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ABSTRACT. In this paper, we derive the mean-field limit of a collective dynam-
ics model with time-varying weights, for weight dynamics that preserve the
total mass of the system as well as indistinguishability of the agents. The limit
equation is a transport equation with source, where the (non-local) transport
term corresponds to the position dynamics, and the (non-local) source term
comes from the weight redistribution among the agents. We show existence
and uniqueness of the solution for both microscopic and macroscopic models
and introduce a new empirical measure taking into account the weights. We
obtain the convergence of the microscopic model to the macroscopic one by
showing continuity of the macroscopic solution with respect to the initial data,
in the Wasserstein and Bounded Lipschitz topologies.

1. Introduction. A wide range of mathematical models fall into the category of
interacting particle systems. Whether they describe the trajectories of colliding
particles [7], the behavior of animal groups [1, 6, 13, 22|, the cooperation of robots
[4] or the evolution of opinions [9, 12, 15], their common objective is to model
the dynamics of a group of particles in interaction. Some of the most widely used
models include the Hegselmann-Krause model for opinion dynamics [15], the Vicsek
model for fish behavior [22] and the Cucker-Smale model for bird flocks [6]. Two
main points of view can be adopted in the modeling process. The Lagrangian (or
microscopic) approach deals with individual particles and models the trajectory of
each one separately, via a system of coupled Ordinary Differential Equations (ODE).
This approach’s major limitation is that the dimension of the resulting system is
proportional to the number of particles, which can quickly become unmanageable.
To combat this effect, one can instead adopt the Eulerian (or macroscopic) approach,
and track the concentration of particles at each point of the state space. The
resulting equation is a Partial Differential Equation (PDE) giving the evolution of
the density of particles over the state space, and whose dimension is independent
of the number of particles.

The question of how microscopic properties of particles give rise to macroscopic
properties of the system is fundamental in physics. A way to connect the micro-
scopic and the macroscopic points of view is through the mean-field limit. First
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introduced in the context of gas dynamics, the mean-field limit, applied to sys-
tems of weakly interacting particles with a large radius of interaction, derives the
macroscopic equation as the limit of the microscopic one when the number of par-
ticles tends to infinity [3, 10]. The term mean-field refers to the fact that the
effects of all particles located at the same position are averaged, instead of con-
sidering the individual force exerted by each particle. The mean-field limits of the
Hegselmann-Krause, Vicsek and Cucker-Smale models were derived in [5, 8, 10, 14].
More specifically, the mean-field limit of a general system of interacting particles
described by

1 N
2i(t) = & Z Pz (t) — wi(t)) (1)

is given by the non-local transport equation in the space of probability measures
Oppe () + V- (V] (@) e (2)) = 0,

@
V(@) = [ | oo = o)duta).

where p(x) represents the density of particles at position = and time ¢, and where
the velocity V]u.] is given by convolution with the density of particles. The proof
of the mean-field limit lies on the key observation that the empirical measure
ply = % Zf\[:l z,(t), defined from the positions of the IV particles satisfying the
microscopic system (1), is actually a solution to the macroscopic equation (2). No-
tice that the passage from the microscopic system to its macroscopic formulation
via the empirical measure entails an irreversible information loss. Indeed, the em-
pirical measure keeps track only of the number (or proportion) of particles at each
point of space, and loses the information of the indices, that is the “identity” of
the particles. This observation illustrates a necessary condition for the mean-field
limit to hold: the indistinguishability of particles. Informally, two particles x;, x;
are said to be indistinguishable if they can be exchanged without modifying the
dynamics of the other particles. System (1) satisfies trivially this condition, since
the interaction function ¢ depends only on the positions of the particles and not on
their indices.

In [16, 17], we introduced an augmented model for opinion dynamics with time-
varying influence. In this model, each particle, or agent, is represented both by its
opinion z; and its weight of influence m;. The weights are assumed to evolve in
time via their own dynamics, and model a modulating social hierarchy within the
group, where the most influential agents (the ones with the largest weights) have a
stronger impact on the dynamics of the group. The microscopic system is written
as follows:

1 N
i5(t) = 37 > my ()l (t) — i(t)),
= 3)

ina(t) = i (250 e 1, vy (5 (8) jeqr, vy )

where the functions 1; give the weights’ dynamics and M represents the sum of all
initial weights.

As for the classical dynamics (1), we aim to address the natural question of the
large population limit. To take into account the weights of the particles, we can
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define a modified empirical measure by pu¥ = - Zf\; mi(t)0,, (1), so that p (z)
represents the weighted proportion of the population with opinion z at time ¢. In
this new context, informally, indistinguishability is satisfied if agents (x;,m;) and
(xzj,m;) can be exchanged or grouped without modifying the overall dynamics.
However, this condition may or may not be satisfied, depending on the weight dy-
namics v; in the general system (3). In [2], we derived the graph limit of system (3)
for a general class of models in which indistinguishability is not necessarily satisfied.
Here, on the other hand, in order to derive the mean-field limit of system (3), we
will focus on a subclass of mass dynamics that does preserve indistinguishability of
the particles, given by:

;X N

Galeym) = i S0 S g g, Sy, (4)

Jji=1 Jq=1

Given symmetry assumptions on S, this specific choice of weight dynamics ensures
that the weights remain positive, and also preserves the total weight of the system
(as will be proven in Proposition 1). From a modeling point of view, since the
weights represent the agents’ influence on the group, it is natural to restrict them
to positive values. The total weight conservation implies that no weight is created
within the system, and that the only weight variations are due to redistribution.
One can easily prove that if (2;,m;);cq1,... vy satisfy the microscopic system (3)-(4),
the modified empirical measure u satisfies the following transport equation with
source

O () + V- (V[pa] (2) e (2)) = hlpa] (), (5)
in which the left-hand part of the equation, representing non-local transport, is
identical to the limit PDE (2) for the system without time-varying weights. The

non-local source term of the right-hand side corresponds to the weight dynamics
and is given by convolution with p;:

hlud(z) = (/(Rd)q S(@,y1, 0, yg)dpe(yn) - -~dut(yq)> pe ().

Since we impose no restriction on the sign of S, this source term h[u;] belongs to the
set of signed Radon measures, even if (as we will show), p; remains a probability
measure at all time.

In [21], well-posedness of (5) was proven for a globally bounded source term
satisfying a global Lipschitz condition with respect to the density u;. However, the
possibly high-order non-linearity of our source term h|[u;] prevents us from applying
these results in our setting.

Thus, the aim of this paper is to give a meaning to the transport equation with
source (5), to prove existence and uniqueness of its solution, and to show that it
is the mean-field limit of the microscopic system (3)-(4). Denoting by P.(R%) the
set of probability measures of R with compact support, our central results can be
stated in the form of two main theorems:

Theorem 1.1. For allT > 0 and po € ’Pc(Rd), there exists a unique weak solution
pe € C([0,T], Po(R?)) to equation (5) satisfying jz—o = fio-

Theorem 1.2. For each N € N, let (z}V,mY

7

)ie{1,....n} be the solutions to (3)-
(4) on [0,T], and let p¥ = 3 Zil mpY (t)d,~ ) be the corresponding empirical
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measures. If there exists pg € P.(R?) such that imy_o Z(pd), 10) = 0, then for
all t € (0,77,

lim g(ﬂi{vvﬂ“t) = Oa
N—o00
where p; € P.(R?) is the solution to the transport equation with source (5).

The convergence holds in the Bounded Lipschitz and in the Wasserstein topolo-
gies, where & represents either the Bounded Lipschitz distance, or any of the p-
Wasserstein distances (p € N*). In particular, we show that the solution stays a
probability measure at all time, a consequence of the total mass conservation at the
microscopic level.

We begin by presenting the microscopic model, and by showing that under key
assumptions on the mass dynamics, it preserves not only indistinguishability of the
agents, but also positivity of the weights as well as the total weight of the system.
We then recall the definition and relationship between the Wasserstein, Generalized
Wasserstein and Bounded Lipschitz distances. The third section is dedicated to the
proof of existence and uniqueness of the solution to the macroscopic equation, by
means of an operator-splitting numerical scheme. We show continuity with respect
to the initial data in the Bounded Lipschitz and Wasserstein topologies. This allows
us to conclude with the key convergence result, in Section 4. Lastly, we illustrate
our results with numerical simulations comparing the solutions to the microscopic
and the macroscopic models, for a specific choice of weight dynamics.

2. Microscopic model. In [16], a general model was introduced for opinion dy-
namics with time-varying influence. Given a set of N agents with positions and
weights respectively given by (2;)icq1,...,n} and (m)ieq1,..., N}, an agent j influ-
ences another agent i’s position (or opinion) depending on the distance separating
i and j, as well as on the weight (or “influence”) of j. In parallel, the evolution of
each agent’s weight m; depends on all the agents’ positions and weights. In this
general setting, the system can be written as:

= o i€l N}, (6)
m;(t) = 1/)i((ffj(t))je{1,~- Ny (M () jeqa, - ,N}),

where M = vazl m? represents the initial total mass of the system, ¢ € C (RN,
RIV) denotes the interaction function and 1; € C(R®Y x RM;R) dictates the
weights’ evolution. Well-posedness of this general system was proven in [2], for
suitable weight dynamics ;.

In this paper, we aim to study the mean-field limit of system (6) for a more
specific choice of weight dynamics that will ensure the following properties:

e positivity of the weights: m; >0 for all i € {1,--- | N};

e conservation of the total mass: Zfil m; = M,

e indistinguishability of the agents.
These key properties will be used extensively to prove well-posedness of the system
and convergence to the mean-field limit. We now introduce the model that will be
our focus for the rest of the paper. Let (z9);e(1,... vy3 € R and (m);eq1,.. vy €
(RT)N. We study the evolution of the N positions and weights according to the
following dynamics:
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1) = 7 2 my (06 a5(1) ~ (1),
2;(0) = z¥

N
i (t) = mi(t) - Z sy myg (8) -y, (S (@), 2, (1), -, (8),

where ¢ € N, and ¢ and S satisfy the following hypotheses:
Hypothesis 1. ¢ € Lip(R%RY) with ||¢||Lip := L.

Hypothesis 2. S € C((R%)4F1; R) is globally bounded and Lipschitz. More specif-
ically, there exist S, Lg > 0 such that

vy € (RN, |S(y)l < S. (8)

and
q
vy € RYT vz € RYT[S(yo, -+ 4g) — S(20,++  20)| < Ls Y lyi — 2l (9)
i=0

Furthermore, we require that S satisfy the following skew-symmetry property: there
exists (4,) € {0,---,q}? such that for all y € (R¥)a+1,

S(y07"' sYis 5 Yjy 0 5yq):_S(y0a"' sYjs o 5 Yiy 7yq)- (10)

Remark 1. The most common models encountered in the literature use an inter-
action function ¢ of one of the following forms:

e ¢(z) := a(|z|)x for some a : RT — R

e ¢(x) := VW (x) is the gradient of some interaction potential W : R? — R.

Remark 2. The global boundedness of S (8) is assumed to simplify the presenta-
tion, but all our results also hold without this assumption. Indeed, the continuity of
S is enough to infer the existence of a global bound Sg as long as all z; are contained
in the ball B(0, R), or, in the macroscopic setting, as long as supp(u) C B(0, R).

In (7), the g nested sums allow for a great variety of models, for instance involving
averages of various quantities. In practice, most models of interest will correspond
to ¢ € {1,2,3} (see [2] (Section 5.2), [16] (Section 2.1), [17] (Section 5.1), and
Section 6).

The skew-symmetric property of S is essential in order to prevent blow-up of the
individual weights. Indeed, as we show in the following proposition, it allows us to
prove that the total mass is conserved and that each of the weights stays positive.
Thus, despite the non-linearity of the weight dynamics, the weights remain bounded
at all time, and in particular there can be no finite-time blow-up, which will ensure
the existence of the solution.

Proposition 1. Let (z,m) € C([0,T]; RY)YN x RY) be a solution to (7). Then it
holds:
(i) For allt € [0,T], SN, mi(t) = M.
(ii) If for alli € {1,--- , N}, m9 > 0, then for allt € [0,T), for alli € {1,--- N},
mz(t) > 0.
(iii) If for alli € {1,--- N}, m? > 0, then for allt € [0,T), for alli € {1,--- ,N},
m;(t) < mbeSt.
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Proof. (i) Without loss of generality, we suppose that for all y € (R9)4+1,

S(o, Y15 5 Yq) = =SY1, 50, 5 Yq)-
Then it holds

d N 1 N N
@Zmz:mz [ijo"'qus(xjo""qu)
1=1 Jj2=1 Jq=1 Ljo<j1

+ > mjo"'qus(ﬂﬁjov"'qu)}

Jo>Jj1

N N
1
=0 Z Z [ Z Mo - my, S(xjo, x5,
j2=1 Jq=1 Ljo<j1
+ Z Mjg -« 'quS(l‘jl,$j0, o '$jq)‘| =0.
J1>Jo

(i) Let us now suppose that m{ > 0 for all i € {1,--- ,N}. Let t* := inf{t >
0|3ie{l,---,N}, my(t) =0}. Assume that t* < co. Then for alli € {1,--- N},
for all ¢ < t*,

N N
. 1 Z Z
mZ:mlm e mjl'.'quS(mhle)“'qu)

Ji=1 Jq=1

N N
2 ~Migrg Z Z my, ---mj, S = —Smy,
Ji=1 jqzl
where the last equality comes from the first part of the proposition. From Gronwall’s
Lemma, for all t < ¢*, it holds

m;(t) > mde 5t > mle 5 > 0.

Since m; is continuous, this contradicts the fact that there exists ¢ € {1,---, N}
such that m;(t*) = 0. Hence for all ¢ > 0, m;(t) > 0.
(#91) Lastly, the third point is a consequence of Gronwall’s Lemma. O

Well-posedness of the system (7) is a consequence of the boundedness of the total
mass. We have the following result.

Proposition 2. For all T > 0, there exists a unique solution to (7) defined on the
interval [0,T].

Proof. The proof, modeled after the proofs for the well-posedness of the Graph
Limit model in [2], is provided in the Appendix. O

We draw attention to the fact that System (7) also preserves indistinguishability
of the agents. This property, introduced in [17] and [2], is necessary for the definition
of empirical measure to make sense in this new setting.

Indeed, the empirical measure, defined by p¥ = ﬁ va:l mN (t)0,n (¢) 1s invariant
by relabeling of the indices or by grouping of the agents. Hence for the macroscopic
model to reflect the dynamics of the microscopic one, the microscopic dynamics must
be the same for relabeled or grouped initial data. This leads us to the following
indistinguishability condition:
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Definition 2.1. We say that system (6) satisfies indistinguishability if for all J C
{1,--- N}, for all (z°,m®) € RN x RN and (3°,p°) € R¥N x RV satisfying

29 = y0 = a9 =0 for all (i, ) € J?
20 = 40 forallie {1,--- ,N}
m? :p? fOI‘ all Z S JC

ZieJ m? = Zie] pga

the solutions ¢t — (x(t),m(t)) and t — (y(¢),p(t)) to system (6) with respective
initial conditions (2, m°®) and (y°,p°) satisfy for all ¢ > 0,

i(t) = yi(t) = x;(t) = y; (1) for all (i,5) € J?
i(t) i(1) forallie {1,--- ,N}
m;(t) =pi(t)  forallie Je
Doicgmi(t) = i pi(t).
Whereas the general system (6) does not necessarily satisfy this property, one

easily proves that system (7) does satisfy indistinguishability (see [2] for the detailed
proof).

T
T

Y
Y

3. Notations and distances. Let P(R?) denote the set of probability measures
of R, P.(RY) the set of probability measures with compact support, M(R?) the set
of (positive) Borel measures with finite mass, and M?*(R?) the set of signed Radon
measures. Let B(R?) denote the family of Borel subsets of R%.

From here onward, C(E) (respectively C(E; F')) will denote the set of continuous
functions of E (resp. from E to F), CYP(E) (respectively CYP(E; F)) the set
of Lipschitz functions, and C. (respectively C.(E;F)) the set of functions with
compact support. The Lipschitz norm of a function f € CYP(E; F) is defined by

Il = sp  EV@ W)

z,yEE,x#y dE(x - y)

For all 4 € M(R9), we will denote by |u| := pu(R?) the total mass of .

For all u € M*(R%), let py and p_ respectively denote the upper and lower
variations of p, defined by p4 (E) := supycp pu(A) and p_(E) := —infacp u(A)
for all E € B(R?), so that 4 = py — pu_. We will denote by || the total variation
of y1 defined by || := py (RY) + p_ (R9).

3.1. Generalized Wasserstein and bounded Lipschitz distances. We begin
by giving a brief reminder on the various distances that will be used throughout
this paper. The natural distance to study the transport of the measure u; by the
non-local vector field V{u,] is the p-Wasserstein distance W), defined for probability
measures with bounded p-moment P,(R?) (see [23]):

1/p
W, = inf —y|Pd
(1, 1) (Wegzﬂ’y)/ww |z —yl 7T(ﬂw)) ;

for all p,v € Py (R?), where II is the set of transference plans with marginals p and
v, defined by

M(p,v) = {r € P(R'xR?); VA, B € B(R?), n(AxR?) = u(A), 7(R*xB) = v(B)}.
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In the particular case p = 1, there is an equivalent definition of W; by the
Kantorovich-Rubinstein duality :

W) =sup{ [ F@)dlue) (@) 1 € OIS <1

for all p,v € P1(RY). The Wasserstein distance was extended in [18, 19] to the
set of positive Radon measures with possibly different masses. For a,b > 0, the
generalized Wasserstein distance W;’b is defined by:
. . 1/p
Wetuo) = (a0 P ) )
po i PEMy (R, |ji|=|7] P

for all p,v € M,(R?), where M, (R?) denotes the set of positive Radon measures
with bounded p-moment, and W,(f, 7) is defined for all positive measures fi, 7 with
the same mass, by W, (i1, 7) = 0 if || = |¥| = 0 and W,(i,7) = \/1|1/pr(%, \%I)
if || = || > 0.

Remark 3. Observe that the classical and the generalized Wasserstein distances
do not generally coincide on the set of probability measures. Indeed, the Wasser-
stein distance between p and v represents the cost of transporting p to v, and is
inextricably linked to the distance between their supports. The generalized Wasser-
stein distance, on the other hand, allows one to choose between transporting u to v
(with a cost proportional to b) and creating or removing mass from p or v (with a
cost proportional to a). Taking for instance p = d,, and v = ¢,,, the Wasserstein

distance Wy, (0y,,04,) = d(x1,x2) increases linearly with the distance between the
centers of mass of p and v. However, one can easily see that

W11’1(5117612) = Oinf<1(|5x1 - 66551‘ + |5I2 - 56I2‘ + 6WP(5117512))

= 0%221(2(1 — &) +ed(xy, z2))

from which it holds: W, "' (8,,,0,,) = min(d(z1, z2), 2).

More generally, if u,v € P,(R?), taking i = p and ¥ = v in the definition of
W;’b yields Wg’b(p, v) < bW, (i, v). On the other hand, taking it = o = 0 yields
W]g’b(u, v) < a(|p] + |v]). In particular, for a = b = 1, the generalized Wasserstein

distance VV11 1 also satisfies a duality property and coincides with the Bounded
Lipschitz Distance p(u,v) (see [11]): for all p,v € M(RY), Wi (u,v) = p(u,v),
where

ol i=sup{ [ J@au(o) = v@)): £ € PR, Iflhap < 111 < 1]

In turn, this Generalized Wasserstein distance was extended in [21] to the space

M5 (RY) of signed measures with finite mass and bounded first moment as follows:
Vi, v € MR, Wi(u,v) = Wil (uy + v, pe +vy)

where o, i, v, and v_ are any measures in M(R?) such that g = p; — u_ and
v = vy —v_. We draw attention to the fact that for positive measures, the two
generalized Wasserstein distances coincide:

Vi, v € My(RY), WP (u,v) = WP (u, v).
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Again, for a = b = 1, the duality formula holds and the Generalized Wasserstein
distance W}"l is equal to the Bounded Lipschitz distance p:

Vi, v € MY(RY), Wit (u,v) = p(p, v).
From here onward, we will denote by p(u,v) the Bounded Lipschitz distance,
equal to the generalized Wasserstein distances W' on M(R%) and W} on M*(R).

The properties of the Generalized Wasserstein distance mentioned above give us the
following estimate, that will prove useful later on:

P, v) < [l + vl (11)
We recall other properties of the Generalized Wasserstein distance proven in [21]
(Lemma 18 and Lemma 33). Although they hold for any W‘f’b, we write them here

in the particular case Wi’l =p

Proposition 3. Let uy, pa, v1, vo in M*(R?) with finite mass on R®. It holds:

o p(p + v1, po 4+ 1) = p(pa, pr2)
o p(p1 + v, o +v2) < p(p, p2) + p(v1, 12)

The following proposition, proven in [21], holds for any W‘ll’b. Again, for sim-
plicity, we state it for the particular case of the distance p. Note that to simplify
notations and to differentiate from function norms, all vector norms for elements of
R% d > 1, will be written |- |. The difference with the mass or total variation of a
measure will be clear from context.

Proposition 4. Let vy,v; € C([0,T] x R?) be two vector fields, both satisfying
for all t € [0,T] and z,y € R the properties |v;(t,z) — vi(t,y)| < Llz — y| and
lvi(t,z)| < M, where i € {1,2}. Let p,v € M*(R%). Let ®}" denote the flow of v;,
that is the unique solution to

Lo @) = w2 @) B @)=
Then
o (P H#pu, B Hv) < ep(p,v)
o plp, @ #p) <tMlul
o p(® #p, 2 #p) < [p| S vr — vall Lo (0,700
o p(®) #u, @y Hv) < P p(p, v) + min{|ul, [V} 2 o1 — vall e 0,10 -

The notation # used above denotes the push-forward, defined as follows: for
p € M*(RY) and ¢ : R? — R? a Borel map, the push-forward ¢#u is the measure
on RY defined by ¢#u(E) := u(¢~(E)), for any Borel set £ C R

We end this section with a result of completeness that will prove central in the
subsequent sections. As remarked in [21], (MS(Rd),WZb) is not a Banach space.
However, (M(R?), W) is (as shown in [19]), and we can also show the following:

Proposition 5. P(R?) is complete with respect to the Generalized Wasserstein
distance Wz‘}’b,

Proof. Let {un} C P(R?) be a Cauchy sequence with respect to W’ It was
proven in the proof of Proposition 4 in [19] that {u,} is tight. From Prokhorov’s
theorem, there exists u* € P(RY) and a subsequence {j,,} of {u,} such that
Hny —k—oo . From Theorem 3 of [19], this implies that W;’b(unk,u*) — 0. From
the Cauchy property of {u,} and the triangular inequality, this in turn implies that
Wb (s, %) — 0. O
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In particular, note that P(R?) is also complete with respect to the Bounded
Lipschitz distance p.

3.2. Comparison between the distances. From the definition of the Bounded-
Lipschitz distance as a particular case of the Generalized Wasserstein distance Wi’l
(for a = b = 1), we have the following property:

Vu,v € PR, plp,v) < Wi(p,v). (12)

As pointed out in Remark 3, the converse is not true in general. However, we
can show that for measures with bounded support, one can indeed control the
1—Wasserstein distance with the Bounded Lipschitz one.

Proposition 6. Let R > 0. For all ji,v € P.(R?), if supp(u) Usupp(v) C B(0, R),
it holds

p(p,v) < Wi(p,v) < Crp(p,v)
where Cr = max(1, R).

Proof. Let u,v € P.(R%), such that supp(u) Usupp(v) C B(0, R).
Let A == {[pa fd(p —v); f € COMP(RY), | fllip < L[Ifllz~ < 1} and B :=

(o Fd(p—0); f € COVPRA, |15 < 1}. Then p(p, v) = sup, 4 a and Wi (1,)
= sup,cp b. It is clear that A C B, which proves the first inequality.

Let B = { fpa fd(p —v); f € COMP(RY), || f|lLip < 1, f(0) = 0}. Clearly, B C B.
Let us show that B € B. Let b € B. There exists f, € COMP(R?) such that
Ifolluip < T and b = fpu fod(p = v). Let us define fy € C(R%) such that for all
z € B(0,R), fo(z) = fo(z) — fp(0). It holds [/ fo|lLip(B(0,R)) < 1. We prolong fy
outside of B(0, R) in such a way that f, € COMP(R?) argmax(f,) € B(0, R) and
||fb||Lip(Rd) < 1. Then since the supports of u and v are contained in B(0, R),

=)= [ fup-n)= [l -0 [ ) =
R4 B(0,R) B(0,R) B(0,R)
where the last equality is deduced from u(B(0, R)) = v(B(0,R)) = 1. Thus b € B,
so B=DB. ~
Let us now show that there exists a € A such that b < max(1, R)a. If || fo|| o (re)
<1,thenbe A. If ||fbHLoo(]Rd) > 1, let f, := fb/Hfb”Loo(Rd). It holds ||fa||Loo(Rd) <
1 and || fa|lLip < 1. Thus a := [, fod(u —v) € A and it holds

b= || foll Lo (ra) /Rd Fol | Foll oo rayd(p — v) < || foll oo (mety @

Since f,(0) = 0 and || fyl|rip < 1, it holds [|fy||Le(B(0.r)) < R, hence || fyl| L (e <
R. Then, for all b € B, there exists a € A such that b < max(1, R)a, which implies
that sup,cp b < max(1, R)sup,c4 a. O

It is a well-known property of the Wasserstein distances that for all m < p, for
all pu,v € Py(RY),
Won(11,) < Wy (1), (13)
The proof of this result is a simple application of the Jensen inequality [23].

The converse is false in general. However, once again, we can prove more for
measures with compact support in the case m = 1.
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Proposition 7. Let R > 0 and p € N*. For all u,v € P.(R?), if supp(p) U
supp(v) C B(0, R),

W, (1 v) < (2R)"7 Wi, v)7.
Proof. Let m € II(u,v) be a transference plan with marginals © and v. Since the

supports of p and v are contained in B(0, R), the support of 7 is contained in
B(0,R) x B(0,R). We can then write:

/ d(z,y)Pdr(z,y) = / d(z,y)Pdr(z,y)
R x R4 B(0,R)?

<Ryt [ deydnoy)
B(0,R)?
from which we deduce the claimed property. O

4. Macroscopic model. In this section, we give a meaning to the non-linear and
non-local transport equation with source:

O () + V- (Ve (2)pe(2)) = hlpel(x),  pre=o = pio, (14)
where the non-local vector field V' and source term h are defined as follows:
o Let ¢ € Lip(R% R?) satisfy Hyp. 1. We define V € C%LP(M(R); CO-Lir(R4))
by:

Ve MERY, Vo R Vi) = [ (- y)duty) (15)

o Let S € CO(R%)TH1;R) satisfy Hyp. 2. We define h € CYLP(M(RY);
M#(RD) by: Y € M(RY), Yz € RY,

hlul(z) :== (/(Rd)q S(x, 91, yg)dp(yr) - ~~du(yq)> (). (16)

The solution to (14) will be understood in the following weak sense:

Definition 4.1. A measure-valued weak solution to (14) is a measured-valued map
p € CO[0, T], M*(R%)) satisfying j14—o = po and for all f € C°(R9),

d
— d t V + V d t dh t
» J(@)dp( / [e] - V f () dpe ( / f(@)dhlp](x).  (17)

Remark 4. This model is a modified version of the one proposed in [20]. The form
of the source term (16) is slightly more general than the one of [20] (where h was
defined as h[u](x) = (S1 + S2 x u) ). However we also introduce a more restrictive
condition (10) that will force the source term to be a signed measure with zero total
mass.

The first aim of this paper will be to prove Theorem 1.1, stated again for conve-
nience:

Theorem 1. For all T > 0 and pg € PC(Rd), there exists a unique weak solution
pe € C([0,T], Po(R?)) to equation (14) satisfying pi—o = Ho-

Notice that we are almost in the frameworks of [18] and [21]. In [18], existence
and uniqueness was proven for a transport equation with source of the form (14), for
measures in M(R?) and with source term h € COHP(M(RY), M(R?)). Since in our
case, h[u] is a signed measure, we cannot apply directly the theory of [18]. In [21],
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existence and uniqueness was proven for a transport equation with source of the form
(14), for measures in M?*(R%) and with source term h € C%LP(M3(RY), M*(R?)).
However, as we will see in Section 4.1, the source term h in (16) does not satisfy
some of the assumptions of [21], namely a global Lipschitz property and a global
bound on the mass of h[y].

4.1. Properties of the model. We now prove that the vector field V[u] satisfies
Lipschitz and boundedness properties, provided that |u| is bounded.

First, notice that the continuity of ¢ implies that for all R > 0 and = € R? such
that |z| < 2R, there exists ¢ > 0 such that |¢(x)| < ¢r. More specifically, since ¢
is Lipschitz, ¢r = ¢o + 2Lg R, with ¢g := ¢(0).

Proposition 8. The vector field V' defined by (15) satisfies the following:
o For all p € M*(R?) such that supp(u) C B(0,R), for all x € B(0,R),
VIn(@)| < ér |pl.
e For all (v,2) € R®L, for all p € M*(RY), |V[u](z) — V[u](2)] < Ly|p| |z — 2|.
e For all p,v € M*(R?) such that supp(u) U supp(v) € B(0,R), ||V[u] —
VIVlliLe(Bo,r) < (Lo + or) pp, V).

Proof. The first and second properties are immediate from the definition of V.
Lastly, for all y,v € M*(R?) such that supp(u) U supp(v) C B(0, R) for all x €
B(0,R),

Vi) - V(@) = / oy — 2)d(uy) — v(v)

B(0,R)

<(Ly+oém) s / F() d(uy) — ()
FECITP I FllLip< L[l flloo <1 /R

< (Lg + ¢r) p(p, v),

where we used the fact that for all z € B(0, R), the function y — (Lg+¢r) *o(y—z)
has both Lipschitz and L norms bounded by 1, and the definition of p. O

Proposition 9. The source term h defined by (16) satisfies the following:
(i) Y € Mo (R), Bl (RY) = 0

(ii) Y € M*(R?), supp(h[u]) = supp(u)

(iii) For all Q > 0, there exists Ly, such that for all p,v € M*(R?) with compact
support and with bounded total variation |u| < Q and |v| < Q, p(hlu], hlv]) <
Lyp(p,v). .

(i) Yu € M(RY), |hlu]] < S [u[?*t.

(v) Y € M(RY), VE CRY, hE] > =S |u| p(E).

Proof. For conciseness, we denote y = (y1,-- - yq), dp = du(x) and dp; = dp(y;).
(i) Let u € M*(R%). From the definition of h, we compute:

h[p] (R =/ Sy yq)dpo - - - dpig
(R)a+1

1
:5/ S(Wo, -+ 1 Yq)dpto - - - dpig
(Rd)a+1

1

+§/ S(y07"'7yj7"'7yia"'7yq)d,u'0"'dp’q
(Re)7+1
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where we used the change of variables y; <+ y; to obtain the second term. Then,
using the skew-symmetric property (10), we obtain h[u](R¢) = 0.

(#i) The second property is immediate from the definition of h[u].

(iii) For the third point, let u, v € M*(R%) with compact support, and satisfying
lu| < Q and |v| < Q. For all f € COLP such that || f]lec <1 and || f||Lip < 1,

[ (@) d(hly] ~ hiv)

:/ f(z) S(x,y)dus - - - dugdp — / f(z) S(x,y)dvy - - - dvydy
Rd Rad

R4 Rad

- [ 1@ / S g~ )

+ Z/ S’ (x,y)dpy - - dpidviyy - - - dvgdy

- Z/ S (w,y)dps - - - dpi—1dv; - - - dvgdy
R
:/ f(@)S(@,y)dpn - - dpgd(p — v)
R(g+1)d

+ Z/ S(x,y)dp -+ d(p; — v3)dviqr - - - dygdv.

<q+1>d
We begin by studying the first term A(f) := [p. f(z) ¥ (2)d(p(z) — v(x)), where 1
is defined by ¥ : x = [5,4 S(x,y)dp - - - dpug. Notice that

[Y(x)| = » S(x,y)dp - - dpg| < Slul? < SQ.

Furthermore, for all (z,z) € R??,

() — 9 (2)] =

< Ls|p|fx — =],

/qu(s(x’y) = S(z,y))dpy -+ - dpg

where we used the Lipschitz property (9) of S. Thus, for all z € R?, |f(x)y(z)| <
SQ4. Furthermore, for all (z,z) € R4,

|[f(@)v (@)= f(2)9(2)] = [f(@)((2) =¥ (2) +(f(2) = f(2)(2)] < (Ls+8)Q |z —z].

mf(ax)w(x) satisfies g € COLP,
lglloc <1 and ||g||lLip < 1. Then, using the defintion of p, we deduce that

This implies that the function g : * —

A(f) = QU(Ls + 5) / 9(@)d(u(z) — v(z)) < Q(Ls + 5) plu, ).

Rd

Now, let

Gy » (@) S(z,yn- L yg)du(yr) - - dp(yi—1)dv(yiv1) - - - dv(yg)dv(z)
and B;(f) == [ga Gi(yi)d(p(y:) — dv(yi))-
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For all y; € RY, [Gi(yi)] < [|fllzIISllzuli vl < §Q1. Moreover, for all
(yis i) € R4,

1Gi(yi) — Gi(zi)

p f(I) (S(I,y) - S(Iayla R P 5yq))dﬂl e dui—ldl/i-&-l e qudV
Ra

<l Fllze Lslyi = zillpl " Hul " < LsQy; — 2.

Hence, the function g; : y; — m@(yl) satisfies g; € COMP, [|gi]|o < 1 and
lgillLip < 1, s0

Bi(f) < Q¥(Ls + ) sup [ #@dut@) = v(@)

FECETP N flloo <1, fllip<1
< QU(Ls + S)p(p.v).

We conclude that for all f € COLP such that ||f]|eo < 1 and || f||Lip < 1,

q

[ 5@dale) =Wl = A + 30 B < 0+ DQ(Ls + Splpv).

i=1

(iv) Let p € M?(R?). From the definition of h, it follows immediately that
|hfu]] < S |p|e*t
(v) Lastly, for all u € M(R?) and E C R?,

WE) = [ [ Sdin - disgdp > =Slulu(E).

O

4.2. Numerical scheme. In [21], existence of the solution to (14) was proven by
showing that it is the limit of a numerical scheme discretizing time. It would seem
natural to apply directly the results of [21] on well-posedness of the equation in
M#(R?). However, the conditions on the source function h required in [21], namely

[Plp] = AVl < Lallp = v, [plp]] < P and supp(h[u]) C Bo(R) (18)

uniformly for all u,v € M*(R?) are not satisfied in our setting (since Lj, and P
depend on |u|, |v|, as seen in Proposition 9). Instead, we notice that they do
hold uniformly for u,v € P.(R?). Hence if the numerical scheme designed in [21]
preserved mass and positivity, one could hope to adapt the proof by restricting it
to probability measures. However, we can show that the scheme of [21] preserves
neither positivity, nor total variation.

For this reason, in order to prove existence of the solution to (14), we design a
new operator-splitting numerical scheme that conserves mass and positivity (hence
total variation). The inequalities (18) will then hold for all solutions of the scheme,
which will allow us to prove that it converges (with a technique very close to the
techniques of [18, 21]) in the space C([0,T]), P(R?)) (Section 4.2). It will only
remain to prove that the limit of the scheme f is indeed a solution to (14), and that
this solution is unique (Section 4.3).
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NUMERICAL SCHEME S.

Let T >0, k € N, and let At = Z. Set puf := po. For all n € N,
o Vt € (nAt, (n+ 5)At], let 7 =t — nAt and pf = pk o, + 27h[pk A,].
eVt € ((n+ 3AL (n+ 1)AL], let 7 =t — (n + $)At and pf =

Viphad)
®y e #MI(C7L+%)A1‘/'

Remark that the factor 2 in both steps of the numerical scheme is used in order

to obtain the usual operator-splitting decomposition: ,u’(fn+%)m = uk \,+ Athlpk ]
k _oVlnad y k

and i yyae = Par " H MG 1A

As stated above, we begin by proving a key property of the scheme S: it preserves
mass and positivity.
Proposition 10. If uy € P(RY), then for all k > logy(ST), for all t € [0,T),
ur € P(RY).
Proof. Let pg € P(R?). We first show that uf(R9)
Suppose that for some n € N, u* ,,(R?) = 1.

e For all t € (nAt, (n+ 3)At], from Prop. 9,

1forall ke Nandte[0,T].

E(RY) = i 5 (RY) + 2(t — nAL B[k J(RY) = 1.
e Forall t € ((n+ 1)At, (n+ 1)At],

k(od k Vi ael vy _ ok dy _
ni (RY) = u(n+%)At((I)72lzt7A(n+%)At)(R ) = “(n—&-%)At(R )=1

This proves that uf(R?) = 1 for all ¢ € [0, 7] by induction on n. We now show that
uf € M(R?) for all k € N and t € [0,7]. Suppose that for some n € N, for all
ECRY kL (E) > 0.

e For all t € (nAt, (n+ 3)At], for all E C R?, since k > log,(ST),
1t (B) > pinar(E) — AtSppa (R 1 0y (B) = (1= 27 T8) s 0 (E) 2 0,

where we used point (v) of Prop. 9.
e Forall t € ((n+ 1)At, (n+ 1)At], for all E C RY,

k(my — ok Vinral
e (E) - M(n+%)At((I)_2lzt_A(n+%)At)(E)) >0

by definition of the push-forward.

The result is proven by induction on n. O

We also prove another key property of the scheme: it preserves compactness of
the support.

Proposition 11. Let py € P.(R?) and R > 0 such that supp(uo) C B(0,R).
Then there exists Ry independent of k such that for all t € [0,T], for all k € N,
supp(uk) < B(0, Rr).

Proof. Let k € N and suppose that for some n € N, supp(p¥ »,) € B(0, R, ). For
all t € (nAt, (n+ 5)At], supp(py) = supp(py;ae) U supp(hlug ,]) = supp(upa,) C
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B(0, Ry, ;) from point (ii) of Proposition 9.For all t € ((n + 1)At, (n + 1)At],

k ok V[Hﬁ t]
pi (x) = u(n-i—%)ﬁt(q)*?(tf(”JF%)At)

supp(uf) € B(0, Ry i+ ¢r, ,At) = B(0, Ry i + (¢o +2Lg Ry 1) At) = B(0, Ry 1),

with R,y15 = ¢oAt + Ry k(1 + 2LyAt). By induction, one can prove that for
t € [(n — 1)At,nAt], supp(pf) C B(0, R, 1), with

(2)), so from Proposition 8,

Po
2L,

o

Ry = ¢oAt > (14 2LyAt)" + R(1+ 2LsAt)" = (1+ 2L At)™( SR
@

=0

Since n < 2, for all n € {0, , 25}, Ry i < (1+2L,T27%)2 (555 + R) — 57

Moreover, limy_, (1 + 2L¢T2”“)2k = e2L+T | 50 there exists Ry independent of
k such that for all t € [0, T, supp(uf) C B(0, Rr). O

+R)

Propositions 10 and 11 allow us to state the main result of this section.

Proposition 12. Given V, h defined by (15) and (16) and pg € P.(R?), the
sequence p* is a Cauchy sequence for the space (C([0,T], P(R)), D), where

D(p,v) == sup p(pe, ).
te[0,T)

Proof. Let k,n € N, with n < 2F. Let At = 27*T. Suppose that supp(uo) C
B(0, R). Notice that from Propositions 8, 10 and 11, we have an L* bound on
V[1¥] independent of ¢ and k: for all z € B(0, Rr), for all t € [0,T], |V[u¥](z)| <
My := ¢p,. We also have uniform Lipschitz constants for V[] and V[u¥](-). For
all t,s € [0, 7], for all u¥, ul solutions to S with initial data g, it holds

VIut)(@) = VIug)(2)| < Lole — 2| and  ||[V[uf] = V[ul]llz= < Lvp(ug, pl)
where Ly := Ly + ¢r,.. We then estimate:

P(/Jﬁm’ M?nﬂ)m) < P(Mfmt, N]fn+%)At) + p(ﬂ€n+%)Ata M’(cnﬂ)m)
< (i av Hrae + At hlugag) + My At,
from Proposition 4. Notice that u% ., € P.(R?) and pk o, + At h[uk 5, € M*(R?).

P(UE ags 1E g + AtR[UE o)) = At p(0, h[F 5,]) < At|R[pEA,]] < AtS

from Equation (11), Proposition 3 and Proposition 9. Thus, coming back to (19),
P(UE Ay ,u’(“nH)At) < At(S+ My). Tt follows that for all p € N such that n+p < 2k,
p(quAt,ul(“n+p)At) < pAt(S + My). Generalizing for all t,s € [0,7], t < s, there
exists n,p € N such that t = nAt —t and s = (n + p)At + §, with £,5 € [0, At).
Then p(uf, 1f) < p(ufs i a) + P A 1y pyar) T PG pyar HE)-
If £ < §AL p(uf, ppag) < SEOIET > GAL p(uf,pia,) < S5+ (E - 5 My <
St + tMy . The same reasoning for § implies

p(uis 1) < (S + My)t+p(S + My) + (S + My)s = (S + My)(s —t).  (20)

We also estimate:

PG 1w Hnae) < p((T Ly s 1R + PG AL )

(19)

< 7(5 + My) + p(ulKs i ay)-
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We now aim to estimate p(u?nH)At,u’(ﬁ_&l)At) as a function of p(u¥ »,, p"h).

Let HJ, := h[uznm] and v}, = @AE’;Q‘M]. Since

Vipk ¢
H’(cn+1)At = (I)AE} e ]# (Nﬁm + Ath[uﬁm}) = Vﬁ#”ﬁ# (quAt + AtHr]f) )

k41 (I)V[”?:i >At]# k+1 n ﬁh[ L
Pnt1)at At)2 Pt dyae ™ 5 M mp A
At At
k1 k1, k1 k1 k1
:Un—t% <Vn+ #(MnZt—’_iH * ) 2Hnj;é> )

it holds p(u¥ Hnt1)Ats “](Cnill)m) <A+ %Ag + %Ag, where
Av = pU#VN I A vy T VN KD,
Ay = p(U#VL#HY, v v T,
Ay = pHHE, Vb )
n+3 n+3

We study independently the three terms of the inequality. According to Proposition
4 (see also [18] and [21]),

L J
LoAt ko k k k+1y , €77 k+1
Ar <™= p(UnFiinar vn FhnAr) + 7L¢ LVt - Viniasyadlico

(Ut Lo p(vhbba AT R + AV Ik s — VInEL ol
According to Proposition 8 and equation (21),

HV[NZAt] - V[/‘?nti%)At]”CO < LVp(MZAtvﬂ?:i%)At)

At -
< Lv(7(5 + My) + p(uk K 1 ar))-

Similarly,
PR HUE n g VET HUERD) < (14 LoAt)p(pi ag, i R) + AV [k o] — Vb Al co
< (L+ (L + Ly)At)p(pf ars 1 K1)-

Thus we obtain
Ay (14 LyAt)(1+ (Lo + Lv) ADp(p ar: 1 Ay)
+ ALy (S8 + My) + (i i a0)
<(1+2(Lg + Lv)At + Lg(Ly + Ly ) At?) p(pF o u K0 + %(S’ + My)At.
We treat the second term in a similar way.
Ay (1 LA #HE, v HHE) + AV [ af] = VIREH o
We have:
p(un#tHy, vy P #HNT) < (14 LoA) p(Hyy HYP) + AV I ad] = Vigg Al oo
< (14 (LoLn + Lv ) A)p(f ac EA):
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Thus,

Az L+ LyAt)(L+ (Lo Ln + Lv) M)y s tipht)

+ AtLv[A (25 + Mv) + p(pg Ay tnad)]
<(1+ (Lo(Ln +1) +2Ly) At + Lo(Lo L + Lv) At) (i Ky firae)
+ %"(S + My)At?.
Lastly, for the third term we have:
As < (1 LoAt)p(vndtHyy, HYE) + AtV g ar = VIkg Ly s llleo
< (1+ LoAt)[p(vy#Hy, Hﬁ) + p(Hyy HYE3)] + ALy p(pig a1 1) a)

< (L +2My) + O(AR) + (1+ (Lol + L) A)p(kh ihar).
Gathering the three terms together, we have the following estimate:
p(lu"(cn-',-l)At? N]({:il)At) <1+ CiAt)p (MIZZL :“nAt) + G
where C7 and Cy depend on the constants Ly, Ly, Lp, My and S. Thus, by

induction on n,

(1+CAY)" -1

2 < 2nCLAL
T+ CiAt—1 — 2

This allows us to prove the convergence of u¥ for every t € [0,7]. For instance,

for t =T, ie. n =T/At, we have p(uT,,u?'l) < 2C5At = 2TC527%, and for all

l,keN,

p(ﬁ‘nAt»/inAt) < CoAL?

1 1 1 4C,

plpi, pi') < 2C, ( * oF +"'+2k+z—1> S o5
A similar estimation holds for any ¢ € (0,T) (see [18]). This proves that the sequence
p* is a Cauchy sequence for the space (C([0,7], P(R%)), D). O

P(
As an immediate consequence, since (C([0, T, P(Rd)) D) is complete (see Propo-
sition 5), it follows that there exists i € (C ([ T], P(R?)) such that

hm D(pk, ) = 0.

4.3. Existence and uniqueness of the solution. Let fi; := limg_, ,uf denote
the limit of the sequence constructed with the numerical scheme defined in the
previous section. We now prove that it is indeed a weak solution of (14). We aim
to prove that for all f € C2°((0,7) x R?), it holds

/OT (/}R (Ouf + Vi) - Vf) dipe + /R f dh[ﬂt]) dt = 0.

We begin by proving the following result:

Lemma 4.2. Let jg € Po(RY) and let p* € C([0,T], Pe(RY)) denote the solution
to the numerical scheme S with initial data pg. Let Aty := 27FT. For all f €
C((0,T) x RY), it holds:

2k

=1 (n+1)Aty . . .
lim > Onf + Vb, ) V) duf + | fdhluk,])dt=o0.
_ n R4 R4

k—o0 Aty
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Proof. Let k € N and At := At = 27*¥T. From the definition of the numerical
scheme, we have

(n+1)At
/ ( / (O0f + VIdhal - V) dub + / f dh[u’émo dt
n R4 Rd

At

At

(n+3)At
[ ([ @ Vihad ) s+ 2 nd0nE D )

(s SV (22)
n /( ([ @7 Vil 0 d@LEL it a0)

n+
(n+1 VAt
/ / f ARl 5 )d
nAt
=A1 + Ay + A3+ Ay

where

— [N (O d(uE y, + 2t — nABR[EAD) dt,
= JUTURY foa F dBlul p )t
= [IEDAL ([ (VIk Al - V) d(pk ap + 20t — nADR[E L)) d,

n+1)At Vipk
Ay = fén:;& (fia O + VInhad - VF) d@y ol ) Hil, 4 a )it

We begin by noticing that pk,, + 2(t — nAt)h[uF \,] is a weak solution on
(nAt, (n + 3)At) to Oy = 2h[uk \,], with the initial condition v,a; = pf ,, so
it satisfies:

(n+3)At
A=z [, £ anlussar
nAt R4 (23)
1
b [ A0 du e~ [ F00 dik,
R 2 R

We go back to the first two term of (22). Notice that from (23), we have

(n+3)At
M= [ [ e - ) dnl s

At

[ Hms A dt s = [ S0AD ditsg

(n+3)A
- / " / (BLoufe) + O(ar) dnl o Jat
n R4

At

[ a0 g = [ 108D ik

[l Ly At)

2(t—(nt At#'u’(n+ LAt
Orvy + V- (VpEavr) =0 w1th the initial condition vy = “Zﬂré)m at time 7 =

2(t — (n+ 3))At, it satisfies

Similarly, since o, is solution to the transport equation
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At T 1
/ 0-f(5 + (n+ 5)At)dv.dr

0 Rd 2 2

At T 1

[ [ VG et )80 Vs dveds
0 R4 2 2
1
= [ fn 080~ [ S+ 50
Rd R4
After the change of variables t = Z + (n + 3)At, we obtain

(n+1)At
/ +Hat Jre (8tf(t) + 2Vf(t) ’ V[uﬁAt])d((bQ(Et ”(ii ))At#ﬂ’?n+%)At)dt

= [ I DA = [+ A
We now use this to evaluate the fourth term of (22). We have:
(n+1)At

k
A=- | VI ViA@Y iy a0
! (n+i)at JRrd At 2(t—(n+5) At (nt+3)At (24)

1
L R SN BRI TN A
R R
Adding together the second and third terms of (22) and using (24), we obtain:

(n+1)At (n+1)At

Az +Ag = / V- Vipgad duf dt - / V- Vipgaddus dt
nAt R4 (n+1)At R4

[ A / Fln+ )At)du(n+ ' ar

Now,
(n+1)At

(n+%)At . .
/ Vf - Vik ] dplf dt / Vf - Vb o Jdpik dt
nAt R4 (n+31)At JRE

(n+1)At
=[O [ v Vs it ar

(n+1)At At ) )
- /nAt Rd VIt+ 7) ' V[“nAt]dUﬁ% dt
(n+1)At ) )
:/ VF(t) - VIphad d(ps — pf, ac)dt
nAt Rd y

(n+3)At At . A
[ V0 = 5 Vi sl e
nAt R 2 2
=B + B2 + B3
where
I’L(n+ )At)dt
% lu‘tJr%)dt?
) - V[uﬁmlduﬁ%dt-

nt+3)A
By = ,EAJ{Z) tfRd vf(t)'V[MﬁAt} ( f
nt+3)A
By i= [T [ VI @) Vik ) d(pk
A)
2

n

By = [(HA L (VF(t) — VE(E+
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The first term gives:

(n+3)At 1
Lo [ VR Vs 2+ )= s i

<My S|V fll= AL

|B1| =

The second term gives:

(n+§)A k k
|BQ| < / Llp(ﬂ(n+%)Atvﬂt+%)dt

At

(n+3)A At
< Ll/ My(t+ 5= (n+ )At)dt < Ly My A2
nAt

where, denoting by L;(¢) the Lipschitz constant of the function x — Vf(t,z) -
V[uk A, )(z), we define Ly = supse (o, L1(t). Notice that it is independent of n and
k as seen in Proposition 8.

Lastly,

(n+2)At At Atz
Bl < [ 7 [ SHOT IO VI adldut et < My 0r e S
nAt
We can finally go back to (22).
(n+1)At
L2 (] @ vidkad- i+ [ aniuta) a

At

(nt3)A At 1
< /Rd< 01(0) +O(AR)) dhlik st + [ Fl(n-+ A0 iy,

At

— [ fmar) dut s, + / F((n+ DADALE, 1) a

]Rd
R )At)du(n+ )At+MV(S||Vf||Loo+L1+f||8tVf||Loo)At2
< [, S 080l = [ T0A0 drlida) + OAE,
Rd

with C := 28||0,f||L>~ + My (S||Vfllp~ + L1 + i”atfoLoo). Thus,

2P =1 (nt1)At
i |5 | ( | @r+vidad- vt + [ fdh[ufmt]) dt
k—oo | =1 Jnat Ré Rd

2k 1

< thZAt? Jim CT2" k—0.

k—o0

We can now prove the following:

Proposition 13. The limit measure fiy = limg_, uf is a weak solution to (14).
Moreover, iy € P.(R?) and for all R > 0, there exists Ry > 0 such that if
supp(fig) C B(0, R), for all t € [0,T], supp(fi) C B(0, Rry).
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Proof. We will prove that for all f € C°((0,T) x R4),

2k

-1 (n+l)At
lim Z /n (/]Rd (6tf+V[:U/§At} -Vf) dﬂf +/]Rd f dh[ﬂﬁmo dt

k—
o n=0 At

(25)
T
[ ([ @+ vipd- v am+ [ aniad) de=o,
0 R4 R4
First, denoting by F1 := supy 11 [|0¢f (¢, ) lLip + 10t f | Lo ((0,7) xray, Observe that
2k _1
2k

-1 ,(n+1)At
<K Z / sup fd(py — jiy) | dt

n—0 JnAt FECTTP || FllLip <1,lI flloe <1 /R?

(n+1)A -1 (nt1)At o,f
/ O f d(py — ji)dt = Fy Z / —=d(ug — fir)dt
R4 n—o v nAt R4

1

<FT D(u*, ) — 0.
k—o00
Secondly, denoting by Fy := supjo 1y [|£(t, ) llip + | £l o ((0,1) xR7)5

Fdhlibid = bl = Fo [ a(hlu] = hlil) < Pap(hlu s bl

< FoLip(iags i) < FaLn(p(pgas 1) + p(ug's fir)
< BLi((S + My)At +D(uf, fir)

from Equation (19). Hence,

R4

2 (n+1)At
>/ F d(hlpt o) — hlja)dt

n—0 Y nAt R4

2k (n+1)At
<FyLy Z / ((S + Mv)At + D(uf, fir))dt

n=0 At
<(S+My) S A+ TD(uf, ) = 27FT(S + My) + TD(pk i) —— 0,
n=0

Thirdly, denoting by F3 := supy 1 [V (¢, )[Lip + IV £l (0,7) xra)
| Vil -vs it = [ Vil di
= [, Viksd- V1 dGek =)+ [ (Vikad = VI - 9 di
+ [ (Vi1 = Vi) - 91 di
<F3(My +2Lv)p(uy, fir) + Fs Ly (S + My)At.

Hence, 22 e f(Z—:l)At S VIEEAD -V dpf — [ou VI - Vf diedt - 0. We

n

conclude that (25) holds, and from Lemma 4.2, we obtam

/OT (/Rd(atf + V] - V) djig + /]R f dh[;@) dt = 0.
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As remarked in [21], this weak formulation is equivalent to the Definition 4.1. This
proves that fi; is a weak solution to (14). The compactness of its support can be
deduced from Proposition 11. O

Proposition 14. Let p,v € C([0,T], Pc(R%)) be two solutions to (14) with initial
conditions g, vy. There exists a constant C > 0 such that for allt € [0,T],

P(,Ut; Vt) S €Ct p(/LOvVO)'

In particular, this implies uniqueness of the solution to (14).

Proof. Let u,v € C([0,T), P.(R%)) be two solutions to (14) with initial conditions
o, vo. Let e(t) = p(pe, v4). Then

et +7) = ppesr,visr) < A1+ Az + A3 (26)
where A; = p(pt4r, CPZ[M]#(M + Thlu]), A2 = p(Vitr, CIJX[V"]#(W + Th[1])) and
A = p(®Y ¥ (g + rh[ne]), Y4 (14 + Th[14])). From Prop 4, it holds:

Az < (14 2L7) p(pe + Thlpe], ve + Th{1e])
+ min{|pe + 7hlpe]|, [ve + Th{ve][}27 Ly p(pe, ve) (27)
< (1+2(2Ly + Ly, + 2Ly)7) p(pie, v1)-

For A; and As, we prove that any solution p to (14) satisfies the operator-splitting

estimate:
V(t,7) €0, T x [0, —t],  plpryr, @Y FI#py + 7hipn]) <K 72 (28)

T

We begin by proving (28) for solutions to the numerical scheme S. Let k € N and
uFf be the solution to S with time-step At = 27*T and initial condition . For
simplicity, we assume that t = nAt and 7 = [At, with (n,l) € N2, and we study
the distance

Vipk A,
Dy = p(pf s nyaes (I)lA[?”A (U ay + IAE R[EE ).
Notice that by definition of the numerical scheme, for [ =1, D; = 0.
Let us now suppose that for some [ € N, D; < K (I — 1)2At2. We compute

Vipk A,
Dy = P(Pf+z#(ﬂl(€n+l)m + At Hy L), Pf#@m[‘t‘"ﬁ ik py + 1AL HE + At HE))
Vpk A,
< (P11 iyaes Pf#q’zigﬂ’“#(ﬂﬁm + 1AL HY))
k ]
+ Atp(Py# Hyy, Pr]f#q’lvA[I:nAt]#HS)
< A k Y Hnad gk At HF IALL k k
< (L4 2L At) p(pqayae Pray ™" # (e + 1AL Hy)) + 2ALLy p(pi(y 40y A Hnat)
k
+ At (1+ 2Ly At)p(HY ‘blVA[g"AJ#Hf) + QAtZLVp(,Ul(Cn—i-l)Ab L At);
where we used that from Proposition 10, for k large enough, @;/A[fl’c‘m]#(uﬁm +
k
IAt HF) € P(RY), thus \fblVA[’;"At]#(quAt + 1At HY)| = \,u?nﬂ)m\ = 1. Now since
Pl ityne Hrae) < AL My + ),
Diy1 < (14 2L A K ((1— 1)2At?) + 2At Ly LAt (My + S)
+ At(1 + 2L At)(LplAt(My + 8) + IAtMy S) + 2Ly A IAL(My + S)
< AP[K(1—1)* +1((2Ly + Lp)(My + S) + My S)] + O(At?)
<AP[K(1-1)* + KI| < KI?At*.
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Thus, by induction, p(u?n+l)At,<I)lA?7LA‘]#(u ar AL R[EEALD)) < K(IA)? and

similarly we can prove that for all (¢t,7) € [0,T] x [0,T —t], p(uf, ., ® oyl b 4
Thluf]) < K 72. Hence,

p(ttagr DY Wy + Th[]) <p(upyr, @Y PIHug + Th[ug]) + p(ptesr, pf ;)
+ p(@Y I gy + Thp], ®Y e ek + Thluf))

and by taking the limit k& — oo, p(pityr, @Z[’“]#Mt + Th[ug]) < K72, which proves
(28).

Coming back to (26), and using (27) and (28), it holds e(t + 7) < (1 + 2(2Ly +
2Ly + Ly)7) e(t) + 2K72. Then =20 < 921, 4 2Ly + Ly, )e(t) + 2K, which
proves that ¢ is differentiable and that €'(t) < 2(2Lg + 2Ly + Lp,)e(t). From Gron-
wall’s lemma, e(t) < £(0)e?(2LeT2Lv+Lu)t This proves continuity with respect to
the initial data, i.e. uniqueness of the solution. O

We have thus proven Theorem 1.1: Existence was obtained as the limit of the
numerical scheme S in Proposition 13; Uniqueness comes from Proposition 14.

We saw in Section 3.2 that the Bounded Lipschitz distance and the 1-Wasserstein
distance are equivalent on the set of probability measures with uniformly compact
support. This allows us to state the following:

Corollary 1. Let p,v € C([0,T],P.(RY)) be two solutions to (14) with initial
conditions po, vy satisfying supp(uo) U supp(vo) C B(0, R). There exist constants
C >0 and Cr, > 0 such that for all t € [0,T],

Wl(,utyyt) S CRTBCt Wl(:u‘Oa VO)'
Furthermore, for all p € N*,
Wy (e, ) < (2R)"5 Ch, 5" Wy(ju0, 10)

Proof. Let R > 0 such that supp(ug) Usupp(vg) € B(0, R). From Proposition 13,
there exists Ry > 0 such that for all ¢ € [0,T], supp(p+) U supp(v:) C B(0, Rr).
Putting together Proposition 14, equation (12) and Proposition 6,

Wi(pe, ) < Cryp(ie, i) < Crpe®t pio, o) < CryeC Wi (1o, 10),

where Cr, = max(1l, Rr). Moreover, for all p € N*, from equation (13) and
Proposition 7, it holds

Wy (il ) < 2R)T Wi(ul, ue)¥ < (2R)"7
< (2R)'7 Cp e T Wy, o).

pfl c

Fe 1
Cfi tW (Ho s Ho) P

O

5. Convergence to the macroscopic model. Having proven the well-posedness
of both the microscopic and macroscopic models, we are now in a position to prove
the convergence result stated in Theorem 1.2 that is central to this paper. The
proof, as for the now classical proof of convergence of the microscopic dynamics
without weights (1) to the non-local transport PDE (2) (see [10]), relies on two
ingredients: the fact that the empirical measure satisfies the PDE and the continuity
of the solution with respect to the initial data. We begin by defining the empirical
measure for our microscopic system with weight dynamics and prove that it does
satisfy the PDE (14).
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5.1. From microscopic to macroscopic via the empirical measure. The fact
that (7) preserves indistinguishability allows us to define a generalized version of
the empirical measure. For all N € N and (z,m) € C([0,7]; (RN x RY) solution
o (7), let

N
1

be the generalized empirical measure. From Proposition 1, we know that for all
t €10,7T), us € P(RY). We can prove the following:

Proposition 15. Let (z,m) € C([0,T); (RY)N x RY) be a solution to (7), and let
pN € C([0,T); P(R?)) denote the corresponding empirical measure, given by (29).
Then, u™N is a weak solution to (14).

Proof. We show that ul satisfies (17). Let f € C°(R?). Substituting p by u™
the left-hand side of (17), we obtain

d 1 1 &
i L, T @) = 37 301 + 37 SOV @) o) (30

The first part of the right-hand side of (17) gives

/Vﬂt Vf(x)dpy () = szmm3¢ — ;) - Vf(xi)

i=1 j=1
1 N
i=1

where the last equality comes from the fact that z is a solution to (7). The second
part of the right-hand side of (17) gives:

Rdf( )dhﬂt Zmzf L Z Zmn o S(@i, gy, xj,)

Jl 1 ,1—1
1 .
i=1

where the last equality comes from the fact that m is a solution to (7). Putting
together this last equation with (30) and (31), we deduce that u) satisfies (17),
thus it is a weak solution to (14). O

(31)

5.2. Convergence. We are finally equipped to prove Theorem 1.2, that we state
again here in its full form:

Theorem 2. LetT >0, g € N and M > 0.

For each N € N, let (2M° mfv’o)ze{l Ny € RHY x (RN such that
SN om0 =M. Let ¢ € C(Rd RY) satisfying Hyp. 1 and let S € C((RY)7T1;R)
satzsfymg Hyp. 2. For allt € [0,T], let t — (z¥(t),mY (t))ieq1,... Ny be the solution
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to

N
. 1 N,0
Uci:M;mj¢($j—$i)7 zi(0) = z;

N N
. 1 N,0
i =miro Do Y mymy, S, ewg,), mi(0) =m Y
J1=1 jqzl
N ._ 1 N N d . .

and let piy’ := 37 > i1 M (£)0,n5 (1) € Pe(R?) be the corresponding empirical mea-
sure. Let P(-,-) denote either the Bounded Lipschitz distance p(-,-) or any of the
Wasserstein distances W(-,-) for p € N*. If there exists jig € P.(RY) such that

lim @(NévaO) =0,
N—o00
then for all t € [0,T),
lim @(M;t]vvﬂt) =0,
N—o0

where g is the solution to the transport equation with source

() +7 - ([ 6o = )it (o))

= (/ S(@,y1,- ayq)dut(yl)"'dl‘t(yq)> (),
(Ra)a

with initial data p—g = Ko-

Proof. Since ¥ and j; are both weak solutions to (14), from Proposition 14, there
exists C' > 0 such that p(u, pe) < e“*p(ud, 10) and the result follows immediately
for 9 = p.

Let R < 0 such that supp(uo) U supp(ud’) € B(0,R) for all N € N. From
Corollary 1, there exists Cr, > 0 depending on 7" and R such that for all p € N*,

po1 1
Wy (ud¥, ) < (2R)TIC§Te%th(uéV, NO)% and the result follows for ¥ = W,,. O

6. Numerical simulations. To illustrate our convergence result, we provide nu-
merical simulations for a specific model. We also refer the reader to the paper [2]
for numerical simulations with a different model.

We recall the first model (M1) proposed in [16], “increasing weight by pairwise
competition”:

N
Bi(1) = 22 S0 m(6(s (0) — mi(1), wi(0) =}

1 ad @i(t) + i5(t) 0 32
m;(t) = Mml(t) ng (Uﬂ(fﬂji% m;(0) = m;

where uj; is the unit vector in the direction z; — z; and j is a constant.

With this choice of model, the evolution of each agent’s weight depends on the
dynamics of the midpoints (z; + x;)/2 between z; and each other agent at position
xj. More specifically, if the midpoint (x; + x;)/2 moves in the direction of z;, i.e.
<mgz] ,uj;) > 0, then the weight m; increases proportionally to m;. If, on the other
hand, (z; + z;)/2 moves away from z; and towards z;, the weight m; decreases by

the same proportion.
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In order to ensure continuity, we slightly modify the model and replace uj; by
a function h(x; — xz;), where h € Lip(R?%;RY) is non-decreasing and satisfies the
following properties:

e h(y) = h(ly|)y for some h € C(RT;RT)

o h(y) ~ |Z—‘ when |y| — oco.

Then, by replacing #; and &; by their expressions, the second equation becomes:

1 N N o o
T = sz Z ijmk 8 <¢(£k 171) _|2' ¢(xk x]) ’ h(l‘z . x])>
j=1k=1

Notice that it is in the form of System (7), with ¢ = 2 and S € C((R?%)3;R)
defined by S(z,y,2) =8 <w7 h(z —y)). One easily sees that S(z,y, z) =
—S(y,, z), thus S satisfies (10). Furthermore, for every Ry > 0, there exists S
such that for all z,y,2 € B(0, Rr), S(z,y,z) < S, hence condition (8) is satisfied
in a relaxed form. Lastly, it is simple to check that as long as ¢ € Lip(R?; R?),
S € Lip((R%)3;R) thus S satisfies (9).

We can then apply Theorem 1.2.

Consider pg € P(R). For simplicity purposes, for the numerical simulations we
take g supported on [0, 1] and absolutely continuous with respect to the Lebesgue

2
N

N,0 v .
m;"" == [N, dpo, We then have convergence of the empirical measures u) to po
N

measure. For a given N € N, we define for each i € {1,--- ,N}: va’o = and

when N goes to infinity. According to Theorem 1.2, for all ¢ € [0,T], pul¥ — wu,
where p; is the solution to the transport equation with source

0unn(z) +0: [ oty = )i () = ([ St 2ol () (o),
R R2
33)
Figures 1, 2 and 3 illustrate this convergence for the specific choices : g := 100,
M = N, and

® ¢ := g2, where for all R > 0, ¢g : 6 — % siHQ(%\6|)IL|5|SR,
® h:0— arctaur1(|5|)‘%‘7
o dup(x) := @dm, with
3.5 5(z — 0.25)2 1 5(z — 0.90)2
= - + !
fla) =] o O 1 )+ 5 ol 1 NLjo,1(2)
and F := [, f(x)dx.

Remark 5. The interaction function ¢r provides an example of a bounded-
confidence model (see [15]): agents interact only if they are within distance R
of one another. Furthermore, the force exerted by x; on z; is colinear to the vector
xj — x;: this translates the fact that x; attracts ;. Since the seminal paper [15],
bounded-confidence models have been extensively studied in opinion dynamics, and
it is well-known that they can lead to various global phenomena such as consensus
or clustering.

Figure 1 shows the evolution of ¢ — (2 (t));eq1,... vy and Figure 2 shoes the
evolution of t — (m (t));eq1,..,ny for N = 20, N = 50 and N = 100. Due to
the fact that the interaction function ¢ has compact support, we observe formation
of clusters within the population. Note that as expected, the final number and
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FicURE 1. Evolution of the positions for N = 20, N = 50 and
N = 100. The thickness of the lines is proportional to the agent’s
weight. The dotted line represents the barycenter z := % > MiT;.

Weights with respect to time

FIGURE 2. Evolution of the weights for N = 20, N = 50 and
N = 100. The dotted line represents the average weight m =

positions of clusters are the same for all values of N (N big enough). Within each
cluster, the agents that are able to attract more agents gain influence (i.e. weight),
while the followers tend to lose influence (weight).

Figure 3 compares the evolutions of ¢ +— p; and t + pl¥ at four different times.
For visualization, the empirical measure was represented by the piece-wise constant
counting measure i defined by: for all z € By, il (z) = & SN m;l{z; € E;},
where for each j € {1,---,p}, E; = [%,%), so that (Ej);eq1,... p} 15 a partition
of [0,1]. In Fig. 3, p = 41. We observe a good correspondence between the two
solutions at all four time steps. Observe that the four clusters are formed at the
same locations that in Figure 1, i.e. at z = 0.07, z = 0.33, z = 0.66 and = = 0.9.
Convergence to the first and fourth clusters is slower than convergence to the second
and third, due to the differences in the total weight of each cluster.

Appendix. We provide the proof of Proposition 2. It is modeled after the proof of
existence and uniqueness of the Graph Limit equation provided in [2], but we write
it fully here for self-containedness.

Proof. Let (Zi)icq1,-,ny € C([0,T)(RDYN) and (11:)ieqr,. vy € C([0, T RY).
Consider the following decoupled systems of ODE:

ii(t) = 37 P mj(t)p(z;(t) — xi(t)), (34)
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FIGURE 3. Comparison of u; (in red), solution to the macroscopic
model (33) and i)Y (in blue), counting measure corresponding to
the solution to the microscopic model (32) for N = 100.

(35)

Ji=1 Jq=1

1 N N
ml(t) = ml(t)m Z t Z mj, (t) coMy, (t)S(ji(t)"ijl (t)v o .‘ijq (t))’

m;(0) = mi™.

Existence and uniqueness of the solution to the Cauchy problem given by (34)
comes from a simple fixed-point argument.

We now show existence and uniqueness of the solution to the second decou-
pled system (35). Let m® € RY such that S mi* = M. Let M = {m €
C([0,T],RY) | m(t = 0) = m™ and Zf\le m; = M}. Consider the application
K, : M,,in — M,,in where

(Kminm)i(t) = m?
t 1 N N
+ /0 mi(T) 3 jz::l . ~j§::1 my, (1) - my, (7)S(Zi(7), 5, (7), - - 5, (7))dr

forallt € [0,7] and i € {1,---,N}. We show that K, is contracting for the norm
Imllar, . = 37 SUP,¢ (0,7 Zf\il |m;(t)]. Let m,p € M,,in. It holds:
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[(K pinm — K, pinp) |</ ]\/[q|mz il Z my, - --my |S(Ts, gy, - Ty, |dT

JiJq
/ e b Z Imy, —piy |mg, - my, [S(&i, Ty, - - B, ) |dr
JiJq
/ aabi Z Pji ** Pigoa Mg, — Py ||1S(Zi, Zj,, - - 25, ) [dT
JiJq
N
<S8T sup ‘mz pz| +qSTM sup pzz ‘mj p]|)
[0,7] 0.7 =1

N
< Sj’sup lm; — pi| +qST SUPZ |m; — pjl.
[0,7] [0,T] j=1
Thus, ||K,mm — K,,inp|lam Taking T < (g -
1)S)~, the operator K,,m is contracting. Thus, there is a unique solution m €
CH([0,T],RY) to (35).
Let us define the sequences (z")n € N and (m"™)n € N by : m°(t) = m!® and

20(t) = 2 for all t € [0,T]. For all n > 1, 2" and m" are solutions to the system
of ODEs

< (¢ + D) STm - pla, .

— min

min

ST — no n-1 ,n-1 _ ,n-1
m; =m; Ma Z Z mjl m]qs(l‘i ’le ’ qu )

with initial conditions z7(0) = zi" and m?(0) = mi®. The results obtained above
ensure that the sequences are well defined and that for all n € N, (z",m") €
C([0,T); (RH)N x RY). We begin by showing that z" and m" are bounded in
L norm independently of n. It holds: |m?(t)| < |mi| + S’fg |m?(7)|dr. From
Gronwall’s lemma, for all ¢ € [0,7], |m?(t)] < meSt < My where My :=
max;e(1,...,.N} m‘neST

Similarly, notice that for all z € R [|p(2)|| < ®o + Lgl|z||,where @5 = ¢(0).
Then [le ()] < [l + 42 £ 57 (o + 2Ly maxic. .. vy 27 (r)dr. Thus

Jj=1

: My t
|| < n —(®gt + 2L m d
e O] € _max o]+ S0+ 2Ly [ max(a?()]ar)

and from Gronwall’s lemma, for all ¢ € [0, 7],

M My
ma x; < Xp:= { max x‘“ +—<I> T} Lo T
Lanax[l220)] anax [l +
We prove that (2™),en and (m™),en are Cauchy sequences. For all n € N,
7+ — 2

tq N tq N
| [ 2 o mpoteytt —aar = [ S oty - ayar
j=1 j=1
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1 = n n—1
SM(<I>0+2L¢XT)/O Z|mj —m) 7 dr

MTL n 'n, n TL
¢/ Z e+ = 22|+ |22 — 27 )dr

Thus
N
S a7l < gyt 2L0n) [ 3 e

Mr L
+onMr ¢/ ZW” 20| dr.

A similar computation, for m gives

t
it | < [
0

> omt e mP S (el )dr

Ma J1 Jq Jq
jl"'jq
n+l n n+1l n+1 no..n
/ m; — M‘l E |m3; my, [m’ my TS (a2l )dT
J1-Jq

+1
/ "3 3 e S

/ mi— Mq Soompeml [S(a) -l ) = S(ap a2l hdr

Jl"'jq
From (9), it holds fo PNIT gy, M [S (a2l )= S(x
JomiLslla? — 2 dr + g fy 4 S my mi Ll — 277" dr.
Thus, [m!™t —mp| < S [} |mi* — mpldr + ¢SMx fgz i — mdr +

Mr fot Lg|ap — ' t|dr + qLs™r fo >0y — 2™ Y|dr. Summing the terms, it
holds

&3
L

n—1
] )|dr <

N

N
St <10 a0 (1S g il
[m; mi'| <S(1+¢q M)O» |m my|dr

i=1

+ MrLs(1+qh) / ZHJ 21| dr.

Summarizing, we have

N t N t N
Sl —ar) < Gy / S et — a7 dr + Cy / S it — midr;
i=1 0 =1 0 =1
N t N t N
S mit - mr| < Gy / S mi . — mrldr + C / S |lep — o
i=1 0 ;=1 0 ;=1

where ¢, = 2NY1le ¢, = N(<I>0 +2LsX7), O3 = S(1+ ¢gN2z) and Cy =
MrLs(1 +¢). Let u, := S0 lai ! — 22| + 2N, [mP T —m?| for all n € N.
Then u, (t) < Ar fo up (T)d7 + A fo Un—1(7)dT where A7 := max(Cy, Cs, C3,Cy).
From Gronwall’s lemma, for all ¢t € [0,T], u,(t) < ApeArT fot Un—1(7)dT which,
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AprT\n
by recursion, implies u, (t) < %

convergent series. Thus, for all n,p € N,

supjo,) uo- This is the general term of a

n+p—1 N n+p—1

N
DI AT Sl Sl s BT P o p—
i=1 k=n i=1 k=n

n,p——+00

This proves that (2"),en is a Cauchy sequence in the Banach space C([0, T], (R%)Y)

for the norm z — sup,¢(o 7 Zfil |22 (t)]]. Similarly, (m™),en is a Cauchy sequence

in C([0,7],RY) for the norm m SUDP¢e(0,7] Zivzl |mP(t)]. One can easily show

that their limits (z,m) satisfy the system of ODEs (3). Furthermore, since the
bounds X7 and My do not depend on n, it holds ||z;(¢)|| < Xr and |m;(t)| < My
for all t € [0,T] and every i € {1,--- , N}. This concludes the proof of existence.

Let us now deal with uniqueness. Suppose that (z,m) and (p, m) are two couples
of solutions to the Cauchy problem (3) with the same initial conditions (z'®, mi®).
As previously,

N N
D laat) =yl + Y lma(t) — pi(t)]
i=1 i=1

< ar [ Ir) =)l + 3 bmslr) = pir)

N N

By Gronwall’s lemma, Z lz: (t) — v (®) || + Z |m;(t) — pi(t)] = 0, which concludes
i=1 i=1

uniqueness. O
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