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EXISTENCE AND UNIQUENESS OF MEASURE SOLUTIONS FOR A SYSTEM
OF CONTINUITY EQUATIONS WITH NON-LOCAL FLOW
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ABSTRACT. In this paper, we prove existence and uniqueness of measure solutions for the Cauchy
problem associated to the (vectorial) continuity equation with a non-local flow. We also give a
stability result with respect to various parameters.
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1. INTRODUCTION

In this paper, we consider the system of nonlocal continuity equations

Op' +div (p'Vi(t,z,n'xp)) =0, t e RT, z € RY, (L1)

p'(0) =7, ie{l,... k}, '
where the unknown p = (p', ..., p*) is a vector of measures, n* = (n®!,...,n"*) for eachi € {1,...,k}
is a vector of convolution kernels and we set n'sp = (n»! x p',... n%F x p*). For any time ¢ > 0, if

e € MT(R?) is a bounded measure on R% and ; is a bounded function on R?, then the convolution is
taken with respect to space variables only and is defined as usually as (p*1;) () = [pa me(x—y) dpe(y).
Equations with this structure can describe sedimentation models, supply-chains, or pedestrian
traffic (see later in this introduction more precise descriptions of these models, and references to
the literature). For physical reasons, in the following we are looking for positive solutions, since we
intend to describe the time evolution of a density (for instance, of pedestrians or of some physical
quantity). Moreover, we are interested in allowing concentrations (for instance, in points or along
hypersurfaces) of the density. Hence, we will consider (vector valued) solutions such that for any
time each component belongs to the space MT(R?) of positive measures with finite total mass.

In this paper we prove eristence and uniqueness for the system (1.1), together with stability
estimates with respect to various parameters, and further properties of the solutions. We consider
the following structural hypotheses:

(V): The vector field V (t,z,7) : Rt x R x R¥ — M, is uniformly bounded and it is Lipschitz
in (x,7) € RY x R* uniformly in time:

V e L°(R" x R? x R*) N L®(RT, Lip(R? x R¥ M) .
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(n): The convolution kernel n(t,z) : Rt x R* — M, is uniformly bounded and it is Lipschitz
in z € R? uniformly in time:

n € L®(RT x RY) NL®RT, Lip(RY, My,)) .
Our main result is the following theorem.

1.1. Theorem. Let p € M*H(RY)E. Let us assume that V satisfies (V) and n satisfies (n). Then
there exists a unique solution p € L®°(RT, MT(RN¥) to (1.1) with initial condition p.

We refer to Section 2 for precise notations and definitions, in particular for the notion of solution.

1.2. Remark. If V satisfies (V) and n satisfies (n), in addition to the well-posedness provided by
Theorem 1.1 we have the following further properties:
o If p € LYR?, (RT)*) then p € €O(RT, LY (RY, (R*)¥)), up to redefinition on a negligible set
of times; for all time ¢t > 0 and for all s € {1,...,k} we have Hpi(t)HL1 = HﬁiHLr
o If p € (L' NL>®)(RY, (R*)¥) then p € LS (RT, L°(RY, (R*)*)) and for all time t > 0, we

have ||p(t)||p, < [|p]lg-€e®?, with C' a constant dependent on Lip,(V), Lip,(V), Lip,(n) and
120 1

o Let p,6 € MT(RY)F such that for any i, Hﬁ"HM = H&iHM. Let p and o be the solutions of
(1.1) associated to the initial conditions p and . Then we have the estimate:

Wl(pta Ut) < 6Kt%(pa 5-) )

where K = Lip, (V) + Lip, (V)Lip, ()71 + Lio,(V)Lipg(m)l|allv( and #4(pr, ) is the
Wasserstein distance of order one between p; and oy.

As we pointed out before, the use of measure solutions allows the treatment of concentrations in
the evolving density. However, the first two observations in this remark clarify that concentrations
cannot be produced by the dynamics of our problem, when starting with diffuse initial data. Measure
solutions are useful to describe the evolution of concentrated initial data, which may persist to be
concentrated under the time evolution.

The above properties are described in Corollary 2.9 and in Proposition 4.2. The Wasserstein
distance of order one is defined in Section 3.

1.3. Remark. In Theorem 1.1 as well as in the other results of this papers, it is in fact sufficient to
require that V' (¢, z,7) is L in ¢, z and L{®, in r. Indeed, p*n’ is uniformly bounded by ||5| v|[7l|p, =
M. Consequently, denoting By the closed ball of center 0 and radius M in R, it is sufficient to
require V¢ € L®(R* x R? x Byy).

Note also that, restricting the definition of V' and 7 to the time interval [0, Ty], we obtain a solution
defined on the same time interval. Consequently, we can as well just require V' and 7 to be LfS in

time instead of L°.

1.4. A model of pedestrian traffic. System (1.1) stands for a variety of models. Let us present
first a macroscopic model of pedestrian traffic. In a macroscopic pedestrian crowd model, p is
the density of the crowd at time ¢ and position « and V is a vector field giving the speed of the
pedestrians. According to the choice of V', various behaviors can be observed. Several authors
already studied pedestrian traffic in two space dimensions. Some of these models are local in p (see
[4, 11,17, 18, 20, 21]); other models use not only the local density p(¢, ) but the entire distribution of
p, typically they depend on the convolution product p(t) xn (see [7, 8, 9, 6, 14, 23]) which represents
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the spatial average of the density. Within the framework of (1.1), we can study the models presented
in [8, 9, 6]. In [8], the authors considered for V' the expression

V =w(pxn)i(z),

where v is a scalar function giving the speed of the pedestrians; n is a convolution kernel averaging
the density, and #(z) is a bounded vector field giving the direction the pedestrian located in z will
follow. This model is more adapted to the case of panic in which pedestrians will not deviate from
their trajectory and will adapt their velocity to the averaged density. Indeed, even if the density is
maximal on a given trajectory, if the averaged density is not maximal, the pedestrians will push,
trying all the same to reach their goal. This behavior can be associated with rush phenomena in
which people can even die due to overcompression (e.g. on Jamarat Bridge in Saudi Arabia, see [16]).

The authors of [8] study the scalar case in the framework of Kruzkov entropy solutions. They
obtaine existence and uniqueness of weak entropy solutions under the hypotheses v € W2 (R* RT),
7€ (W2 N W2 (R4 RY), and n € (W2® N LY) (R4 R). This result was slightly improved in [9)]
where, under the same set of hypotheses on v, ¥ and n, the authors consider a system instead of
a scalar equation and obtain global in time existence and uniqueness of entropy solutions. In the
present paper, we recover and improve these results, assuming lighter hypotheses. Indeed, although
we consider weak measure solutions, these in fact are unique and consequently coincide with the
entropy solutions of [8, 9] when the initial condition is in L.

A related model was studied in [12, 23] where the authors, instead of an isotropic convolution
kernel, consider a nonlocal functional taking into account the direction in which the pedestrians are
looking. Results in a somehow similar spirit to the present paper have been obtained in [22], where
the authors restrict to the case of absolutely continuous measures, and also present various related
numerical schemes.

1.5. Coupling diffuse populations and isolated agents. Another model of crowd dynamics that
we recover consists in the coupling of a group of density p(t, ) with an isolated agent located in p(t).
This can modelize for example the interaction between groups of preys of densities p and an isolated
predator located in p. Such a model was introduced in [6] where the authors obtained existence and
uniqueness of weak entropy solutions under very strong hypotheses.

We recover here partially the results concerning the coupling PDE/ODE of [6]. Indeed, the measure
framework allows us also to introduce particles/individuals through Dirac measures.

For instance, let us assume that k = ko + k1 such that p', ..., p* are in fact functions belonging
to L°(RT, LY(R?,R*)) and that Opty- .., 0,k are Dirac measures located in pr(t),...,p" () € RY.
Let us denote p = (p!,...,p*) € R* and p = (p',...,p") € Myy,. We also denote with V' (resp.
n') the vector fields (resp. kernels) associated to p, and with U (resp. A?) the vector fields (resp.
kernels) associated to p. Note that &,; % X7 () = X“I (x —p?). By definition of weak measure solution
(see Definition 2.2), if p; € €*(]0,T], R?), the Dirac measures are satisfying, for any i € {1,...,k}

pi(t) =U" [12 pi(t), pexni(pi(t)), Nt (pilt) — pi(t)), - .., ABR (pi(t) — pr,y (ﬂ)} ;
which can be rewritten

pit) = @ (t,p(t), pexni (P'(2))) -
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Consequently, in this case, system (1.1) becomes

Ot + div <pz Vi (t’ ©, niwpe, (N ( —pj(t)))flzl)) —0, ie{l,... ko,
P (1) = o7 (& p(t), poxn] (P (1)) - J el ki),

a coupling of ODEs with conservation laws.

1.6. Further models. The system (1.1) comprises also a model of particles sedimentation, intro-
duced in [24] and studied in [26], where the author proves existence and uniqueness of weak solutions
with initial condition in L*°. A related nonlocal model is the supply-chain model [2, 3], in which the
integral fol p(t,xz) dx replaces the convolution product. This last model was studied for example in
[10], imposing boundary conditions in z = 0 and x = 1.

In the context of Hamiltonian systems, very general existence results, together with approximation
schemes, have been obtained in [1]: however, uniqueness seems to be out of reach in such low
regularity context. Models of aggregation are studied in [5], using gradient flows techniques and
allowing singular kernels.

1.7. Strategy of the proof and plan of the paper. The proof of Theorem 1.1 is divided into
two main steps. First, we prove some a priori properties of the solutions (see Section 2): mainly, we
prove that the weak measure solutions of (1.1) coincide with the Lagrangian solutions of this system.
Important consequences are the conservation of the regularity of the initial condition and the strong
continuity in time in the case the solution is a function, as stated in Remark 1.2.

Second, we prove the existence and uniqueness of Lagrangian solutions thanks to a fixed point
argument (see Section 5). Indeed, introducing the set of probability measures endowed with the
Wasserstein distance of order one, we are able to prove a stability estimate with respect to the
nonlocal term (see Section 4). The technique used there is quite similar to the one of Loeper [19],
who studied the Vlasov-Poisson equation and the Euler equation in vorticity formulation.

This article is organized as follows: in Section 2 we define the two different notions of solution and
prove that they coincide. In Section 3 we give some useful tools on optimal tranport. In Section 4
we prove an important lemma giving a stability estimate. Finally, in Section 5, we give the proof of
Theorem 1.1.

2. NOTION OF SOLUTIONS

2.1. General notations. Let d € N be the space dimension and k£ € N be the size of the system. In
the following, M, 1 is the set of matrices of size d x k with real values and My, is the set of matrices
of size k x k with real values. In all computations, we will consider the 1-norm (i.e., the sum of
the absolute values of the entries) on both vectors and matrices. When considering other norms, a
constant depending on d and/or k appears in the estimates.

We denote by M(R?) (resp. MT(R?)) the set of finite mass (resp. finite mass and positive)
measures on R? and by P(R?) the set of probability measures on R?, that is the set of bounded
positive measures with total mass 1. If p = (p',..., p*) € M(R%)*, we define the total mass of p as

lollaa = Mot e+ 112 |
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In the following the Lipschitz norms with respect to x or r are taken uniformly with respect to
the other variables. That is to say, for example:
Lip, (V) = sup {Lip,(V(t,-,7))}.
teR+t,rcRF
The space L>([0, T], M*(R%)) consists of the parametrized measures j = (1t)eefo,7) such that, for

any ¢ € €2(R%,R), the application ¢ — [, ¢ du(z) is measurable and such that ess supyepo, 7y el ag <
0.

2.2. Weak measure solutions. We say that p € L>°(]0, 7], MT(R9)¥) is a weak measure solution
of (1.1) with initial condition p € M*(R®)* if, for any i € {1,...,k} and for any test-function
¢ € €>°(] — 0o, T[xR? R) we have

| [ 10+ Vi) 96 i@t + [ 6(0.)dp'(@) = 0.
0 R4 R4

2.3. Remark. A priori for weak measure solutions of the continuity equation d;p + div (pb) = 0, with
a given vector field b, we have only continuity in time for the weak topology (see [13]), that is to say,
for all i € {1,...,k}, for all ¢ € €2(R%,R), the application t — [p4 ¢(2) dp}(x) is continuous, up to
redefinition of p; on a negligible set of times.

In the case of the system (1.1), we have a gain of regularity in time when the initial condition is
a function in L'(R?, (RT)*) (see Corollary 2.9).

2.4. Push-forward and change of variable. When p is a measure on Q and 7 : Q@ — Q' a
measurable map, we denote Tyu the push-forward of 41, that is the measure on €’ such that, for every
€ €2, R),

/mwﬂwwz/Mﬂmmm»
Q Q

If we assume that p and v = Ty are absolutely continuous with respect to the Lebesgue measure,
so that there exist f,g € L! such that du(z) = f(x)dr and dv(y) = g(y)dy, and that T is a
Lip-diffeomorphism, then we have the change of variable formula

f(x) = g(T(2))|det(VT (2))] . (2.1)

Besides, we denote by P, : R? x R* — R? the projection on the first coordinate; that is, for any
(u,v) € R x R4, P, (u,v) = u. In a similar way, P, : R? x RY — R? is the projection on the second
coordinate; that is, for any (u,v) € R x R, Py (u,v) = v.

2.5. Lagrangian solutions. We say that p € L>([0,7], MT(R9)¥) is a Lagrangian solution of
(1.1) with initial condition p € MFTRH* if, for any i € {1,...,k}, there exists an ODE flow
X?:00,7T) x R — R?, that is a solution of

dx? ) . L
dt (t,x)= V" (t>XZ(t7x)apt*77%(XZ(t’ x))) )
X4 0,z) = =,

such that p! = Xtiﬁﬁ" where X} : R? — R? is the map defined as X} (z) = X'(t,z) for any (t,z) €
[0,T] x Re.
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2.6. Remark. Assume V satisfies (V) and 7 satisfies (). Then, for any p € L*([0,T], MT(R%)*),
the vector fields b = V (¢, x, p;*n;) are Lipschitz in « and

Lip, (b) < Lip, (V) + Lip,.(V)Lip, (1)l ot ]l o -

Consequently, if ||p¢|| v, is uniformly bounded, the ODE flow X* above is always well-defined, for a
fixed p.
If p € LY(RY, RY), then the push-forward formula (2.1) becomes, for a.e. (t,z) € R* x RY,

t
pH(t, X'(t,x)) = p'(x) exp <—/ divV? (7’, X'(r,x), pr * nT(Xi(T,x))) d7'> ) (2.2)
0
We now show that the two notions of solution in fact coincide.

2.7. Theorem. If p is a Lagrangian solution of (1.1), then p is also a weak measure solution of
(1.1). Conversely, if p is a weak measure solution of (1.1), then p is also a Lagrangian solution of

(1.1).

Proof. 1. Let p be a Lagrangian solution of (1.1). Let us denote b’ = Vi(t,z, p*n') and let X' be
the ODE flow associated to b’. Then, for any ¢ € €>°(] — oo, T[xR%,R), we have

T
/0 y (Op(t, ) + bi(t,x) - Volt, z)) dpy(a) dt

T
= /0 A (Dep(t, Xi(x)) + bi(t, X} (2)) - Vo(t, Xi(x))) dp(x) dt

= [ 8 e xiw) ape) a
= /gszX’(Tx dp(x /d)Oxdp /¢0mdp

which proves that p is also a weak measure solution. '
2. Let p be a weak measure solution of (1.1). For any i € {1,...,k}, let us denote b'(t,x) =
V*(t,z, pxn"). Let o be the Lagrangian solution of the equation

drot + div (a'b') = 0, a(0,-) = p', (2.3)

which exists and is unique since b’ is Lipschitz as noted in Remark 2.6. Then, arguing similarly as
in point 1, o is also a weak measure solution to (2.3). Denoting u' = p' — o', we obtain that '
is a weak measure solution of the equation dyu® + div (u’b’) = 0 with initial condltlon u'(0,-) = 0.
Consequently, for any ¢ € €>°(] — oo, T[xR%, R),

T
/ (at¢ + bi(t, l’) . V(ﬁ) dut dt =0.
0 R4

Let ¢ € €%(] — oo, T[xR%, R). Since b € L>¥([0, T] x R, R?) is Lipschitz in x, by computation along
the characteristics, we can find ¢ € €(] — oo, T[xR%, R) so that ¢ = 9;¢ + bi(t,x) - V¢. Hence, for
any 1 € €2(] — oo, T[xR%,R), we have fOT Jga ¥ dug dt = 0, which implies u = 0 a.e., and so p = 0
a.e. Consequently, we have also b'(t,x) = V'(t,z,0%n"), and o = p is finally a Lagrangian solution
of (1.1). O
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2.8. Definition. As a consequence of the previous theorem, in the following we simply call solution
of (1.1) a weak measure solution or a Lagrangian solution of (1.1), since these two notions in fact
coincide.

It is now possible to prove some of the properties given in Remark 1.2.

2.9. Corollary. Assume that V satisfies (V) and n satisfies (n). Let p € L>([0, T], M (RF) be a
solution to (1.1) with initial condition p € M+ (R%)k.
e If p e LY(RY, (R‘F)k)i Then we have p € €°([0, T], LY(RY, (R)¥)) and for all time t € [0,T),
alic (L. k), [0l = |17]],..
o If furthermore p € (L*NL>®)(RY, (RT)¥), then for allt € [0,T] we have p(t) € L>(RY, (RT)F)
and we have the estimate

= C
lp(®) |z < 1Allgee

where C depends on ||p|| v, V and 7.

Proof. Let p be a solution of (1.1) with initial condition p € L*(R?, (R*)¥). According to Definition
2.8, pis a Lagrangian solution associated to a flow X and we have immediately that ||p||,1 = ||p(¢)|l51-

Besides, as bi(t,z) = Vi(t,z, pxn') € L=([0, T] x R? RY) is bounded in ¢ and Lipschitz in z, then
X} € Lip(R% R?) and we can use the change of variable formula (2.2). If p € L>°(R%, RF), with

C = Lip, (V) + Lip,.(V)Lip, ()| Al o »

we obtain the desired L bound and p(t) € L™ for all ¢ € [0, T].

The continuity in time can be proved directly by estimating ||p; — ps||y,1 using Egorov Theorem.
This computation is straightforward although a bit long so we prefer to omit the details. Alterna-
tively, note that the continuity in time is also ensured by the results of DiPerna & Lions [15, Section

2.11] and the notion of renormalized solutions.
O

3. SOME TOOLS FROM OPTIMAL MASS TRANSPORTATION

Let us remind the definition of the Wasserstein distance of order 1.

3.1. Definition. Let p, v be two Borel probability measures on RY. We denote = (i, v) the set of
plans, that is the set of probability measures v € M*(R? x R%) such that Pyyy = p and Pyyy =v.
We define the Wasserstein distance of order one between u and v by

Wi(p,v) = inf / |z —y|dy(z,y) . (3.1)
YEE (1v) JRIXRE
Let p= (p',...,p"), 0 = (c',...,0%) be two vectors such that p',..., p* and o',...,o" are Borel

probability measures on R?. We define the Wasserstein distance of order one between p and o,
denoted #4(p,0), as

Vilp.o) =D Wilp' o). (3:2)
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3.2. Remark. By [25, Theorem 1.3], for any u,v € P(R?), there exist a plan g € Z(u, v) realizing
the minimum in the Wasserstein distance, that is

Wi(p,v) —/ |z —yldyo(z,y) .
]Rd

3.3. Remark. Let p € M*(R?)* be a probability measure and let X,Y : R? = R? be mappings such
that f = Xydp and g = Yy dp. Then, the probability measure v = (X,Y); dp satisfies P4y = f and
Pyﬁ'y = ¢g; hence

Wit < [

&~y dy(ay) = / X — Y| da() .
R4 xRd Rd

3.4. Proposition (cf. Villani [25, p. 207]). Let p,v be two probability measures. The Wasserstein
distance of order one between p and v satisfies

Wiluv) = swp [ o) (due) - dv() .
Lip(¢)<1 JR4

4. THE MAIN STABILITY ESTIMATE

In the following we consider probability measures instead of bounded positive measures. This is
not a real restriction since we pass from one case to the other just by a rescaling.

Before giving a stability estimate in Proposition 4.2, we prove a technical lemma, in which we
derive an estimate on the difference between two vector fields generated by different solutions.

4.1. Lemma. Let V satisfy (V) and n satisfy (n). Let r,s € P(RH*. For any i € {1,...,k}, we
have the following estimate
[Vt @, rent) = Vit z, s%0) || < Lip,(V?) Lipg (') #i(r, s).
In the previous lemma, the quantity #(r, s) on the right hand side could be infinite. If we restrict

ourselves to bounded positive measures with first moment finite, then the quantity above is always
finite.

Proof. The proof follows from Proposition 3.4 on the Wasserstein distance. Note first that in the
case Lip(n*’) = 0 then n*/ is constant and we have (r/ —s’)xn"/(z) = 0 < Lip(n*/)W1(r7, s7). Now,
in the case Lip(n*7) # 0, thanks to Proposition 3.4, we have

(rf — §7) % il (z) = /Rd 0" (z —y)(dr! (y) — ds (y))

—Lip(r) [ T ) - asi)

< Lip(n™7) sup o(y)(dr (y) — ds’(y)) = Lip(n"7 )Wy (17, 7).
Lip(¢)<1 /R4

As we obtain the same estimate for — (7 — s7) * n®(z), we can conclude that
HVi(t, x, r*ni) — Vi(t, x, s*ni)HLoo LipT(Vi)H(r — S)*”iHLw

<
< Lip, (V) Lip(n") #1(r, s) .
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Let 7,5 € L°([0, T], P(R%)*). We want to compare the following equations, in which the nonlocal
vector fields has been replaced by fixed vector fields. In this way, the system is made of the two

decoupled equations:
for alli € {1,...,k} p' +div (p'Vi(t,z,n'*r)) =0, p4(0,-) = p*, (4.1)
foralli e {1,...,k} o' + div (o'U'(t, z,v'*s)) =0, a'(0,-) =a°. .

4.2. Proposition. Assume V,U satisfy (V) andn,v satisfy (n). Let p, & be two probability measures
such that for any 1, HﬁZHM = H&ZHM. Let r,s € L>®([0,T],P(RH*). If p and o are Lagrangian
solutions of (4.1) associated to the initial conditions p and &, then we have the estimate:

P(pr,01) < e H(p,5) + Cte” S[%PT] W(re,se) + 0= Vigee + IV = Ul (4.2)
te|0,

where C'is a constant depending on Lip,(V'), Lip,.(V'), Lip,(n) and ||p]| v4-
Furthermore, in the special case r = p and s = o, we get:

Wilon o) < KHi(p,5) + KteXt [In— vlge + IV = Ullpc] | (4.3)
where Kis a constant depending on Lip,(V'), Lip,(V'), Lip,(n) and ||p]| v4-
Note that the estimate above comprises the case #1(p,d) = co.

Proof. Let p, o be two Lagrangian solutions to the Cauchy problem for (1.1) with initial conditions
p and & respectively. Let X, Y be the associated ODE flows. For any ¢ € [0,T], we define the map
Xiw Yy RIx R — RY x RY by

Xi w0 Vi) = (Xi(@), Y (). for any (r,y) € RY x R,
Lgt 7§ € Z(pt, %) so that ]P’xﬁfyé = p' and Pyufyé = &'. Let us define the probability measure

= (X; x Y)y7d. Then, Pyyyi = pj and ]P’yﬁ'yg = 0! so that ~} € Z(pi, ol).
We fix R > 0 and we define, for ¢t > 0

k
Z / =yl doi(my) = 3 / IXi(2) — Yi(y)| doi(ay)
i(Br)xY{(BRr) i—1 Y BrxBr

Note first that Q R is Llpschltz Indeed, for t, s > 0 we have

Qr(t) — Qr(s)| < Z /B (1@ - Vi) - 1Xi@) - Vi) dle)

s Z/B B | Xi(2) = Yi(y) — Xi(z) + Yi(y)| dvi(z,y)

S Z /B (X = Xi@) + V) - Vi) di e y)

< Z o Ve ) = sl

< <HvuLw+||UHLw>rmHM|t—s|. (4.4)
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Let us assume that #1(p,5) < oo, otherwise the thesis is trivial. Then, by Remark 3.2, for all
i €{1,...,k}, we can find a bounded positive measure 74 € Z (p*,5") so that

W0 = [ e yldi(e)
Rd xRd
Consequently we have, for any R > 0, Qr(0) < #1(p, ). Hence, using (4.4), for any t > 0, we have
Qr(t) < Qr(0)+ ([[Ullgee + IV lILs) ol ast

< 71(2,0) + ([[Ul[ges + IV [lzee) 170l gt -

Thus, for any ¢ > 0, Qr(t) remains finite when R — oo and since R — Qgr(t) is increasing with
respect to R, we can define Q(t) = limp 00 Qr(%).

Let us now consider ). The same computation as in (4.4) ensures that @ is Lipschitz so we can
differentiate for almost every ¢ and obtain

k
Z/Rded ‘Vi (t, X (@), roxn (Xi (2))) = U (£ Y/ (), sevv (Y (y )|d’)’0 (z,y)

< Z/Rded (\VZ (t, Xi (x), rexni(Xi (2))) — V (£, Y] (), rexni(Xi (@)

—i—‘V’ t, Y (y), rexnt (X (x

+|V?

(

+|V (&, Y (y), rexni (Y ()
(t, Y (y), sexni (Y (v)
(t,

)~
)~
)~
)~

—|—‘VZ t, Y (y), sexvi (Yi(y))

Note that
Vit e xmi () = Vit o+ miw))| < Lip, (V) Lip(resn)| — y]
< Lip, (V) [lrell g Lin(r') 2 — 1.
Using Lemma 4.1 we obtain
Q) Z s 0V Ein )l bip(a1) i) = ¥ ] i)
X
k .
+Z [ Lo (VO Lip() #i (v, 1) )
i—1 Y RIxRI

k
Li, (V)] sex(nf — 1) | d(w, ) + D /R oIV = Ullle d5(@,9)
i=1 x

< CRE) +W1(re,st) + In = Ve + U = Vo] - (4.5)
Taking the sup in time of Wy (r¢, s¢) on the right-hand side and applying Gronwall Lemma, we get

Q) < €“'Q(0) + Cte! ( Sl[lé)] Wi(rr,87) + 10— Ve + U — VHLOO) :
T7€(0,t
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Note now that, thanks to Remark 3.3, for any ¢t > 0
Wi(pt,o0) < Q1). (4.6)

Furthermore, we have chosen vy in an optimal way thanks to Remark 3.2, and so Q(0) = #41(p, 7).
Hence we obtain, for any ¢ € [0, T7:

Wi(p,or) < e“Hi(p,7) + Cte®! < s, Wi(rz,s7) + |ln = vllpe + IU - VllLoo> ,
T€[0,t

which is the expected result (4.2).
In the particular case r = p and s = o, applying (4.6) to (4.5) we obtain

Q'(t) <2CQ() + C(lIn = vl +IU = VL) -
Applying Gronwall Lemma, we finally obtain Q(¢) < €27*Q(0) + Cte? (|n — v|lpe + U — V),

which is (4.3).
U

5. PROOF OF THE MAIN THEOREM

The proof of Theorem 1.1 is based on the following idea: let us fix the nonlocal term and, instead
of (1.1), we study the Cauchy problem

Op+div (pV(t,z,r*n)) =0, p(0) =p, (5.1)

where r is a given application. We want to use a fixed point argument. We consider here probability
measures. In the more general case of positive measures with the same total mass, by rescaling we
are back to the case of probability measures.

Let us introduce the application

B
2 { r o @ } , (5.2)
where we consider the space 2" = L>®([0, T], P(R%)*) for T chosen in such a way that:

(a): The space £ is equipped with a distance d that makes 2~ complete: for p,v € 27, we

define
d(u’ V) = Sup Wl(:utv Vt) :
t€[0,T)

(b): The application 2 is well-defined: the Lagrangian solution p € 2 to (5.1) exists and is
unique (for a fixed r). Indeed, let X; be the ODE flow associated to V (¢, x, r¢*mn;), then we
can define p; = Xyp. Since p is a positive measure, then so is p.

(c): The application 2 is a contraction: this is given by Proposition 4.2. Indeed, let r, s in
L>([0, 7], MT (R%)¥) and denote p = 2(r), 0 = 2(s) the associated solutions to (5.1). Note
that p and o have the same initial condition. Thanks to Proposition 4.2, we obtain the
contraction estimates

sup #4(pr, 01) < CTeCT sup #4(re, 51) (5.3)
[0,T] [0,T7]

where C' depends only on Lip,(V), Lip,.(V'), Lip,(n) and ||p]| o4
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Hence, for T" small enough, by the Banach fixed point Theorem we obtain existence and uniqueness
in 2 of a Lagrangian solution to (1.1) for ¢t € [0,T]. As ||pr||,s = |||l o4 the coeflicient C in (5.3)
does not depend on time and we can iterate the procedure. Thus we have existence and uniqueness
for all positive times.

This concludes the proof of Theorem 1.1. Observe that uniqueness can be also obtained directly
by the stability estimate (4.3) in the particular case Vi = U’ n' =%, p= 5.
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