work we consider a particular instance of the following nonlocal interaction system for the
evolution of two probability measures p and n on the whole real line

0 0

3{ = 5. (PH1*p+ pK1 %),
1
(1) on

i i(nHé*nﬂLnKé*p)-
Here Hi, H> model the way any two agents of the same species interact with one another (so-
called self-interaction potentials, or intraspecific interaction potentials). Respectively, K, Ko are
called the cross-interaction potentials, or interspecific interaction potentials, as they describe the
interaction between any two agents of opposing species.

This model can be easily understood as a natural extension of the well-known aggregation equation
(cf. [6, 9, 25, 51, 55]) to two species. This link was first established in the paper [36] as the
continuous counterpart of a system of ordinary differential equations. More precisely, for M, N € N
suppose (7;)~.; and (y;)M, denote the locations of agents of two different species, each of them
with masses % and ﬁ respectively. Then, assuming the velocity of any agent is given as an average
of the forces exhibited by all other agents upon that agent, one gets

. 1 1 .

ggi:——ZHi(,Ii—xj)—fZK{(l‘i—yj), 221,...,N,

N y M <
V=)

¥ = —% ZHQ(% —Y5) — % ZKQ(% —x5), i=1,..,M.
J#i J

The choice of the interaction potentials depends on the application or the phenomena of interest.
In particular in mathematical biology contexts the potentials are often assumed to be radial, i.e.
W(z) = ww(|z|), for W € {H;, K; |i = 1,2}, i.e. they only depend on the relative distance between
any two agents. An interaction potential is said to be attractive if wy, (|z|) > 0 and repulsive if
wiy(Jz]) < 0. The existence theory developed in [36] covers the case of Cl-potentials H;, K;,
i = 1,2 (with suitable growth conditions at infinity) and provides a semigroup defined in the
space of probability measures with finite second moment equipped with the Wasserstein distance,
in the spirit of [1]. More specifically, the JKO scheme, [43], can be adopted in the special case
K, = K3 = K. Then Eq. (1) can actually be seen as the gradient flow of the functional

1 1
(2) F(p,m) :—/Hl*pder/Hg*ndnJr/K*ndp-
2 Jr 2 Jr R

In this case a slightly lower regularity needs to be required on the potentials Hi, Hy, K as long as
all of them are convex up to a quadratic perturbation. Thus, uniqueness can be proven via the
notion of A-convexity along geodesics of F, see [50, 1].

Common interaction potentials for the one species case include power laws W(z) = |z|?/p, as for
instance in the case of granular media models, cf. [5, 56]. Another possible choice is a combination
of power laws of the form W (x) = |z|%/a — |z|?/b, for —d < b < a where d is the space dimension.
These potentials, featuring short-range repulsion and long-range attraction, are typically chosen in
the context of swarming models, cf. [4, 7, 24, 21, 28, 41, 42, 44]. Other typical choices include
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SYSTEM OF CONTINUITY EQUATIONS WITH NEWTONIAN INTERACTIONS 3

characteristic functions of sets or Morse potentials
W(z) = —cq exp(—|z|/la) + ¢ exp(—|z|/l,),

or their regularised versions W, (x) = —cqexp(—|z|P/lg) + ¢, exp(—|z[P/l,), where ¢4, ¢, and 4,1,
denote the interaction strength and radius of the attractive (resp. repulsive) part and p > 2, cf.
[28, 29, 38]. These potentials display a decaying interaction strength, e.g. accounting for biological
limitations of visual, acoustic or olfactory sense. The asymptotic behaviour of solutions to one
single equation where the repulsion is modelled by non-linear diffusion and the attraction by non-
local forces has also received lots of attention in terms of qualitative properties, stationary states
and metastability, see [17, 19, 20, 22, 40, 23] and the references therein, as well as its two-species
counterparts, cf. e.g. [35, 21, 27, 18], and references therein.

As set out earlier we shall study a particular instance of the above system where all interactions are
modelled by Newtonian potentials. More precisely, by setting N(z) := |z|, we consider repulsive
Newtonian intraspecific interactions and attractive Newtonian interspecific interactions, i.e. we will
deal with the system

3) {&p:@m(—pN’*erpN’*n),

I = 0x(—nN"*n +nN'* p).

Following (2), there is a natural functional that can be associated to system (3), namely

1 1
(4) f(p,n):z—/N*pdp—/N*ndn+/N*ndP-
2 Jr 2 Jr R

We mention at this stage that this choice of the functional does not fit the set of assumptions in
[36], in that the (repulsive) intraspecific parts of F are not defined through convex potential (up
to a quadratic perturbation).

The corresponding equation for one species has been attracting a lot of interest. In [6] and [9],
the authors provide an L* and an LP-theory for the aggregation equation dyu + div(uv) = 0,
v = —VK % u, with initial data in Pa(R%) N LP(RY), where d > 2 and P2(R?Y) denotes the set
of probability measures with bounded second order moments. They consider radially symmetric
kernels whose singularity is of order |z|%, o > 2 — d, at the origin. In particular, the authors prove
local well-posedness in Po(R?)NLP(RY) for p > ps, where ps = ps(d, o). Moreover, when K (z) = ||,
the exponent p; = d%'ll is sharp since for any p < d%'ll the solution instantaneously concentrates
mass at the origin for initial data in Py(R%) N LP(R?). Global well-posedness of solutions with
initial data in P2(R?%) was proven in [25] for a general class of potentials including in particular
K(x) = |z|. The gradient flow structure was crucial to show a unique continuation after blow-up of
solutions to the aggregation equation. Let us also mention [8] that provides a well-posedness theory
of compactly supported L' N L*®-solutions for the Newtonian potentials in d > 2. The gradient
flow structure introduced in [25] in the particular case of K(z) = |z| in one dimension was further
developed in [12], where the authors prove the equivalence of the Wasserstein gradient flow for

Op = 0 (pOLW x p), zeR, t>0,

with W(x) = —|z| or W(z) = |z|, and the notion of entropy solution of a scalar nonlinear conser-
vation law of Burgers-type

O F + 0,9(F) =0, zeR, t>0,
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where
gFY=F*—F or g(F)=-F*+F,

in the repulsive or attractive case respectively, being F(t,z) = ffoo p(t,z)dx. Such a result is
relevant in particular in the repulsive case, as it shows that all point particles initial data evolve into
an L'-density on ¢ € (0, 400) as a simple consequence of the uniqueness of entropy solutions to the
corresponding scalar conservation law, [45]. More precisely, a point particle pg = dy in the repulsive
case corresponds to the initial datum Fy = 1jg ;) for the equation F} + (F? - F), =0, and the
discontinuity can be resolved (in a weak solution sense) either via a stationary Heaviside function
or through a rarefaction wave with time-decaying slope connecting the two states 0 and 1. As the
flux g(F) = F?— F is convex, the latter is the only admissible solution in the entropy sense (see e.g.
[32]). Therefore, the equivalence result in [12] implies that the distributional derivative p = 0, F is
the only gradient flow solution to the repulsive aggregation equation p; = —0,(p0,(|z|*p)). Notice
that such a solution satisfies p(t,-) € L>(R) for all ¢ > 0, whereas the initial condition pg is an
atomic measure.

The occurrence of such a smoothing effect in the one-species repulsive case suggests that similar
phenomena may be observed in the two-species case, at least in one space dimension. Understanding
such an issue is one of the purposes of this work. However, the equivalence to the 2 x 2 system of
conservation laws

OF 4+ 2(F — G)0,F =0, /“3 /w
5 F(t,z) = ty)dy,  G(t,z) = t.y) dy,
(%) {atG+2(GF)8xG:O, (t,2) _Oop(’y) y (t,z) _OOTI( y)dy

does not provide any useful insights in this case, as we shall discuss in detail in Section 5. We
would like to stress at this stage that the persistence of an atomic part for one of the two species
in (3) would make the definition of measure solutions rather difficult, as the velocity fields are
given by convolutions of the solution with a discontinuous function. In the (F,G) version (5) this
corresponds to the impossibility of e.g. multiplying a discontinuous function F' — G by an atomic
measure d, F. On the other hand, we shall see that the equivalence to L?(0, 1)%-gradient flows in
the pseudo-inverse formalism (see e.g. [13, 30, 12]) provides a natural way to state a suitable notion
of solution for (3) with measure initial data giving rise to a unique solution for all times. As for the
LP-regularity of solutions, we mention here that a system similar to (3) with the addition of linear
diffusion in both components was studied in the context of semiconductor device modelling, see e.g.
[3] in which solutions are shown to maintain the finiteness of the LP-norms for p € (1, +00). As we
will show in our paper, the same holds in the one-dimensional diffusion free case (3). However, when
initial data feature an atomic part, the attractive part in the functional F may inhibit solutions to
instantaneously become L!'-densities. This may happen for instance when the two species share an
atomic part at the same position initially, see Section 5 below.

Another interesting issue related to (3) is its asymptotic behaviour for large times. The one species
case features total collapse, i.e. the formation of one point particle in a finite time in the attractive
case with all the mass of the system, see [25], and large time decay to zero in the repulsive case
(as a consequence of the results in [12] and on classical results on the large time behaviour for
scalar conservation laws, see e.g. [48]). The asymptotic behaviour in the 2 x 2 case (3) is much
more complex. Finite time concentration for smooth initial data cannot happen in the view of the
non-expansiveness of the LP-norms proven in the present work. Similarly the case for the large time
decay to zero is impossible, as we will construct explicit solutions featuring a steady atomic part
for all times. We shall prove that the w-limit in a suitable topology for (3) is a subset of {p = n},
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which also coincides with the minimising set of the corresponding functional F. The rest of this
paper is organised as follows:

e Section 2 contains preliminary concepts on gradient flows in Wasserstein spaces and about
the one-dimensional case in particular.

e Section 3 deals with the existence and uniqueness of solutions. We first prove it in Subsection
3.1, for the notion of solution introduced in Definition 7. In Subsection 3.2 we consider the
case of densities as initial conditions, more precisely in L™(R) for some m € (1,+o0],
and we show that a suitable notion of gradient flow solution in the Wasserstein sense (see
Definition 9) can be achieved via the Jordan-Kinderlehrer-Otto scheme, which also allows
to prove that the L™-regularity is maintained. In addition a uniform-in-time control of the
second moment is obtained. Moreover, we prove that our solutions also satisfy Definition
7 given the additional regularity. All the results on the absolutely continuous case are
collected in Theorem 12.

e Section 4 contains a detailed study of the steady states for (3), as well as of the minimisers
of (4). A characterisation of the steady states is provided in Proposition 8. A consequent
result concerning the asymptotic behaviour is provided in Theorem 14.

e Section 5 describes two relevant examples of atomic initial data. In both cases, non unique-
ness of weak measure solutions is shown, and the relevant gradient flow solution is singled
out as well. These two examples allow to conclude interesting properties related with the oc-
currence or not of the smoothing effect (or lack thereof) of initial atomic parts, see Remarks
11 and 12. The link with the hyperbolic system (5) is described in detail in Subsection 5.3
leading to several open problems.

2. PRELIMINARIES

This section is devoted to setting up the framework to show existence and uniqueness of solutions
to the system

— !/ !
(6a) {3tp— Oz (pN" % p) + 0x(pN' %),

O = —0.(nN' x 1) + 0(nN' % p),

with Newtonian interactions, N(z) = |z|. Throughout the paper, p = p(t) and n = n(t) will be
considered as time dependent curves with values on the set P(R) of probability measures on R.
System (6a) is equipped with initial data

(6b) p(0) =po, and  n(0) = o,

for some pg,np € P(R). Moreover, we write P2(R) to denote the set of probability measures with
finite second moment, i.e.

P2(R) = {p € P(R) [ma(n) < +oo}, where my(p) = /R 2 dp(z).

In the following we shall use the symbol P§(R) referring to elements of P2(R) which are absolutely
continuous with respect to the Lebesgue measure. Consider a measure p € P(R) and a Borel map
T :R — R. We denote by v = T the push-forward of p through 7', defined by

v(4) = p(T7(4))
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for all Borel sets A C R. We refer to T as the transport map pushing p to v. Next let us equip the
set P2(R) with the 2-Wasserstein distance. For any measures p, v € Pa(R) it is defined as

(7) W (u,v) = ( inf /RQ |z — yl? dv(x,y)>1/2,

el (p,v)
where I'(u, v) is the class of transport plans between p and v, that is,

T(p,v) = {y € P(R?) | myy = p, 75y = v},

where ¥ : RxR — R, i = 1,2, denotes the projection operator on the i** component of the product
space R2. Setting I'o(u,v) as the class of optimal plans, i.e. minimisers of (7), the Wasserstein
distance becomes

W) = [ o= drten).

for any v € I'g(i,v). The set Po(R) equipped with the 2-Wasserstein metric is a complete metric
space which can be seen as a length space, see for instance [1, 54, 57, 58].

Remark 1. Given two measures p,v € Pao(R), by using the elementary inequality |y|* < 2|z|? +
2|z —y|? and the above definition of the 2-Wasserstein distance, one can easily show the inequality

ma(v) < 2ma(p) + 2W3 (1, v),

which will be used later on.
Next we introduce the notion of the Fréchet sub-differential in the space of probability measures.

Definition 1 (Fréchet sub-differential in P2(R)). Let ¢ : P2(R) — (—o0, 00| be a proper and lower
semicontinuous functional, and let p € D(¢) := {u € P2(R) | ¢(u) < 0o}. We say that v € L*(R; p)
belongs to the Fréchet sub-differential at u, denoted by Op(u), if

o) =0 > it [ @)y —a) drtan) + o Walin).

Moreover, if 0¢(u) # 0 we denote by °p(u) the element of minimal L?(R; u)-norm in O¢(u).

This definition will play a crucial role when introducing the notion of gradient flow solutions to
system (6) later on, cf. Section 3.2.

A curve p: [0,1] — P2(R) is a constant speed geodesic if Wo(u(s), u(t)) = (t — s)Wa(u(0), u(1)) for
all 0 < s <t <1. Due to [1, Theorem 7.2.2], a constant speed geodesic connecting p and v can be
written as

= (1=t +tn?) 7,

where 7 € T'o(u,v) and thus g = vy and v = 7. In the literature v; is also known as McCann
interpolation, cf. [50]. Next, we introduce a modified notion of convexity, the so-called A-geodesic
convexity, which is of paramount importance in the study of gradient flows in the metric space

P2(R).

Definition 2 (\-geodesic convexity). Let A € R. A functional ¢ : P2(R) — (—o0,+00] is said to
be A-geodesically convex in Po(R) if for every p,v € Pa(R) there exists v € T'o(u, v) such that

B0) < (1= )6 () +t6() — SH(1 ~ WZ(,v),
for any t € [0,1].
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SYSTEM OF CONTINUITY EQUATIONS WITH NEWTONIAN INTERACTIONS 7

It is necessary to recall that the A-geodesic convexity is strictly linked with the concept of k-flow.

Definition 3 (k-flow). A semigroup Sy : [0,400] X Po(R) = Po(R) is a k-flow for a functional
¢ : Pa(R) — (—o00, 00| with respect to Wy if, for an arbitrary p € P2(R), the curve t — S(’;,u is
absolutely continuous on [0, +o0o[ and satisfies the evolution variational inequality (E.V.I.)

1d*
(8) 2 dt
for all t > 0, with respect to any reference measure i € P2(R) such that ¢(j1) < oo.

k
SWR (S, ) + SWR(Stu. i) < 6(i) — B(Sh)

As already mentioned, the previous concepts of k-flow and A-convexity are closely intertwined.
Indeed, a A—convex functional possesses a uniquely determined k—flow for £ > A, and if a functional
possesses a k—flow, then it is A—convex with A > k, cf. Refs. [1, 37, 49], for further details. The
notion of k-flow will be of great help in the use of the flow interchange technique, cf. Subsection
3.2.
Now, let p; € AC(]0,400); P2(R)) be an absolutely continuous curve in Pa(R). We can define the
metric derivative of u; as

. Wo(petsn, bt

1) = tim sup 12U 10)

h—0 | ’
which is well-defined almost everywhere since p; is an absolutely continuous curve, cf. [1, 54].
As system (6) describes the evolution of two interacting species, it is necessary to work on the
product space P2(R) x P2(R) equipped with the 2-Wasserstein product distance, which is defined
in the canonical way

W3 (7,7) = W3 (p, p) + W3 (n,7),

for all v = (p,n),5 = (p,7) belonging to Pa(R) x P2(R). Now, let us introduce another crucial tool
in our paper. For a given p € Py(R) its cumulative distribution function is given by

(9) Fu(z) = p((—oo0, z]).
Since F}, is a non-decreasing, right continuous function such that

lim F,(x)=0, and lim Fj,(z)=1,

T——00 T—+00

we may define the pseudo-inverse function X, associated to F},, by
(10) X,(s) := inf {F,,(x) > s},
zeR
for any s € (0,1). It is easy to see that X, is right-continuous and non-decreasing as well. Having

introduced the pseudo-inverse, let us now recall some of its important properties. First we notice
that it is possible to pass from X, to F}, as follows

1
(11) Fy(a) =/0 1o (Xu(5)) ds = |[{Xu(s) < )],

For any probability measure p € P2(R) and the pseudo-inverse , X,,, associated to it, we have

(12) /f dpu(z /f
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for every bounded continuous function f. Moreover, for p,v € Pa(R), the Hoeffding-Fréchet the-
orem [53, Section 3.1] allows us to represent the 2-Wasserstein distance, Wa(u, v), in terms of the
associated pseudo-inverse functions as

1
(13) W) = [ 1¥u(s) = X9 s

since the optimal plan is given by (X, (s) ® X, (s))xL, where L is the Lebesgue measure on the
interval [0,1], cf. also [57, 30]. We have seen that for every p € Py(R) we can construct a non-
decreasing X, according to (10), and by the change of variables formula (12) we also know that
X, is square integrable. We now recall that this mapping is indeed a distance-preserving bijection
between the space of probability measure with finite second moments and the convex cone of non-
decreasing L?-functions

(14) C:={f € L*(0,1) | f is non-decreasing} C L?(0,1).
Proposition 1 (1 — X, is an isometry). The map
(15) U:Py(R)>pu— X, €C,

mapping probability measures onto the convex cone of non-decreasing L?-functions is an isometry.
Let us introduce the notion of sub-differential for functions in L?(0,1)2.

Definition 4 (Fréchet sub-differential in L2(0,1)2). For a given proper and lower semi-continuous
functional § on L%(0,1)? we say that Z = (X,Y) € L?(0,1)? belongs to the sub-differential of § at
7Z = (X,Y) € L?(0,1)? if and only if

1
3(3)—3(2)2/0 [X(S)(Rl(S)—X(S))JrY(S)(Rz(S)—17(8)) ds +o(||R — Z)),

as |R — Z|| — 0, with the notation R = (Ry, Ry) € L*(0,1)%. The sub-differential of § at Z is

denoted by OF(Z), and if dF(Z) # O then we denote by d°F(Z) the element of minimal L%-norm of

0%(Z).

Remark 2 (Mass normalisation). In the most general situation possible, the two species, p and 1,

have different masses M,, M, > 0. The change of variables
f=p.  and = -

M, M,
allows to rewrite system (6a) (by dropping the tildes) as

{atp = —M,0,(pN" % p) + M, 0 (pN' 1),

UE

O = —My,0: (N x 1) + Mp0:(nN" % p),

and the gradient flow structure in the product Wasserstein metric Wy would be lost because the two
interspecific potentials are different. However, this problem can be overcome by using a weighted
version of the Wa product distance of the form

WE((p. ). (5.7)) = W3 (0. ) + 3 WE (. )

as done in [36]. As these multiplying constants M,, M, do not bring significant technical difficulties
(while making the notation much heavier), for the sake of convenience we shall assume throughout
the whole paper that M, = M, = 1, unless specified otherwise.
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3. EXISTENCE AND UNIQUENESS

In this section we provide the mathematical theory for system (6). In the first subsection we will
deal with the case of general probability measures in Pa(R) x P2(R) as initial conditions. In the
second subsection we shall restrict ourselves to the case of measures that are absolutely continuous
with respect to the Lebesgue measure. In the former we will provide a notion of solutions that is
linked to the concept of gradient flows in Hilbert space a-la Brézis [15], working with the pseudo-
inverse formulation of the problem. In the latter, a better regularity can be achieved and the theory
is developed in the framework of gradient flows in Wasserstein space, [1]. Before entering the details,
let us recall the definition of interaction energy functional F in (4): for all (p,n) € P2(R) x P2(R)
we set

1 1
) ::—/N*pdp—/N*ndn—l—/N*ndp,
2 Jr 2 Jr R
which is well defined due to the control on the second order moment.

3.1. General Measures Initial Data. In this first subsection we will use the concept of L?-
gradient flow by studying system (1) in terms of the pseudo-inverse functions X, and X, defined
in Section 2. Throughout the rest of this section we set X := X, and Y := X, to simplify the
notation. Hence, system (6) (formally) becomes

ox ! !
—— = | sign(X(z) — X(£))d¢ — [ sign(X(z) —Y(€))dg,
(16) ot /0 /0

oy t v
G | s = vi@)ae— [ (v () - X(6)
for s € (0,1) and ¢t > 0, cf. [11, 30, 47] for similar computations. In order to give a meaning to the

above system in the case of y or n having atoms, we use the convention sign(0) = 0. In terms of
the pseudo inverses X and Y, the functional F(p,n) becomes

Flp.n) = s(XY——//\X )!dzdf—//!Y Y ()] d d
//|X Y(€)] = de.

In the remainder of this section we shall see that (16) is the L? x L2-gradient flow associated to
(an extended version of) the energy functional (17).

(17)

Remark 3. Later on in the paper we need to distinguish between the self-interaction part of § and
its cross-interaction part. Thus, let us rewrite § as

FX,)Y)=SX)+S5SY)+ K(X,Y),
where S is the energy functional arising from the self-interactions and K is associated to the cross-

interaction.

Following the procedure of [12], since we are dealing with distribution of particles, we have to
ensure that the flow remains in the set C x C, with C defined in (14), see also [10, 13]. Hence, for
X € L?(0,1) given, we introduce the indicator function of C, defined by,

0, if X eC,
400, otherwise.

(18) Te(X) = {
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Thus we consider the extended functional

(19) F(X,Y) =F(X,Y) + Ze(X) + Zo(Y).

In [12, Proposition 2.8] the authors proved that the self-interaction part of §, i.e. S, is actually
linear when restricted to C. Let us recall this result in the next proposition.

Proposition 2. Let X € C. Then

1
S(X) = / (1 —-22)X(2) d=.
0
As a trivial consequence of Proposition 2 we have the following result.

Proposition 3. The functional § is convex on L*(0,1)2.

Proof. The proof is trivial since K, the cross-interaction part of §, is convex due to the convexity
of the Newtonian potential N. Moreover, from [12, Proposition 2.9] we argue that the remaining
part is convex. O

We now present the definition of L?-gradient flow solutions to system (16).

Definition 5. Let (Xo,Yp) € C x C. An absolutely continuous curve (X (t,-),Y (t,-)) € L*(0,1)?,
t >0, is a gradient flow for the functional § if Z(t) := (X(¢),Y(t)) is a Lipschitz function on
[0, +00), i.e., % € L>(0,4+o00; L2(0,1)2) (in the sense of distributions) and if it satisfies the sub-
differential inclusion

20 % (é((f ))> € —0§[(X(t,),Y(t,"))]
for every t > 0 with (X(0,-),Y(0,-)) = (Xo(-), Yo(+)).

We observe that the assumption (Xo,Yy) € C x C is natural as X (respectively Yp) is the pseudo-
inverse of the cumulative distribution of the initial measure py (respectively 79). We also observe
that this assumption easily implies 0F [(XO, YO)] # 0.

Remark 4. The gradient flow notion defined in Definition 5 is taken from the book [15, Theorem
3.1]. Actually, in [15, Theorem 3.1] the following extra condition is required, namely

w

< ||0°F[(Xo0,Yo)] 20,12
L ((0,400);L%(0,1)%)

According to [15, Theorem 3.1] a solution in the sense of Definition 5 in conjunction with (21)
directly verifies the following properties:
(1) Z admits a right derivative for every t € [0,400) and
atz =
— ()= -9"F[Z(t
Lty = 3120
for every t € [0, 400); B
(2) the function t s 8°F [Z(t)] is right continuous and the function t s ||0°F [Z(t)]HL2(0 12 18
NON-INCreasing;
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(3) if Z1s = (X1(t,),Y1(t,+)) and Zay == (Xa(t,-), Ya(t,-)) are two solutions to system (20),
then there holds
1Z1t — Zotllr2xr2 < (| Z1,0 — Z2,0

L2x L2
for allt > 0.
On the other hand, [39, Section 9.6, Theorem 3] shows that condition (21) can be avoided in order

to prove uniqueness. In fact, the estimate (21) can be proven as a consequence of the properties
stated in Definition 5.

Since we know that § is a proper, lower semi-continuous, and convex functional on the Hilbert space
L?(0,1)2, it easy to show that OF is a maximal monotone operator. Thus we can apply the theory
of Brézis [15, Theorem 3.1] combined with [39, Section 9.6, Theorem 3] in order to prove existence
and uniqueness of an absolutely continuous curve satisfying the differential inclusion above.

Theorem 6. Let (Xo,Yy) € C x C. There exists a unique solution (X(t,-),Y (t,-)) in the sense of
Definition 5 with initial datum (Xo, Yo).

Now, let us go back to system (6) and state our definition of solution.

Definition 7. Let 70 = (po,m0) € P2(R) x P2(R). An absolutely continuous curve y(t) =
(p(t),n(t)) : [0,T] = P2(R) x P2(R) is a gradient flow solution to system (6) if the pseudo-inverses
(X(t,-),Y(t,-)) € C xC of the space cumulative distribution functions associated to (p(t,-),n(t,-))
are a solution to system (16) in the sense of Definition 5 with initial datum (Xo,Yo) = (Xpy, Yno)-

According to Definition 7 the following theorem is then a consequence of the isometry (15) and
Theorem 6.

Theorem 8. Let vy = (po,no) € P2(R) x Po(R). There exists a unique solution to the system (6)
in the sense of Definition 7.

So far we assumed that the link between (6) and (16) is somewhat natural and we just referred
to similar situations in the literature. However, the theory developed in this subsection would
be somewhat meaningless if we did not show that the concept of solution in Definition 7 extends
a more classical notion of solution for (6). The following subsection is dedicated to establishing
exactly this link.

3.2. Absolutely Continuous Initial Data. In this subsection we consider the case of densities
as initial data. Following the approach of [1] combined with the results from [11, 12, 25, 26, 36],
we pose system (6) as the gradient flow of the interaction energy functional (4) (that we recall here
for the reader’s convenience)

1 1
-F(Pan):_/N*pdp—/N*ndn+/]\f*ndp,
2 Jr 2 Jr R
for all (p,n) € P§(R) x P¢(R), and N(z) = |z, for all z € R.

Definition 9. Given any vo = (po,m0) € P$(R) x PS(R), an absolutely continuous curve y(t) =
(p(t),n(t)) : [0,T] — P$(R) x P$(R) is a gradient flow for F if p(t) and n(t) solve the following
system in the distributional sense

(22) Op(t) + Ox(p(t)vr(t)) = 0,
Om(t) + Oz (n(t)va(t)) = 0,
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with initial datum 7o and the velocity field v(t) = (v1(t),v2(t)) such that

vi(t) = = (O°Fly(1))):
fori=1,2 and

o) | L2¢yty) = Y1),
for a.e. t>0.

Note that it is easy to check that the element of minimal norm in ON(x) is given by

N (w) = {(S)ign(x)’ ry

Using the results obtained in [12, 25, 26, 36], we easily get the following proposition.

Proposition 4. The functional F is A-geodesically conver on P$(R) x P§(R) for all X < 0.
Moreover, for all p,n € P$(R) the vector field

—"N % p+ N %
0 _ p n
(23 7ol = (Zoon s Jon )

is the unique element of the minimal Fréchet sub-differential of F, where
PN wpla) = [ sign(e—) dp(y). and PN wn(e)= [ signle —y) dnty).
{z#y} {z#y}

Proof. The geodesic convexity of F on P§(R) x P§(R) is the consequence of two observations. First,
the cross-interaction part is geodesically convex as the interspecific interaction potential is given by
N(z) = |z|, a convex function. Second, the geodesic convexity of the intraspecific self-interaction
part can be proven using a nice monotonicity property of the transport map between two measures
in P$(R) in one dimension. Indeed, in [26, Lemma 1.4] the authors prove that, given u,v € P§(R),
the transport map 7' = T/ is essentially non-decreasing, i.e. it is non-decreasing except on a p-null
set. Hence, we can prove S[u] := —% fR N % p dp is geodesically convex. More precisely, if T' is the
optimal transport map between p and v, then gy = ((1 —t)id +¢7") 4 is the geodesic connecting p
and v. In particular, by using the mentioned monotonicity property for T', we have

Slal = =3 [ [ le = vlda() da(a)

_ 2 //R (1= t)(z —y) + (T () — T(y))| du(y) du(z)

:—1—t// lz — y| du(y) du(z _//R2 T'(y)| du(y) dp(z)

= (1—t)S[u] + tS[v

whence we get geodesic convexity for S, and for F as well. Obviously, 0-geodesic convexity implies
A-geodesic convexity for any A < 0. In order to prove formula (23), let us notice the functional can
be written as

Flpsnl = Slp] + Snl + Klp,nl,
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where S has been introduced above and K[p,n] := [ N *n dp. Now, thanks to [12, Theorem 5.1]
and [11, Proposition 4.3.3] we know 9°S[p] = —9°N x p, while [36, Proposition 3.1] yields

0
0 o 19} N*?]
O"Klp:n) = <30N*p> :
In particular, it is easy to check the vector field

—Nxp+ N+
—Nxn+ 0N *p

is an element of the Fréchet sub-differential of F, and it is the unique one of minimal L?-norm by
arguing as in [25, Proposition 2.2]. O

Remark 5. We highlight that in the presence of atomic parts for p or n the sub-differential may
be empty, as shown in [12].

Recall that, for u,v € P$(R) x P$(R), the slope of a functional F on P§(R) x P¢(R) is defined as

e (F) — F)*
0[] = Timsup =0T R

and it can be written as
|0F|[n] = min{||v|| g2y | v € OF (1)},

under certain conditions, cf. [1, Chapter 10].

Definition 10. An absolutely continuous curve (t) : [0,7] — P$(R) x P$(R) is a curve of
maximal slope for the functional F if the map t — F(y(t)) is an absolutely continuous function
and the following inequality holds

Fos) = Fa®) 2 5 [ [WF@)+ oA dn

forall0<s<t<T.

In order to construct a solution to system (6) in the sense of Definition 9 we follow the strategy
proposed in [1] and used in [25, 36]. First, we prove the existence of a curve of maximal slope by
means of the so-called “Minimizing Movement Scheme”, cf. [1, 34], or Jordan-Kinderlehrer-Otto
scheme, cf. [43]. Then, we prove the limit curve of the scheme is absolutely continuous w.r.t. the
Lebesgue measure provided the initial datum is in L™(R) x L"™(R) for some m > 1.

Let 7 > 0 be a fixed time step and let vo = (po, 7o) € P§(R) x P§(R) be a fixed initial datum such
that F(yp) < +o0o. We define a sequence {y"}nen = {(p?,77)}nen recursively. We set 7 = o
and, for a given 7 € Pa(R) x P2(R) with n > 0, we choose 72! as

(24) rYTJrl € argmln’yepz(R)z {27_W22(77 ) /7) + .F(’}/)} .

Note that (24) is well-posed arguing as in [25, Lemma 2.3 and Proposition 2.5] for each component.
Next we define the piecewise constant interpolation of the sequence {7} en. Let T > 0 be fixed
and let N := [g] We set

Y- () =77,
for t € ((n — 1)7,n7]. We proceed by showing that the family {v;};>0 admits a limiting curve
and conclude by identifying this limit as a distributional solution to system (6). The proof in
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Proposition 5 follows a, by now, classical argument of [1, Chapter 3], with only minor issues related
to some moment estimates in our case. We present it here for the reader’s convenience.

Proposition 5 (Narrow compactness). There exists an absolutely continuous curve v : [0,T] —
PQ(R)2 such that the family of piecewise constant interpolations, {v;}r>o admits a subsequence
{Vk }ken = {Vr, }ken which converges narrowly to v uniformly in t € [0,T] as k — +o0.

Proof. Consider two consecutive iterations, 7 and 77*!, of the JKO scheme, Eq. (24). By the

n
optimality of 4?*! we obtain

1

(25) W () S F() = F( ),

which implies
(26) F(7) < F(n),

for all n € N. Summing over k£ from m to n with m < n we obtain the following telescopic sum
1 n
(21) o S WBE A < P - Fph,
k=m

Now, let us consider t € ((n — 1)7,n7]; using the estimate (27) we obtain
(28) W3 (7-(0), 7 (1)) < 2n7F (v0) — 207 F (77).

Using the Remark 1 after Holder and (weighted) Young inequalities, it is possible to obtain a bound
from below for F(+?), which gives in combination with (28) the following estimate

(29) W3 (77(0),7+(t)) < ATF(70) + ma(70) + 16T =: C (70, T).

From estimate (29) and the inequality in Remark 1 we can deduce the second moment of v, (t) is
uniformly bounded on compact time intervals. Moreover, as a consequence of estimates (27) and
(29), using once again the bound from below for F(12) we get

n—1
(30) > WA < 7C(0, T).
k=m

Now, let us consider 0 < s < ¢ such that s € ((m —1)7,m7] and t € ((n — 1)1, n7]. It easy to check
that |n —m| < @ + 1. By means of the Cauchy-Schwartz inequality and (30) we obtain 3-Hélder
equi-continuity for 4, (up to a negligible error of order 1/7) since

Sc(ﬁ%—ﬁ),

where ¢ is a positive constant. The refined version of the Ascoli-Arzela theorem yields the narrow
compactness, cf. [1, Proposition 3.3.1]. This completes the proof. O

n—1 n—1 2
gy ) € X Wk < (z wswfww) 0=
k=m k=m

Remark 6 (Extension of solutions). From Proposition 5

we can construct a curve v : [0,T] —
PQ(R)2 for any T > 0. Thus we may extend the solution up to the point where the second order

moments of the solution become unbounded. By construction this is not possible and can only
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happen at T = 4o00. As a consequence Proposition 5 proves the existence of a limiting curve
v :10,00) — PQ(R)Z.

As already mentioned, we can prove more refined estimates for the solution v to system (6).
Indeed, we show that, starting with initial data pg,nm0 € P2(R) N L™(R), for m € (1,4oc], the
solution keeps this regularity for every ¢t > 0 and it has second order moments uniformly bounded
in time. These properties can be establish by using the “flow interchange” technique developed by
Otto in [52], and Matthes, McCann and Savaré in [49]. This technique is based on the idea that
the dissipation of one functional along the gradient flow of another functional equals the dissipation
of the second functional along the gradient flow of the first one. In this spirit, the “Evolution
Variational Inequality” (E.V.I.) linked with the auxiliary gradient flow is crucial in order to obtain
useful refined estimates (see for instance [35, 37]). The connection between gradient flows and
evolutionary PDEs of diffusion type shown in [1, 43, 52, 54] allows us to consider the (decoupled)
system

(32&) Oyuq = a:m:ug + Ea:mcula
Orug = 89090“2 + 589096“2’
as the gradient flow of the functional
1
E(ur,uz) 2/ [u1(z)™ + uz(z)™] dz
m—1 R

(32b)
+ 5/[u1(m) log uy (x) + ug(z) log us(x)] dz,
R

as well as the following system

(33a) {6tu1 = 0, (2zu1) + £0ypu1,

Opug = 0, (2zuz) + €05 u2,

which can be seen as the gradient flow of the functional

Gt ) = / 021 (2) + un(a)) da
(33D) R

+ a/R[ul(x) log uy(z) + ug(x) log ug(x)] du,

for e > 0 and m € (1, 00), with respect to the product 2-Wasserstein distance W,. We shall employ
the flow interchange strategy twice taking as auxiliary functional

(1) € to get L™-regularity (m > 1) for the solution 7,
(2) G in order to obtain a uniform bound in time for the second order moments of ~.

For the reader’s convenience we shall sometimes use the symbol A to denote either G or £. The
functional A € {G,E} possess a 0-flow given by the semigroup and S4 = (S, S%), see for instance
[33]. In particular, by setting

S,ldt(Vl) ==wu1(t,-), and S,%{t(lfz) = ua(t, ),

we have u(t,-) = (u1(t, ), ua(t,-)) is the unique classical solution at time ¢ of system (32a) (respec-
tively (33a)) coupled with an initial value (vq,12) at t = 0 in case A = £ (A = G, respectively).
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Remark 7. As in [43, Proposition 4.1], we know that the log-entropy

Hip) = [ o) log plo) do.
is bounded from below in terms of the second moment mao(p), i.e.,
H(p) > —=C(ma(p) +1)°,

for every p € PS(RY), B € (#‘lw 1), and C < +o0, depending only on the space dimension d. We
are going to use this inequality in order to have a uniform bound from below for the entropic part
n (32b) and (33b).

For every v = (p, 1) € PE(R)?, let us define the dissipation of F along S 4 by

D 4 F(v) := limsup F () = F(S4) ,

sJ0 S

where A € {G,E}. We prove the following proposition.

Proposition 6. Let m € (1,+00) and let yo = (po,m0) € (PH(R) N L™(R))? be such that £(yy) <
+oo. The piecewise constant interpolation v = (pr,n,) satisfies

(34) 71| oo (0,405 (R)) + 117|220 (0,4-00:2m (R)) < [P0l Lm(®) + 70l 2 (R)

Moreover, the limit curve v belongs to L°°(0, +00; L™ (R))2. In fact, this property can be extended
to the cases m = +oo.

Proof. As an easy consequence of the definition of the sequence {77 },¢cn, for all s > 0 we have that
1
S WBGIT AT + FI) < S WB(SET AT + F(SE)

Dividing by s > 0 and passing to the limsup as s | 0 we get

n+1 1d t n+l _n (EVI) n n+1
(35) D F() < 5 (WRSEE A )| TS ) — e,
where in the last inequality the well-known connection between displacement convexity and the
E.V.I. is crucial, see e.g. [33]. Now, concerning the left-hand side of (35), we notice that
F n+1 F(S3 n+1
Dgf(,y:},-i-l) — lim sup (77’ ) ( 877' )
510 S

= limsup/1 (—d
s0 0 dz

Hence, let us focus on the time derivative inside the above integral. Keep in mind that S}:’yﬁ“ is the

solution to the decoupled system of nonlinear parabolic equations with strictly positive coefficients,

system (32a). Then, using the C*-regularity of Sty" ! we may infer

d
GESEE) = [ (SErtt = s (ISE I - 182" da

dt
/R<S1t nt1 S2t n+1) da,

(36)

z=st

f(SM“)) dt.

(37)
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where the terms at infinity in the integration by parts vanish due to the rapid decay of the solution
to a nondegenerate diffusion equation [46]. (37) yields

d
(38) SF(Strt) <0,

Combining (38) with (36) and (35) we obtain
0 < 7DeF(y7H) < E() — E(FHY,

whence

(39) E(vr) < €M),

for all n € N. By Remark 7 we control the log-entropic part of £ and we deduce that, as € | 0,
(10) s+ e dr < [ @)+ @) da,

whence

(41) | et + ot do < [ @) + ()" de.

for every t > 0. This proves estimate (34) for m € (1,00). In order to extend the estimate to the
case m = +o0o, we observe that

o7 (t; )l noo ) + 117 (Es ) oo (m) < ljnrgilig o= (t, )l Lm @y + 02 (E )l )]

< limsup [[lpoll Lm ) + 170/l m (®) ]
m—+00

m—1

—1 1 m—1 1
< limsu o Tir) T % 7
m%+£ HPOHL (R)HPOHLI(R) ”770”L (R)HUOHLl(R)

= llpoll oo ®) + lIM0ll oo ()
We conclude that, for all T > 0, the subsequence {v-, }ken obtained from Proposition 5 is uniformly
bounded in L*([0,T]; L™(R))2. By Banach-Alaoglu’s Theorem, in case m is finite, there exists a
subsequence (71) C (73) such that {7r; ken converges in the weak L7, topology to some limit
7€ L™([0,T) x R)2. In the case of m = +oco the above subsequence exists in the weak-x topology
of L*([0,7] x R). Due to Proposition 5 the limit 4" coincides with v on [0,7]. By a simple weak
lower semi-continuity argument we deduce that v inherits the same estimates as the approximating
sequence . Since T was arbitrary we conclude the proof. ([l

Lemma 11. Let v = (po,n0) € P§(R) x P§(R) be such that G(vy) < +00. The piecewise constant
interpolation vy = (pr,my) satisfies

(42) /R 22[or (b, 2) + 0o (t,2)] dz < /R l22lp0() + n0(2)] dz,

for every t > 0.In addition, the limiting curve v has uniformly bounded second order moments in
time.

Proof. Arguing as in the proof of Proposition 6, from the scheme (24) we easily get

+

n+1 1d 2/qt .n+1 n (B.V.I.) n n+1
(43) rDGF () < 5 (WRSETam )| S g0m) — g,
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where, again, the left-hand side of (43) can be rewritten as

1
(44) DgF (™) = lim sup/ (—d
s10 0 dz

]—"(Sgﬁ“)) dt.

z=st

Since St n+1 is the solution to system (33a), which is a decoupled system of linear Fokker-Planck
equations we use its C'*°-regularity to obtain

i‘/—_-(st n+1 /|N/ Slt n+1 SQt n—|—1)|2 dz

dt
_g/R(Sétp?H Sé’tnfﬂ)z dz
1 r=-400
—1—2[]\7* <Sétp?+1 SQt n+1) <Slt n+1 SQt n+1>:|

T=—00

r=-400
+5[N’* (Sétp;wrl SQt n+1> (Sétp:wrl SéthJrl)]

r=—00
r=-400

- |:2:L‘N* (Sé tp:_H’l S?t n+1) <Sé7tp?+1 S2t n+1>:|

T=—00

r=-400
_ 5[1\[* (Sétp2+1 Sétn;z—i-l) o, (Sé,tp:_wl B Sétnqr_z-i-l)] .

r=—00

Let us consider the boundary terms individually. For convenience we set p! = Sé’tp;“rl, nt =

SZt 7+l and k := p' — 1’ in order to simplify the notation. Concerning the first term, we have

(46)
|N*/<5N *m‘ = /R\ac—y\ff(y) dy/Rsign(x—y)H(y) dy‘

+0o0

= /(m —y)k(y) dy + 2/ (y — z)r(y) dy| x
R

x

/Rfi(y) dy—2/:00 K(y) dy‘

+o00 +o0 400
= —/Ryﬂ(y) dy — 2x/x k(y) dy + 2/96 yr(y) dy| x _2/90 K(y) dy'
<2 (2 + 2m2(pt) + 2m2(77t) + ‘;(mQ(pt) + mg(nt))> 2 [mg(p |);; ma(n )] ,

327 which vanishes as |z| — +00. Regarding the second term we note that

(47) N'x k| = ‘/Slgn xr —y)k(y)k(x) dy’
(x) + 7' (x))
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which vanishes as |x| — 400 because p! and n' are solutions of linear Fokker-Planck equations
decaying exponentially at infinity. Now, for the same reason, there holds

|2eN * K - kK| = ‘/RZ:U\;U —ylk(y)k(z) dy
<2 / 22004 (w) + @) (0"(z) + 1 () dy
+2 / 2yl (o' @) + @) (0" (@) + 1t (z)) dy

< dlz*(p' () + ' (2)) + (4 +ma(p') + ma(n'))lz|(p" (x) + 7' (z)),

vanishes |z| — +o0. As for the last boundary term we get

|N % Kk Ozk| = ‘/ |z — y|k(y)Ozk(x) dy‘
R

(48)

< / 120" () + 1" () (19 ()] + 80 (@)]) dy
R
T / (' () + (1)) (10 ()] + 10urt' @) dy

< 20z|(|0xp" ()] + 1020 (2)]) + (2 +m2(p") +m2(n")(|10:p" (2)] + 020" (x)]),
which, again, goes to 0 as |z| — +o0. Using (46), (47), (48), and (49) in (45) we deduce that
d

(50) &}“(St A <0,

which, in combination with (44) and (43), gives

G(r7) <G(0)-

Hence, taking into account Remark 7, letting ¢ — 0% we get

(51) /RIxIQ[pT(t, z) +nr(t, 2)] do < /R\5U|2[P0(1‘) + ()] da,

for every ¢ > 0, i.e. estimate (42). By similar considerations to the ones at the end of the proof
of Proposition 6 and from Proposition 5 we conclude that v has second order moments uniformly
bounded in time. 0

(49)

Remark 8 (Preservation of absolute continuity). A natural question is to ask as to whether absolute
continuity of solutions is kept provided that the initial data satify po,mo € L'(R) N Pe(R). The
answer to this question is positive. In fact, po,mo € L'(R) N Pa(R) implies the existence of two

nonnegative, superlinear, and convex functions ®1,®o with ®;(0) = 0, for i = 1,2, satisfying
®1(po), Pa(mo) € LY (R). It is easy to check that, individually, the two ®; are geodesically convex
as they satisfy the McCann condition trivially in one dimension. Setting ® := supizl’z(q)i), we

readily verify that this function satisfies the McCann condition and is therefore geodesically conve.
Moreover, by this choice, ®(pg), ®(n9) € L*(R). Applying the flow interchange argument as above
for the extended functional

E(v,1a) = /]R(I)(Ul) + ®(vo) dz + eH(v1) + eH(12),
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yields uniform bounds of the form

[ o)+ o< [ @)+ 20w da.
R R

The uniform control of superlinear function ® composed with the two species then yields uniform
bound on (p?)r>0.nens (M%) r>0nen in LY(R). Together with the uniform control of the second order
moments we may invoke the Dunford-Pettis theorem to obtain weak compactness in L' (R).

The final step in this procedure is to prove the curve ~ obtained in Proposition 5 is a curve of

maximal slope for F, arguing as in [25, 36]. Since curves of maximal slope coincide with gradient
flows, see [1, Theorem 11.1.3], we actually have that v is a gradient flow solution to (6) in the
sense of Definition 9. Let us summarise the procedure for the sake of completeness. We denote
by 4, the De Giorgi variational interpolation (cf. [1, Definition 3.2.1]), i.e. any interpolation
Fr : [0, 4+00) — Po(R)? of the discrete values {y"}ney defined through scheme (24) such that

. - . 1 _
(52) 31 (t) = 3 ((n — 1)7 +6) € argmin_ _p, o2 {%Wiwf L)+ f(v)} ,
ift=(m—1)7+6 € ((n—1)r,n7|. Now, from [1, Theorem 3.14, Lemma 3.2.2] it is possible to get
the following energy inequality

1 (T 1 [T N

(53) Fy) > 5 | Moe@®i2em0p d+5 [ [0FP )] dt + F(w(T)),
2 Jo 2 2 Jo

where the pair (g, vy) is the solution of the continuity equation O0yy(t) + div(vg(t)vx(t)) = 0 in

the sense of distributions. Here 7 is the subsequence from Proposition 5 and vg(t) is the unique

velocity field with minimal L?(vx(¢))-norm (see Remark below), and 7 := 7, is defined by (52).

Remark 9 (Absolutely continuous curve and the continuity equation). Thanks to Proposition 5
we know v is an absolutely continuous curve, therefore we can identify its tangent vectors with the
velocity fields v(t) such that the continuity equation Oyyi(t) + div(vk(t)yk(t)) = 0 is satisfied in a
distributional sense, according to [1, Theorem 8.3.1]. Furthermore, [1, Proposition 8.4.5] asserts
there is only one vi(t) with minimal L? (v, (t))-norm, equal to the metric derivative of yx(t) for a.e.
t.

Up to a subsequence both the interpolations ~; and 7, narrowly converge to  in view of Proposition
5. Proving that ~ is a curve of maximal slope in the sense of Definition 10 is then a consequence of
the lower semi-continuity of the slope and the energy inequality (53) retracing [25, Lemma 2.7 and
Theorem 2.8]. Thanks to [1, Theorem 11.1.3] we actually have that 7 is a gradient flow solution to
(6) in the sense of Definition 9. At this stage, the uniqueness of the gradient flow solutions in the
sense of Definition 9 follows from the geodesic convexity of F proven in Proposition 4, relying on
[1, Theorem 11.1.4]. More precisely, given two gradient flow solutions ~;(¢) and 72(t) in the sense
of Definition 9, we obtain the stability property

(54) Wa(71(8), 72(t)) < Wa(71(0),72(0)),

for all ¢ > 0. In addition, the unique gradient flow solution satisfies the Evolution Variational
Inequality (E.V.I.):

1d _ _

s V2 (0(1).7) < F(3) = F(r(1))

for almost all t > 0 and all ¥ € P(R)2.

(55)
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The property (55) can actually be used to show a stronger property, namely that « is a gradient
flow in the sense of Definition 7, which implies uniqueness in the weaker notion of solution defined
in Definition 7 in view of Theorem 8. We prove this statement in the following Theorem, which
also collects all the estimates proven in this subsection.

Theorem 12. Let m € (1,400]. Let po,no € P2(R) N L™(R). Then, there exists a unique v =
(p,n) € L>®([0,4+00); P2(R)2N L™(R)?) solving (6) in the sense of Definition 9. Moreover, ~y is the
unique solution to (6) in the sense of Definition 7 as well. Finally, we have the properties

1o, Mm@y + 10 )llemm@) < lleollzm @) + 170l Lm @)

/|x\ptxdx+/m|nmdw</|z e dm+/|:c| no(a

Proof. All the statements have been proven earlier in this subsection, in particular in Proposition 6
and Lemma 11. We only need to prove that «y is a solution to (6) in the sense of Definition 7. Recall
the E.V.I. (55) for a general 7 € P5(R)?. Integrating the inequality (55) on the time interval [s, t]
and dividing by ¢t — s we obtain

Q(tl_s) WE(5(8),7) = W3 (3(s),7)] < tis / [F(3) = F(y(t)] dt’.

Consider now the pseudo-inverse variables X,, X, X, and X, of p, n, p, and 7 respectively, where
v = (p,n) and 7 = (p,7). The formulas (12) and (13) applied to our case imply

1
2(t — s)

1
<
“t—s

1 (8) = Xpl 72 + 11X (8) = Xpli72 — 11X, (s) = XlI72 + [1X(s) — Xy1Z2]

/ [§(Xp, X0) = S(X,(), X (t'))] dt’.

We notice that the indicator function has been considered as zero in § as all the involved variables
are in the cone C. By absolute continuity in time of the curve t — (X,(t), X, (t)), recalling the
expression of §, we can let s 1t and obtain

(X,(t), X(t) — Xp)r2001) + (X (t), X (t) — X200y < 8(Xp, Xy) = (X, (1), Xy (1)),
which, since (X ,, X,) was arbitrary, is equivalent to state that Z(t) = (X,(t), X,,(t)) satisfies

—Z(t) € 31Z(1)].

The proof will be completed once we show that Z(¢) is a Lipschitz curve. Recall the estimate (28)
at the level of the JKO scheme, which can be rewritten as

W3 (17(0),92(h)) < 2(h + 7)[F(0) = F(r-(h))],

for all A > 0. Sending 7 | 0 and using the fact that the functional F is continuous w.r.t. Ws, we
get

SWE00,4(h) < = [F(0) — FOr()]

In the pseudo-inverse formalism the above estimate reads

2 (3(Xo, Yo) — F(X,(h), X, (1))

1
7 [IXo(h) = XollZ2 + [1X(R) = Yoll7.] < &
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where Xy and Y are the pseudo-inverses corresponding to pg and 7, respectively. The definition
of sub—differential, 0F, then implies

iy [15600) — Xoll3 -+ 16 (0) — Yol2] < tim 2 (X0 — X, () + (o Yo — X ()]

for all (X,,X,) € 95[(Xo,Yo)]. Hence, we easily get that Z(0) is bounded in Lg(0,1)2 by the
estimate

1Z(0)[l3 < 2[10°F[(Xo, Yo)]ll .-
Finally, the stability property (54) implies for all ¢, h > 0

12(t+h) = Z()|lz < [1Z2(h) = Z(0)[l z-
Upon dividing by h and letting h | 0 we get

1Z@®)Izz < 12(0)]l 25
which gives the desired regularity for Z(t). O

4. STEADY STATES AND MINIMISERS OF THE ENERGY

In what follows we shall study the energy (4) associated to system (3). First we shall see that the
energy can be written in a completely symmetric way which then allows us to show its boundedness
from below by zero.

F(psn) = —;/RPN*pdx— ;/RUN*deJF/RpN*ndx
- _% / N(z —y)[p(2)p(y) — 2p(2)n(y) + n(=)n(y)] dy dz
R2
- _;/ N = y)[p(@)lp(y) = n()] = [p(z) + n(@)n(y)] dy da.
R2

As the kernel, N(z) = |z|, is symmetric we may swap the roles of z and y in the second term in
the integral to obtain

Flpon) == [ N =) lp@)lp) = nw)] = [o0) + n(w)ln(a)] dyda
2/(;) N x (p —n)da,

hence the energy does not depend on the individual densities but merely on their difference. By
abuse of notation we shall write

1
F(r) = —2/RI€N*K,d$,

for k € L*((1 + |z|?) dx) with zero mean. We introduce the set of L!-functions with finite second
order moments with zero mean
/ fdx = 0} ,
R

L} = {f € L'((1 + |2|*) dx)
in order to formulate the following Proposition establishing the boundedness of the energy func-
tional.




384

385
386

388

389
390

393
394
395

SYSTEM OF CONTINUITY EQUATIONS WITH NEWTONIAN INTERACTIONS 23

Proposition 7 (Characterisation of energy minimisers — 1). There holds
F(k) =0,
for any Kk € L[l)((l + |z|?) dx). Moreover F = 0 if and only if kK = 0 almost everywhere.

Proof. Let k € L*((1+ |z|?) dz) be arbitrary. It is well-known that

1
nzé*/@ziN”*/{,

where the last equality holds due to the fact that N/2 is the fundamental solution of the Laplace
equation in one dimension. Thus we may write

1
f(n):—z/RnN*/idx
1
:—/6*&N*/§dx
2 Jr

1
:—/NU*K,N*de
4 Jr

1 r=ree
:—[N/*/iN*KJ] —i—/\N’*H\de,

4 r=—00 4 Jr
by an integration by parts. Arguing as in the proof of Proposition 11, the boundary term vanishes.

Hence we conclude
1
F(k) = / ‘N’*/{’zdx > 0.
4 Jr

Clearly, equality holds if and only if N’ x x = 0. Differentiating this expression once yields the
second assertion and concludes the proof. ]

Notice that the energy is not bounded from below in case of different masses for p and n as specified
in Remark 10.

Proposition 8 (Energy minimisers are steady states). A pair (p,n) € P$(R) x P§(R) is an energy
minimiser if and only if it is a steady states of system (6).

Proof. In view of Proposition 7 we know that (p,n) is an energy minimiser if and only if p = 7
almost everywhere. Hence, Proposition 4 gives v; = — (0°F[p,n]); = 0 for i = 1,2 on supp(p),
whence we conclude that (p,n) is a stationary state. Now, assume that (p,n) is a stationary state
of system (6). From the energy inequality (53) we get

1 [T ) 1T,

3 | I00lsgy di+ 5 [ 107Phie] ae <o,

which implies |0F|*[y] = 0. Thus, in view of Proposition 4 we obtain p = 1 almost everywhere. As
a consequence of Proposition 7 we conclude (p,7n) is a minimiser of the energy F. O

We conclude this section by providing a characterisation for the w-limit set of a solution to system
(6). For the sake of completeness, let us recall the definition of w-limit set according to [31,
Definition 9.1.5].
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Definition 13. Let (X, d) be a complete metric space and consider a dynamical system {Si},~-

For x € X the set -
w(z)={ye X|3t, - o0 s.t. Sy, [z] >y, asn — oo}

is called w—1limit set of x.

Now, let us state the following Theorem.

Theorem 14. Let v = (p,n) be the solution to system (6) with initial datum o = (po,Mo) €
(P$(R) N L™(R))2. Then

w(y) € {(p,n) € (PS(R) N L™(R))*|p =1 a.e.}.
Proof. Since 7o = (po,m0) € (P$(R) N L™(R))? from Proposition 6 we know

171l 2o (0,4-00:2m (R))2 < NP0l Lm(®) + 170l L ()
whence
YOl Lm@y2 < llpollLmr) + 70l Lm (®),
for a.e. t > 0. Then we can consider an unbounded, increasing sequence {t,},en such that

t, — +oo and y(t,) — 4 weakly in L™, as n — 400, where 4 = (p,7). According to [2, Theorem
5.3], since v is a gradient flow solution to system (6) we have

d
gt )= loe (0172 = [OF *[4(1)),
for a. e. t > 0, whence
d
37 ) = —|0F*lr(1)] < 0.
Now, if we integrate in a general time interval (¢,,t, + 1), we have

/:H (—jsf(v(s))> dsz/ol (—if(7(5+tn))> ds:/ol 0F2[v(s + t,)] ds,

which gives, passing to the liminf as n — —+o0,

1 1

(56) 0 = lim mf/ 0F*[v(s + tn)] ds > / 0F*[7] ds = |0F 7],
n—+oo Jj 0

by means of the lower semi-continuity of the slope already used in Subsection 3.2 (cf. [25, Lemma

2.7]). Hence, as a trivial consequence of Eq. (56) we get |0F|?[§] = 0, which, according to

Proposition 4, implies that 9° N % (5 — 7)) = 0 almost everywhere. Thus by differentiating we obtain

the result. g

Remark 10. We specify that in case p and n have masses M, # M, the results in this section
are no longer valid as the energy F is no longer bounded from below. In fact, let us assume for
instance 1 = Bp which implies M, = 8M,. Hence the energy becomes

1
S M, (8% - 1)2/RN*pdp-

]:(:0777) = _2

By a simple rescaling argument the energy is shown to be unbounded from below.
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— t=00
— t=0.017
— t=0.065
— t=0.143
- t=0.254
t=0.981
t=30.0

(a) Evolution.

— .
— ~I(.n
AE(p. /At

(b) Energy dissipation.

-10  -05 0.0 05 10

(c) Steady state.

FiGUuRE 1. This example has two separated indicator functions as initial data. In
the left graph we see the evolution of system (6) to the stationary state (right graph).
In the middle we see the energy (black) of the solution and its dissipation (red). The
dotted line is the numerical time derivative of the energy. It matches well with the
analytically obtained dissipation.

— t=00
— t=0.166
t=0.482

(a) Evolution.

I

— .
— —I(p.n)
AE(p,m/Dt

00 25 50 75 100 125 150 175 200

(b) Energy dissipation.

(c) Steady state.

FIGURE 2. We choose partially overlapping initial data and observe, as before that
mixing occurs. The graph on the left displays the evolution of both densities at
different time instances, while the rightmost graph displays the stationary state
with identical densities. The graph in the middle shows the energy decay along the
solution and the numerical dissipation and the analytical dissipation agree well.

25

5. INITIAL DATA WITH ATOMIC PART, NON-UNIQUENESS & LINK WITH HYPERBOLIC SYSTEMS

In this section we study the evolution of measure valued initial data consisting of atomic parts.
We will consider two peculiar examples: first we handle the case of two distinct Dirac deltas as
initial condition, namely pg = d_1 and 79 = §1, and then we will consider the case py = dy and
1o = mdp + (1 —m)d1, for some m > 0. In both cases we will provide two candidate weak solutions
for system (3) and we will show that only one of them can be selected in the spirit of Definition
7. As the notion of gradient flow in measure valued solution setting is essentially formulated in
the pseudo-inverse formalism through Definition 5, in this section we shall work directly with the
pseudo-inverse variables.
We start by providing an explicit expression for elements in the sub-differential of § in both the
examples we shall consider.
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Proposition 9. Let m € [0,1]. Let (X,Y) € C x C be such that X =Y on [0,m) and
sup X(z) < inf Y(z).
z€[m,1]

z€[m,1]

Then,
1
K(X,Y) = /0 (22 — D)1y (2) + (2 — D)1 (2)]X (2) dz

1
+ [ 125 = Doy () + g (DY (2)
0

and in particular the functional becomes

1
F(X,Y) = / 122+ (22 — Dlgm(2) + (2m — D)1y (2))X(2) d
(57) ’

1
4 [ =224 22 = Dlpmy () + Ly (Y () d
0

In addition, let X,Y € L?(0,1). Then, 0F[(X,Y)] # 0 if and only if (X,Y) € C x C. In that case,
if (f1, f2) € 05[(X,Y)] then

fiz) = {O, z € [0,m), and fol2) = {O, z€[0,m), |

2(m — 2), z € [m, 1], 2 -2z, z € [m,1],

Proof. Letting (X,Y) € C x C as in the statement we have Z¢(X) = Z¢(Y) = 0 and

K(X.Y) //yy 2)| dz de
// \dzd§+/ /mlyy )| ds de
+/m/0 Y (€) - X(2) |dzd£—|—/1/ml\Y 2)| de de

=11+ s+ I3+ I4.
First, let us compute I taking into account that X =Y on [0,m):

I = / / 2)| dz d¢
- [ [ 1x© - x() a ag
- / /[O:mPﬁ{X(&)ZX(z)}(X(é) X)) dz s - / /[O,m]Qm{X(E)SX(z)}(X(g) —X(2)) dz dg

=2 X — X(2)) dz d¢&.
/ /{xmw( (€) — X(2)) dz d

Since X is non-decreasing, we have

{X(©) =2 X(2)} ={{ =22} U{{ <2< 5()}, where S5(&) =sup{z € [0,1]| X(2) = X()},
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and therefore we get

I =2 X(¢)—-X dz d
' //[O,mPW{X(£)>X(Z)}( © () dz e

= X()—X(z)) dzd
2 ] (KO - X)) 4z e
:/0 (22 —m)(X(2) +Y(2)) d=.

Concerning the other integrals, we easily obtain

A :m/lY(z) dz—(l—m)/mX(z) dz
Iy m/X )ydz—(1—m /Y

L=(1- >/<Y<z>— (2)) d

Summing up all the contributions we have
1
K(X,Y) =/0 (22 = D)1 m)(2) + 2m — 1)1 1)(2)] X (2) dz

1
+ [ 1625 = V3o (@) + L@V (2) d
0

Then (57) follows as a direct consequence. Now, let us characterise the sub-differential of §. Assume
without loss of generality that X ¢ C and Y € C, which implies Z¢(X) = 400 and Z¢(Y) = 0. If
(X1, X2) € 03[(X,Y)] we would have

S(R1, R2) +Ic(R1) + Ze(R2) — §(X,Y)
/ X1(2)(R1(2) — X(2)) + Xa(2)(Ra(2) — Y(2)) dz + o(||(X,Y) = (Ry, Ro)||) > Ze(X),

for all (Ry, Re) € L?(0,1)? with ||(X,Y) — (R1, R2)|| — 0, and in particular for all (Ry, Rs) € C xC.
In the latter case we obviously have a contradiction because the left-hand side is finite while the
right-hand side is infinite and therefore 9F[(X,Y)] = 0. Let (X,Y) € CxC and (R1, R2) € L*(0,1)2.

Now we have to consider two cases:

(1) (B1,R2) €C xC;
(2) (R1,R2) €C xC.

In the first case the definition of sub-differential is trivially satisfied, whereas in the second one we
get
1
§(R1Ro) = §XY) = [ (1= 254 (25 = Dligyny(2) + (2 — D1y (2)] [Ra(2) = X)) ds
0
1
[ =20 25 DLy (2) + L (2] [Rale) — V()] d,
0

which concludes the proof. O
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We remark in particular that under the assumptions in the previous proposition the sub-differential
of § is single-valued on C x C. Note that the case sup X < inf Y (m = 0) is included in the previous
proposition, and the functional becomes

(59) F(X,Y) =2 /0 (1— )Y (2) dz—2 /O X (2) dz.

5.1. The case of two distinct deltas as initial condition. Let us consider the first example,
with

(60) po =0-1 and no = 01.
At the level of weak (measure) solutions, both
1 1
(61) p(t,z) = 271[—1,—1+2t} (), and  n(t,x) = 271[1—2@1}7

and (p,n) given by
(62) ﬁ(t¢$) =0t—1, and ﬁ(t,l‘) = 01—+,

satisfy system (6) in the weak sense on [0,1/2] x R and equal (60) at ¢ = 0, see considerations in
Subsection 5.1.1. The corresponding pseudo-inverse functions (X,Y), given by

(63) X(t,z) = —1+ 2zt, and Y(t,z) =1+1t(22 — 2),

as well as (X,Y), given by

(64) X(t,z) = —1+t, and Y(t,z)=1—t,

satisfy system (16) in the strong sense on [0,1/2] x [0,1], see Subsection 5.1.2. Working in the
context of pseudo-inverses we can show, in Subsection 5.1.3 that actually only the time derivative
of the pseudo-inverse in (63) is an element of the sub-differential.

5.1.1. Weak measure solutions. In order to prove that (p,n) in (61) is a weak solution of the
system we begin by simplifying the velocity term. To this end we compute the convolution with
the Heaviside function

—+00
(N p)(t,x) = / sign(z — y)p(t,y) dy
~1, if v < —1,
1 _
= %t if o€ (—1, -1+ 2],
1, else.

Similarly, for the convolution with the second species we obtain

+00
(N"%n)(t,x) = / sign(z — y)n(t,y) dy
-1, itz <1-— 2t

-1+t
= % if z € (1-2t,1],
1, else.
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We claim that p,n as defined above are weak solutions to system (6). Here we only check that p is
a weak solution as the computation for the second species is done in an analogous way. Now, let
¢ € C° and consider the weak formulation

1/2 poo
/ / P[@—N’*(n—p)qbz] dedt =: I, + I,
0 —o0

1/2 roo
im [ potta) o,
0 —00

1/2 roo
- / / pN' % (1 — p)do(t, x) dz dt.
0 —00

Let us begin by simplifying the time related term. By changing the order of integration it is easy

to see that
1/2 1/2 1+2t
I; = / / pd(t,x) dedt = / / ¢(t, ) dt dx

1/2 1 1/2
/ /z+1 2t2¢ (t,z dtdm—|—/ [2t¢(t aj)]twr1 dz,
2

by an integration by parts. Hence, switching the order of integration another time and simplifying
the boundary term we obtain

1/2 142t 1 0 1 $_|_1
I, = / / t2q§ (t x)dxdt—/1$+1¢<2,x> dz.

A change of variables x 4+ 1 = 2¢ finally yields
1/2 142t 1/2 4
(65) I; = / / 2t2¢ (t,z)dxdt — / qu (t,2t — 1) dt.
0

Next we shall address the term space related term. We observe

1/2 1+2¢ _
/ / 1 [ “tlt} o (t, ) dz dt
1/2 42t 0y
:/ / 573 ——— ¢y (t, z) dz dt.
0 —1

An integration by parts yields
12 p=142t 5 4
I, :/ / 573 ——— ¢y (t,z)dxdt

1/2 142t 1/2 —142¢
—o(t,z)dx dt—i—/ [ ¢ ] dt
/ / 2t2 0 22 w1

1/2 =142t 1/2 1
—op(t,2t — 1
/ / 5 2¢ (t,z)dxdt + /0 t t—1)dt.

where

and
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Upon adding up I; and I, we observe
Li+1,=0,

i.e. pis a weak solution of the first equation in system (6). Similarly it can be shown that 1 is a
weak solution to the second equation in (6).

Next we show that (p,7) is also a weak solution. As before we compute the terms including the
convolutions first. It is easy to check that

(N’ % p)(z) = sign(z — t + 1), and (N’ % 7)(x) = sign(x +t — 1),

for all z € R, thus the velocity is given by u := N’ x (7 — p) = sign(z +t — 1) —sign(z —t +1). Let
us consider a test function ¢ € CZ° in order to check the weak formulation as follows:

1

// (60— ud] d dt — /¢t Lt —1) —ultt— )bt t —1) di
0

1

Ge(t,t — 1) + ¢p(t,t —1)dt

0
1
d
— (p(t,t — 1)) dt
; 3 ¢ )

I
o

Arguing similarly for 77 we have (p,7) is a weak solution to system (6) with initial data pg = 6_1
and 7y = 01 as well.

5.1.2. Strong solutions in the pseudo-inverse formalism. Next, let us show that (X,Y") defined in
(63) is the solution to system (16) in the strong sense. Using that ¢t < 1/2 there holds

1 1
/0 sign(X(t, 2) — X (£,€)) dé — / sign(X (£, 2) — Y (t,€) d
1
= / sign(2t(z — £)) d¢ — 81gn —242t(z—€+1))d¢
0
/ e — / dé + 1
=2z

8
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and
1 1
/ sign(Y (£, 2) — Y(t,€)) dé - / sign(Y (1, 2) — X(t,€) d¢
0 0

1 1
- / sign(2t(z — £))dé — / Sign(2 + 24(z — £ — 1)) de
0 0

:/Ozdg—/:df—l

=2z —2
0
= EY(t, Z).

As for the second pair of pseudo—inverses (64) we observe
1 1
| sien(¥(e.) - (. 0)de - [ sien(X(t2) - Vit de
0 0

= [ smac~ [ s - 1)ac

=1

o ~
==X
5 X(t2),

and similarly the equation for Y is satisfied.

5.1.3. Characterisation of the sub-differential. We need to check the differential inclusion. Accord-
ing to Proposition 9 we have

5 (507 - (2225) e -ostixa v o)

as we claimed. However, there holds %X’ (t,z) = 1 # 2z, which shows the pair (X,Y) defined in
(64) is not a solution to system (16) in the sense of Definition 5 for the given initial data.

Remark 11. In this example, both species are initially concentrated at one point, but there is no
overlap between them. Therefore, only the intraspecific energies are affected at “singular points”,
i.e. at points in which the convolution kernel is not smooth. In fact, the interspecific energy is not
effected by the Lipschitz point at the origin. In this sense, one expects the qualitative behaviour
of this system to be essentially the same as in the one species case, see [12]. More precisely, both
species get immediately absolutely continuous w.r.t. to the Lebesque measure. The attractive cross-
interaction energy makes the two patches get closer to each other until they eventually merge. In
conclusion, the existence of two distinct measure solutions in this example is not a distinctive feature
of the two species system, but rather an extension of a property holding in the one species case.

5.2. The case of two overlapping deltas as initial condition. Let 0 < m < 1 be given and
initialise system (6) as follows

(66) pPo = 0o, and no = mdo + (1 — m)51
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Then the pair (p,n) given by

p(t, x) = mdo + %1[072(1—m)t] (), n(t, x) = mdo + 2%1[1—2(1—771):5,1] (),
is a weak solution to system (6) on [0,7") x [0, 1], with T" := m, as well as the pair (p,7) given
by
p(t,x) = mdo + (1 —m)d(1_my, and 7(t,2) =mdo+ (1 —m)d1_(1—m)-
Moreover, for ¢t € [0,T), the associated pseudo-inverse functions
X(t,2) = 2t(z — m) 1y, q1(2), Y(t,z) = (1 —2t(1 — 2))1pn1(2),

and

X(t,2) = (1L =m)tlpmy(2),  Y(t,2) = (1= (1 —=m)t)lpq(2).
are both strong strong solutions to system (16), but only (X,Y) is the gradient flow solution in the
sense of Definition 5.

5.2.1. Weak measure solutions. Let us start by verifying that (p,n) is a weak solution to system
(6) on [0,T) x [0,1]. Next we compute the vector field for p on = € [0,1/2]. For the self-interactions
we get,

(V' p)lt.) = [ signta = wp(t. ) dy

1 2(1—m)t
= msign(z) + / sign(z — y) dy
2% J,

2z —2(1 —m)t
2t
) x

= msign(x) + n +m—1,

= msign(z) +

whereas, for the cross-interactions, we get

(V' <)) = msign(z) ~ [ Ly
1-2(1—m)t 21

1

= msign(z) + m — 1.
Hence, the velocity on [0,1/2] is given by
x

U:N/*(W—P):—?

We shall now verify that p and 7 are weak solutions. It is easy to see that

[ /0 ' /R ot ) {qﬁt(t,x)—ugbw(t,:v)} dz dt

T
—m /0 60(1,0) — u(t, 0)ba(t,0) dt

T 2l-m)t T 201-myt
+/ / —¢ (t,:c)dde/ / 2 bt x) dzdt.
0o Jo 2t o Jo 2t2
=:I;

=:15
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We will treat each term individually. Note that u(t,0) = 0 for all ¢ > 0. Together with the fact that
¢ is compactly supported and the application of the fundamental theorem the first term vanishes
and it remains to treat the terms I;, Is. Using Fubini’s theorem and an integration by parts we
may write

T m)t 1
1 :/ / — ¢y (t,x) dxdt
LA 2945 2)

2(1—
0
2(17m)T T 1
= / / —¢(t,x) dtdz
0 2/(2(1-m)) 2t

2(1-m)T T 1 20=m)T 1 _ 4y x
= —o(t,x dtdx—/ qﬁ( ,:L"> dz
/o /x/(2(1—m)) 5291+ 7) 0 T 2(1 —m)

20-m)T T 1 T1_-m
- / / Lot x)deda / Lom 20 — m)t) dt.
0 2/(2(1—m)) 2t o ¢

As for the second term a simple integration by parts yields

T p20-mit
I :/ / — ¢ (t,x)dadt
=l Jo 2t2 (t,2)
T 2(1—-m)t 1 T
:—/ / —o(t,x) dxdt—i—/ 17m¢(t,2(1—m)t) dt.

Thus we get
I=15I+1L=0.

Now, we need to check that (p,7) satisfies the weak formulation. Here we only check the statement
for p as the second species is shown analogously. Again we compute the velocity field for p.

u(t,) = N'+ (7 - p)(t,2)
= (1 —m)(sign(z — 1 + (1 — m)t) — sign(z — (1 — m)t)).

Note that u(t,0) = 0 and u(t, (1 — m)t) = —(1 —m). Thus there holds
T
/ /ﬁ[gzﬁt(t,x) —u(t,x)p(t, )| dedt
o Jr
T
- m/ H1(t,0) + 0. (t,0) dt
" T
H(=m) [ (1= m)t) + (L= (e, (L= m)e) d
0

T
_ /0 m%w, 0)+(1— m)%¢(t, (1= m)t)dt
-0,

by the fundamental theorem of calculus.
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5.2.2. Strong solutions in the pseudo-inverse formalism. Let us now consider the associated pseudo-
inverse functions X and Y, given by

X(t,2) = 2t(z —m)1ly,1(2), and Y(t z2)= (1 —2t(1 — z))l[ml}(z),

for z € [0,1] and 0 < ¢t < T. (X,Y) is a solution to system (16) in a strong sense, in fact
1 1
| sien(x(2) - x(€) ds — [ sien(x(2) - V(©) e
1
= [ st (2t — )i ) — 2106 = m) L)) s

1
- [ s <2t<z )L (2) — (1 261 — €))Ly (f)) ae
0

= (m —1)1g,m)(2) + (22 = D11 (2) + (1 = m) g m(2) + (1 — 2m) 1y, 1(2)
=2(z = m)1p, 1 (2)
0
= &X(t, z),
and

1 1
/ sign(Y () — Y(€)) dé - / sign(Y () — X(6)) dé
0 0
1
= /0 sign<(1 —2t(1 — z))l[m,l](z) — (1 —2t(1 — 5))1[,”,1] (g)) d¢

1
-/ sign<(1 201~ ) L) — 266 — m) Ly <§>> ac
0

= (m — 1)L m)(2) + (22 = 1)1 10(2) + (1= m) g m)(2) = Lpn1y(2)
=2(2 — D)1jp(2)

0
= ay(t, 2)7

as we claimed. Moreover, the pair (X , f’) of pseudo-inverses associated to the moving Diracs, i.e.,

X(t,z)=(1—- m)tl[myl](z), ?(t, z) = (1 - (1- m)t)l[mJ](z),

is another strong solution to system (16), since
1 1
| sen(x() - x(©)de - [ sign(X(2) - v (©)d
0 0
1
= [ sl =m0 () = (1= m)eLy (9 d€

1
—/0 sign((1 — m)tLp, 1(2) — (1= (1 = m)t) 1y, 11(8)) d§
= (1 =m)1pp1(2)

0 ~
= aX(t,Z),
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and, repeating the same computation for Y (¢, z), we have that %}7(7&, z) = —(1—=m)Lp,q(2).

5.2.3. Characterisation of the sub-differential. We notice that both solutions satisfy the assump-
tions of Proposition 9. Since for (¢, 2) € [0,T") x [0,m)

5 (009)= )

g (ven) = (62).
X(t.2)

9 ~ . .
we have 5 <Y(t,z)> € —0F[(X(t,2),Y(t 2))], so that we can affirm (X,Y) is a gradient flow

and, for (t,z) € [0,T) x [m, 1],

solution to system (16). In conclusion, (X,Y) is not a gradient flow solution since %X (t,2z) =
1 —m # 2(z —m), as we claimed.

Remark 12. Unlike the case of two separate Dirac deltas, the phenomenon arising in this example
1s indeed a distinctive feature of the two species case. This time the inter-specific enerqgy is indeed
affected at the singular point, since both species are present at the same position initially. The
common mass m at the point zero is driven both by a self-repulsion and by a cross-attraction effect
annihilating each other and producing no movement at all as a result. The extra mass of p is instead
only driven by self-repulsion, and therefore it gets smoothed. At the point 1, only the smoothing
effect occurs, as there is no singular cross-interaction. There is a significant aspect in this solution:
the gradient flow solution maintains a bit of its initial atomic part, which never happens in the one
spectes case.

5.3. Link with hyperbolic systems. In this section we want to highlight the link between system
(6) and a particular nonlinear 2 x 2 system of conservation laws in one space dimension, see [14, 32].
Indeed, considering the cumulative distribution functions F' and G of p and 7 respectively (as defined
in (9)), we can rewrite system (6) as

(&) HF + 2(F — G)9,F =0,
8,G +2(G — F)9,G =0,

or in the equivalent matrix form

OF n 2(F - G) 0 (O F —0
oG 0 2(G-F) 0.G)
We stress that the initial condition Fy, Gy for F' and G are non-decreasing and achieving values
in [0, 1], with Fy(—o0) = Go(—o0) = 0 and Fy(+00) = Go(+00) = 1. System (67) is hyperbolic,
though not strictly, as the eigenvalues are
M(F,G) =2(F -G)
)‘Q(F)G) = 2(G - F)?
and A\; = Ay on the diagonal F' = G. Moreover, system (67) is nonconservative, in the sense that
there exists no flux function f : [0,1] x [0,1] — R? such that (67) can be written as

(68) QU + 0,(F(U)) =0, U= (FQ).
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To our knowledge, no general theories on hyperbolic systems currently allow to define a notion of
entropy solution for such a system due to the lack of strict hyperbolicity. In particular, there is no
canonical way to define a suitable Riemann solver.

The link between (67) and (6) can be easily established at the level of weak solutions for (67)
with sufficiently smooth initial data, which will correspond to weak solutions for (6). Such a link
is slightly more tricky at the level of discontinuous solutions. On the other hand, the use of the
Evolution Variational Inequality for (6) seems to be like a natural way to characterise a solution for
(67) as well. This task will be performed in a future work. In this subsection we will just display
the gradient flow solutions found in the previous subsections at the level of the hyperbolic system
(67), as relevant examples of solutions of Cauchy problems which can be solved via the composition
of two Riemann problems.

Let us start by considering the Cauchy problem

(69)

9

OF +2(F —G)0,F =0 0 z<—-1 G 0 z<1
G +2(G — F)0,G =0 1 z2>-1 7 7)1 z2>1

which correspond to the initial condition for (6)
po=0-1, and 1o =0dy.

As anticipated, we construct the solution (only for short time) by solving two separate Riemann
problems, i.e.

F+42(F — G)0,F — 1 .
(70) {&5 +2( G)o _g ’ FOZ{O x < 7 GOZ{O T < ’

0G4+ 2(G — F)0,G = 1 z>-1 0 z>-1
and
F+2(F — . F = 1 1 1
() O F + 2( G)o, 0  Fy= xr < Gy = 0 z<
G+ 2(G—-F)o,G=0 1 z>1 1 z>1

On the basis of our previous results, we know the solution at the level of pseudo-inverses functions,
i.e. for z € [0,1] and for ¢ small enough,

X(t,z) =2tz — 1, and Y(t,z) =2t(z— 1)+ 1.

Computing the corresponding cumulative distributions F' and G, our candidate solution to problem
(70) for ¢ small enough is given by

0 r < —1,
1
F(t,z) = ”32“; I<z<2—1,
1 x> 1,

G(t,z) =0 for =<1,
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whereas for problem (71) we have

F(t,z)=1 for x>2t—1,

0 0<ax< 2041,
Gt,z) =41+ 2= o rl<z<l
1 x> 1.

The composition of these two solutions for short times is represented in Figure 3.

Initial condition for distribution functions Explicit solutions at critical time

104 — Fo 104 — F

— Go — G
0.8 0.8+
0.6 1 0.6 1
0.4+ 0.4+
0.2 0.24
0.0 0.0

T T T T T T T T T T T T T T T T T T
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0 -20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0

FIGURE 3. Initial (left) and exact solution (right) at time ¢ = 0.5 for the case of
two distinct Dirac deltas at the level of distribution functions.

492
Let us now consider as initial datum the cumulative distribution functions of

po =0, and 1y =mdy+ (1 —m)dy,

493 as in (66). As before we have to deal with two different Riemann problems, i.e.

OF +2(F —G)0,F =0 0 <0 0 z<0
(72) 0 — ) GOZ
G+ 2(G — F)0,G =0, 1 z>0 m x>0
294 and
OF +2(F —G)0,F=0 1 O0<zx<1 m x<1
(73) 0= , Go=
G +2(G — F)0,G =0, 1 z>1 1 z>1

Going back to the results of the previous subsection, the gradient flow solution for the pseudo-
inverse system (16) is given by

0 0<z< 0 0<z<
X(t,z) = s Y(t,z) = oo
20(z—m) m<z<1, 20 (z—1)4+1 m<z<1,
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and then, for ¢ small enough, the candidate solution to problem (72) is given by

0 x <0,
F(t,z) = m+2£t 0<2<2(l—m,
1 x> 2(1 —m)t,
0 <0,
G(t,z) = v
m x>0,

whereas for problem (73) we have

F(t,z)=1 for x> 2(1—m)t,

m 0<z<2(m-1t+1,
r—1
G(t,z) =q1+ of 2m—1)t+1<z2<1
1 x> 1,
see Figure 4.
Initial condition for distribution functions Explicit solutions at critical time
104 — Fo 104 — F
— Go — G
0.8 0.8
0.6 4 0.6 4
0.4+ 0.4
0.2 0.2
0.0 0.0
20 -15 -10 -05 00 05 10 15 20 20 -15 -10 -05 00 05 10 15 20

FIGURE 4. Initial (left) and exact solution (right) at time ¢t = 1/(4(1 — m)) with
m = 0.4 for the case of two partially overlapping deltas at the level of distribution
functions.
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