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Abstract

Existence and uniqueness of global in time measure solution for a one dimensional non-
linear aggregation equation is considered. Such a system can be written as a conservation
law with a velocity field computed through a self-consistent interaction potential. Blow
up of regular solutions is now well established for such system. In Carrillo et al. (Duke
Math J (2011)) [18], a theory of existence and uniqueness based on the geometric approach
of gradient flows on Wasserstein space has been developped. We propose in this work
to establish the link between this approach and duality solutions. This latter concept of
solutions allows in particular to define a flow associated to the velocity field. Then an
existence and uniqueness theory for duality solutions is developped in the spirit of James
and Vauchelet (NoDEA (2013)) [26]. However, since duality solutions are only known in
one dimension, we restrict our study to the one dimensional case.
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1 Introduction

Aggregation phenomena in a population of particles interacting under a continuous interaction
potential are modelled by a nonlocal nonlinear conservation equation. Letting p denote the
density of cells, the so-called aggregation equation in N space dimension writes

Op+V, - (a(VxW * ,0),0) =0, t>0, zcRY, (1.1)

and is complemented with the inital condition p(0,z) = p™. Here W : R — R is the
interaction potential, and a : RY — RY is a smooth given function which depends on the
actual model under consideration. In this paper, we only focus on the strongly attractive case
and consider attractive pointy potentials W (see Definition 2.3 below) and nondecreasing smooth
function a.

This equation is involved in many applications in physics and biology. In the framework of
granular media [4], 19, B31], a is the identity function, and interaction potentials are in the form
W(x) = —|z|* with a > 1. In plasma physics, the context is the high field limit of a kinetic
equation describing the dynamics of electrically charged Brownian particles interacting with a
thermal bath. This leads to consider potentials in the form W (z) = —|z|, and a = id as well (see
e.g. [33]). Also, continuum mathematical models have been widely proposed to model collective
behaviour of individuals. Then the potential W is typically the fundamental solution of some
elliptic equation, and a depends on the microscopic behaviour of the individuals. In the context
of pedestrian motion nonlinear functions a are considered but with smooth potential W (see
[20] and later references with generalizations to systems in [2I]). The well-known Patlak-Keller-
Segel model describes aggregation of cells by a macroscopic non-local interaction equation with
linear diffusion [30}, [36]. More precisely, the swarming of cells can be described by aggregation
equations where the typical interaction potential is the attractive Morse potential W (x) = %e"“
[17, B2, B5]. Such potentials also appear when considering the hydrodynamic limit of kinetic
model describing chemotaxis of bacteria [22] 23] 26].

Most of the potentials mentioned above have a singularity at the origin, they fall into the
context of “pointy potentials” (see a precise definition below), and it is well-known that in that
case concentration phenomena induce the blow-up in finite time of weak L? solutions [5 [6l [7].
Thus the notion of solution breaks down at the blow-up time and weak measure-valued solutions
for the aggregation equation have to be considered [3, 8, [@]. Carrillo et al. [I8] have studied
the multidimensional aggregation equation when a = id in the framework of gradient flow
solutions. Namely, equation (LLT)) is interpreted as a differential equation in time, the right-
hand side being the gradient of some interaction energy defined through the potential W. This
idea, known as the Otto calculus (see [34] [39]), requires the choice of a convenient space of
probability measures endowed with a Riemannian structure. Then, following [2], gradient flow
solutions are interpreted as curves of maximal slopes in this space. The authors obtain existence
and uniqueness of weak solutions for (II)) in R, N > 1 when a = id, the main problem being
now to connect these solutions to distributional solutions.

An alternative notion of weak solutions has been obtained by completely different means
in the framework of positive chemotaxis in [26]. Here equation (LI) with W(z) = 1e7Il can
be obtained thanks to some hydrodynamic limit of the kinetic Othmer-Dunbar-Alt system [22].
The key idea is to use the notion of duality solutions, introduced in [13] for linear conservation
equations with discontinuous velocities, where measure-valued solutions also arise. In that case,



this allows to give a convenient meaning to the product of the velocity by the density, so that
existence and uniqueness can be proved. When applying this strategy to the nonlinear case, it
turns out that uniqueness is not ensured, unless the nonlinear product is given a very precise
signification, see for instance [14] 25]. In the case of chemotaxis, it is provided by the limit
of the flux in the kinetic model. Once this is done, existence and uniqueness can be obtained.
An important consequence of this approach is that it allows to define a flow associated to
this system. Then the dynamics of the aggregates (i.e. combinations of Dirac masses) can be
established, giving rise to an implementation of a particle method and numerical simulations
of the dynamics of cells density after blow-up (see also [27] for a numerical approach using a
discretization on a fixed grid). The principal drawback of this method is its limitation to the
one-dimensional case, mainly because duality solutions are not properly defined yet in higher
space dimension. Thus the theory developped in [I8] is, up to our knowledge, the only one
allowing to get existence of global in time weak measure solution for (LI in dimension higher
than 2. Another possibility could be using the notion of Filippov flow [24], together with the
stability results in [10], to obtain a convenient notion of solution to (LII), thus following [37].

This work is devoted to the study of the links between these two notions of weak solutions
for equation (LI]), in the one-dimensional setting. As we shall see there is no equivalence strictly
speaking for a general potential and a nonlinear function a. More precisely we first consider
the same situation as in [I§|, that is a pointy potential W, and a = id. We adapt the proof of
[26] to define duality solutions in this context, and choose a convenient space of measures to
be compatible with the gradient flows. Then we prove that duality solutions and gradient flow
solutions are identical (Theorem [l below), thus answering the questions raised by Remark
2.16 of [18].

Next, we investigate the nonlinear case, that is a # id. Notice that additional monotonicity
properties are required to ensure the attractivity of the dynamics. The results of [I8] cannot
be applied as they stand, the key problem is to define a new energy for which weak solutions of
(L) are gradient flows. However, we are able to find such an energy only in the particular case
W = —1|z|. On the contrary existence of duality solutions for (L)) with a nonlinear function a
can be obtained for more general potentials W, even if we cannot reach the complete generality
of [I§]. As in the linear case, for this specific choice of potential, we have equivalence of duality
and gradient flows solutions. Moreover, in this case, this solution can be seen as the derivative
of the entropy solution of a scalar conservation law (Theorem [5.7 below).

The outline of this paper is as follows. In the next Section, we introduce notations and
recall the main results obtained in [I§] in the case a = id. A sketch of their proof is proposed.
Section [3]is devoted to the duality solutions, and starts by recalling their original definition and
main properties. Next, we turn to the nonlinear setting, and define precisely the velocities and
fluxes that allow to state the existence and uniqueness results both for a = id and a # id. The
case a = id is treated in Section [} existence and uniqueness for duality solutions are proved,
together with equivalence between gradient flows and duality solutions. Finally in Section [ we
investigate the case a # id, where general equivalence results no longer hold.



2 Gradient flow solutions

2.1 Notations and definitions

Let Co(Y,Z) be the set of continuous functions from Y to Z that vanish at infinity and
C.(Y,Z) the set of continuous functions with compact support from Y to Z, where Y and
Z are metric spaces. All along the paper, we denote M,,.(RY) the space of local Borel mea-
sures on RY. For p € M,.(RY) we denote by |p|(RY) its total variation. We will denote
M,(RY) the space of measures in M;,.(RY) with finite total variation. From now on, the
space of measures M,(RY) is always endowed with the weak topology o(My, Cp). We denote
Sm = C([0, T); My(RY) — a(My, Cp)). We recall that if a sequence of measures (ji,)nen in
My(RY) satisfies sup,,cy |1n|(RY) < +00, then we can extract a subsequence that converges for
the weak topology o(M,, Cy).

Since we focus on scalar conservation laws, we can assume without loss of generality that
the total mass of the system is scaled to 1 and thus we will work in some space of probability
measures, namely the Wasserstein space of order ¢ > 1, which is the space of probability
measures with finite order ¢ moment:

P,(RY) = {u nonnegative Borel measure, u(RY) = 1, / |z|?u(dx) < oo} .

This space is endowed with the Wasserstein distance defined by (see e.g. |39} [40])

dwo(i,v) = inf {/|y—x|q (do dy)} : (2.1)

~vyel (p,v)

where I'(u1, ) is the set of measures on RY x RY with marginals y and v, i.e.

D(p,v) = {”Y S Pq( X RN) V¢ e CO(RN /5(%) (dyo, dyn) /5 Yo)(dyo),

/5 y1)v(dyo, dy1) /f y1)v(dyr) }

From a simple minimization argument, we know that in the definition of dy, the infimum is
actually a minimum. A map that realizes the minimum in the definition (Z1) of dy, is called
an optimal map, the set of which is denoted by I'g(u, V).

A fundamental breakthrough in the use of the geometric approach to solve PDE is the work
of F. Otto [34], which is the basis of the so-called Otto Calculus [39]. Let X be a Riemannian
manifold endowed with the Riemannian metric g, (-, ) (a positive quadratic form on the tangent
space at X in x denoted T, X). Let W : X — R be differentiable. The gradient of W at x € X
is defined as follows : for all v € T, X, let () be a regular curve on X such that v(0) = = and
7' (0) = v, then

d
E|t=0w(7) (t) - g:c(vxwa 'U)a VW el X.
The gradient flow associated to W is the solution p : [0, +00) — X of the differential equation :

dp
pri V,W.



A fundamental result due to Ambrosio et al. [2] states that gradient flows are equivalent to
curves of maximal slope. Therefore, solving a PDE model of gradient type boils down to prove
the existence of a curve of maximal slope.

Let us be more precise. In the following, we will mainly focus on the case ¢ = 2 and we will
shortly denote dy instead of dyo. In the formalism of [2], we say that a curve u is absolutely
continuous, and we denote u € AC?((0,+00), Po(RY)), if there exists m € L?(0,+o0), such
that dy (p(s), u(t)) < fst m(r)dr, for 0 < s <t < +00. Then we can define the metric derivative

/1) = Tim sup dW(TLS(S_)’t?(t))'

The tangent space to a measure p € Po(RY) is defined by the closed vector subspace of L*(1)

L2 ()

Tan,Py(RY) :== {V¢: ¢ € C=(RN)} :

We recall the result of Theorem 8.3.1 of [2]: if u € AC?((0, +00), Po(RY)), then there exists
a Borel vector field v(t) € L*(u(t)) such that

O+ V - (vi) = 0, in the distributional sense on (0, +-00) x RY. (2.2)

Conversely, if p solves a continuity equation for some Borel velocity v € L((0,4+00); L*(1))
then 4 is an absolutely continuous curve and |p/|(t) < [|v()||r2¢,)- As a consequence, we have

|1[(t) = min { ||v]| z2(u00)) : v(t) satisfies @Z2)} .

We recall that the subdifferential of a functional W is defined by

w € OW(n) <= W(v) = W(n) = /w(x)(e(fﬂ) — @) p(dx) + o(dw (1, v)),
R
where 6 is an optimal transport map such that v = 6, pu. Next, the slope |OW] is defined by

|OW| (1) = lim SE}; (W(gi/?py\zjgy))Jr’ (2.3)

where u; = max{u,0}. We have the property (|2], Lemma 10.1.5)
|OW|(11) = min{||w||r2¢ : w € OV (1)} (2.4)

Moreover, there exists a unique w € W(u) which attains the minimum in (24). It is denoted

by W ().

Definition 2.1 (Gradient flows) We say that a map u € AC? ((0,+00); Po(RY)) is a solu-
tion of a gradient flow equation associated to the functional VV if there exists a Borel vector
field v such that v(t) € Tan,yPa(RY) for a.e. t >0, ||[v(t)||12(s) € L7,.(0,+00), the continuity
equation

o+ V- (vp) =0,

holds in the sense of distributions and v(t) € —OW(p(t)) for a.e. t > 0, where OW(p) is the
subdifferential of W at the point p.



Definition 2.2 (Curve of maximal slope) A curve u € AC? . ((0,+00); P2(R)) is a curve of
mazximal slope for the functional W if t — W(u(t)) is an absolutely continuous function and if
forevery0 < s <t<T,

3 | WPGar 5 [ IOWE )i < W) - Wit

Finally Theorem 11.1.3 of [2] shows that curves of maximal slope with respect to |OW|
are equivalent to gradient flow solutions. Moreover, the tangent vector field v(t) is the unique
element of minimal norm in the subdifferential of W (see (2.4))):

o(t) = —"W(u(t)) for ae. t > 0.

2.2 Strategy of the proof in [1§]

The idea of the work by Carrillo et al. [I8] is to extend the work of [2] to an interaction energy
W defined through the interaction potential W in (L)), whose derivative has a singularity in
0. More precisely, attractive “pointy potentials” are considered, which we define now.

Definition 2.3 (pointy potential) The interaction potential W is said to be an attractive
pointy potential if it satisfies the following assumptions.

(A0) W is continuous, W (x) = W(—x) and W(0) = 0.
(A1) W is A-concave for some X >0, i.e. W(z) — 5|z|* is concave.
(A2) There exists a constant C > 0 such that W (z) > —C(1 + |z|?) for all z € RY.
(A3) W e CHRN\ {0}).
Given a continuous potential W : R — R, we define the interaction energy in one dimension by
Wip) = —5 W (z —y) p(dz)p(dy). (2.5)
RxR

The existence and uniqueness result of [I§] can now be synthetized as follows.

Theorem 2.4 ([18, Theorems 2.12 and 2.13]) Let W satisfies assumptions (A0)—(A3) and
let a = id. Given p™ € Po(RYN), there exists a gradient flow solution of (L)), i-e. a curve
p € ACE ([0, 00); Po(RYN)) satisfying

WD | oo =0, in D(0.00) x BY),
o(t,2) = —PW()(t2) = [ YW (e —y) pit.dy),

yFx

with p(0) = p™. Moreover, if p and py are such gradient flow solutions, then there exists a
constant X\ such that, for allt >0

dy (p1(t), p2(t)) < My (p1(0), p2(0)).



Thus the gradient flow solution of (ILI)) with initial data p™ € Py(RY) is unique. Moreover,
the following energy identity holds for all 0 <ty <t} < oo:

/t 1 / W % o p(t, de)dt + W(p(t1)) = W(p(to)). (2.6)

Proof. We summarize here the main steps of the proof and refer the reader to [I§] for more
details. The first step is to compute the element of minimal norm in the subdifferential of V.
By extending Theorem 10.4.11 of 2], the authors prove [I8, Proposition 2.6] that

— "W(p) = "W xp, (2.7)

where
W xp(x)= [ W'z —y)pldy).
y#T
The second step is based on the so-called JKO scheme introduced in [29] (see also [2]). It
consists in the following recursive construction for curves of maximal slope. Let 7 > 0 be a
small time step, we set pj = p™ the initial data for (II)). Next, knowing pf, one proves [I8|
Proposition 2.5| that there exists pj_; such that

1

)} (28)

7. €arg min W(p) +
Pr+1 ngPz(RN){ (p)

Next, a piecewise constant interpolation p” is defined by
pr(0)=p" 5  prt)=pp if te (bt (k+1)7],

and Proposition 2.6 states the weak compactness (in the narrow topology) of the sequence p” as
7 — 0. Finally Theorem 2.8 ensures that the weak narrow limit p is a curve of maximal slope.

The conclusion follows by applying Theorem 11.1.3 of [2], which allows therefore to get the
existence of a gradient flow for the functional WW. By definition, the gradient flow is a solution
of a continuity equation whose velocity field is the element with minimal norm of the subdiffer-
ential of W. In the first step of the proof this element has been identified to be 9°W x p. Thus,
it is a weak solution of the problem and moreover we have the energy estimate (2.6]). 0

2.3 The one-dimensional case

We gather here several remarks specific to the one-dimensional framework. First we notice that
assumptions (A1) and (A3) imply that 2 — W’ (z)— Az is a nonincreasing function on R\ {0}.
Therefore lim, o+ W’(x) = W’(0F) exists and from (A0), we deduce that W’(0~) = —W'(0T).
Moreover, for all x > y in R\ {0} we have W’(z) — Az < W’(y) —Ay. Thus we have the one-sided
Lipschitz estimate (OSL) for W’

Vo>yeR\{0},  Wi(x) =Wy <Az —y) (2.9)
Letting y — 0% we deduce that for all z > 0, W'(z) — Az < W'(07) and W'(x) — Az < W'(07).

Thus we also have the one-sided estimate

W'(z) < Az, for all z > 0. (2.10)



After an integration with (A0Q), we deduce that W (x) < Az?/2. By concavity of the function
Wz~ W(x) — A\x?/2, we have

W(x)h > W(z+h) — W(x) > —C(1L+ 2 + h?),

for any = # 0. Taking h = max{|z|, 1}, we deduce that there exist nonnegative constants Cj
and C; such that
[W'(x)] < Co+ Chlal. (2.11)

The one-dimensional framework also allows to simplify several proofs in Theorem 2.4l In-
deed any probability measure p on the real line R can be described in term of its cumulative
distribution function F'(x) = pu((—oo,x)) which is a right-continuous and nondecreasing func-
tion with F'(—oo) = 0 and F'(+oc) = 1. Then we can define the generalized inverse of F' by
F7Y(z) = inf{z € R/F(x) > z}, it is a right-continuous and nondecreasing function as well,
defined on [0,1]. If x4 and v belongs to Py(R), with generalized inverses F~' and G™', we have
this explicit expression of the Wasserstein distance (see [40])

dw (1, v)* = /0 |[F~H2) — G H(2) P d. (2.12)

In this framework, we can then rewrite the JKO scheme (Z8) in the proof above. Let us
denote by F} the cumulative distribution of the measure pj, and by V{7 := (F])~! its generalized
inverse. Then, in term of generalized inverses, (2.8 rewrites

T : YA ]‘ T2
Vi carg min W00+ IV = Vil

where
VNV(V):% /0 /0 WV (y) — V(2)) dydz.

Such an approach using the generalized inverse has been used in [11I] for the one dimensional
Patlak-Keller-Segel equation.

3 Duality solutions

We turn now to the alternative notion of weak solution we wish to investigate. It is based
on the so-called duality solutions which were introduced for linear advection equations with
discontinuous coefficients in [I3]. Compared with the gradient flow approach, this strategy
allows a more straightforward PDE formulation. In particular from the numerical viewpoint,
classical finite volume approach strongly relying on this formulation is proposed in [28]. The
main drawback is that presently duality solutions in any space dimension are only available for
pure transport equations (see [15]). Since we have to deal here with conservative balance laws,
we have to restrict ourselves to one space dimension. First we give a brief account of the theory
developed in [I3], summarizing the main theorems we shall use, next we define duality solutions

for (II)).



3.1 Linear conservation equations

We consider here conservation equations in the form
O+ 0. (b(t, )p) =0, (t,x) € (0,T) x R, (3.1)

where b is a given bounded Borel function. Since no regularity is assumed for b, solutions to
(B0 eventually are measures in space. A convenient tool to handle this is the notion of duality
solutions, which are defined as weak solutions, the test functions being Lipschitz solutions to
the backward linear transport equation

Oip + b(t,2)0:p =0, p(T,.) =p" € Lip(R). (3.2)

In fact, a formal computation shows that % ( Jep(t, x)p(t, dx)) = 0, which defines the duality
solutions for suitable p’s.

It is quite classical that a sufficient condition to ensure existence for (8:2) is that the velocity
field to be compressive, in the following sense:

Definition 3.1 We say that the function b satisfies the one-sided Lipschitz (OSL) condition if
ab(t,.) < B(t)  for B € LY0,T) in the distributional sense. (3.3)

However, to have uniqueness, we need to restrict ourselves to reversible solutions of ([B.2]): let
L denote the set of Lipschitz continuous solutions to (8:2]), and define the set £ of exceptional
solutions by

&= {p € L such that p” = }
The possible loss of uniqueness corresponds to the case where £ is not reduced to zero.

Definition 3.2 We say that p € L is a reversible solution to (33) if p is locally constant on
the set

Vo= {(t.2) €0, T] xR 3p. €€, pelt,2) # 0},

We refer to [13] for complete statements of the characterization and properties of reversible
solutions. Then, we can state the definition of duality solutions.

Definition 3.3 We say that p € Sy == C([0, T]; Mp(R) — 0(My, Cp)) is a duality solution
to (31) if for any 0 < 7 < T, and any reversible solution p to (33) with compact support in

x, the function t — [ p(t,z)p(t,dz) is constant on [0, 7].
R
We summarize now some properties of duality solutions that we shall need in the following.

Theorem 3.4 (Bouchut, James [13])

1. Given p° € My(R), under the assumptions (33), there exists a unique p € Sy, duality
solution to (31), such that p(0,.) = p°.
Moreover, if p° is nonnegative, then p(t,-) is nonnegative for a.e. t > 0. And we have the
mass conservation

o, )|(R) = [p°[(R),  for a.e. t €]0,T].



2. Backward flow and push-forward: the duality solution satisfies

Vte[0,T],V¢ e Co(R /qb p(t,dz) = / H(X(t,0,2))p°(dx), (3.4)
R
where the backward flow X is defined as the unique reversible solution to

X +0(t,2)0,X =0 in]0,s[xR, X(s,8,2)=x
3. For any duality solution p, we define the generalized flux corresponding to p by bap =
—Oyu, where u = [* pdux.

There exists a bounded Borel function b called universal representative of b, such that
b=b almost everywhere, bap = bp and for any duality solution p,

Op + 0y (gp) =0 in the distributional sense.

4. Let (b,) be a bounded sequence in L*>(]0,T[xR), such that b, — b in L=(]0, T[xR) — w.
Assume 0,b, < a,(t), where (o) is bounded in L*(]0,T[), 0.b < o € L'(]0,T[). Consider
a sequence (p,) € Sy of duality solutions to

Opn + Op(brpn) =0 in ]0,T[xR,

such that p,(0,.) is bounded in My(R), and p,(0,.) = p° € M,(R).
Then p, — p in Sy, where p € Sy is the duality solution to

Op+ 0.(bp) =0 in 0, T[xR, p(0,.) = p°.
Moreover, byp, — bp weakly in My(]0, T[xR).

The set of duality solutions is clearly a vector space, but it has to be noted that a duality
solution is not a priori defined as a solution in the sense of distributions. However, assuming
that the coefficient b is piecewise continuous, we have the following equivalence result:

Theorem 3.5 Let us assume that in addition to the OSL condition [B3), b is piecewise con-
tinuous on |0, T[xR where the set of discontinuity is locally finite. Then there exists a function
b which coincides with b on the set of continuity of b.

With this b, p € Spq is a duality solution to BI) iof and only if Orp + 8x(§p) =0 in D'(R).
Then the generalized flux bap :Zp, In particular, b is a universal representative of b.

This result comes from the uniqueness of solutions to the Cauchy problem for both kinds of
solutions, see [13, Theorem 4.3.7].

3.2 Duality solutions for aggregation

Equipped with this notion of solutions, we can now define duality solutions for the aggregation
equation. The idea was introduced in [I4] in the context of pressureless gases. It was next
applied to chemotaxis in [26], and we shall actually follow these steps.

10



Definition 3.6 We say that p € C([0,T]; My(R)) is a duality solution to (1) if there exists
a, € L=((0,T) x R) and o € L},.(0,T) satisfying dya, < a in D'((0,T) x R), such that for all
O0<ti <ta < T,

Op + Oy(a,p) =0 (3.5)

in the sense of duality on (t1,t2), and a, = a(W'* p) a.e.

This allows at first to give a meaning to the notion of distributional solution, but it turns out
that uniqueness is a crucial issue. For that, a key point is a precise definition of the product
a,p, as we shall see in more details in Section below.

We now state the main theorems about duality solutions for the aggregation equation (IL.).
Existence of such solutions in a measure space has been obtained in in the particular case
W(z) = Le1*l and a similar result is presented in when W(z) = —|x|/2 which appears in
many applications in physics or biology. We extend here these results for a general potential
satisfying assumptions (A0)—(A3). However to do so, we have, as in [18], to restrict ourself to
the linear case, that is a = id.

Theorem 3.7 (Duality solutions, linear case) Let W satisfy assumptions (A0)—(A3) and
a = id. Assume that p™ € Pi(R). Then for any T > 0, there exists a unique p € Sy such that
p(0) = p™ p(t) € Pi(R) for any t € (0,T), and p is a duality solution to equation (ILII) with
universal representative a, in ([3.30]) defined by

a,(t,z) == "W x p(t,z) = ) W'(x —y)p(t, dy). (3.6)

Moreover we have p = X 4p™ where X is the backward flow corresponding to a,.

We turn now to the case a # id. In order to be in the attractive case, we assume that the
function a satisfies the following

Assumption 3.8 a is non-decreasing, with
acC'(R), 0<d <a. (3.7)

In this context, existence and uniqueness of duality solutions have been proved for the case of
an interaction potential W = %e_m in [26]. We extend here the techniques developed in this
latter work to more general potentials W. However we are not able to prove such results in
the whole generality of assumptions (A0)—(A3) and need more regularity on the interaction
potential, as follows

Assumption 3.9 Let W € C'(R\ {0}), we assume that in the distributional sense
W" = —6p +w, w € LipN L*(R), (3.8)
where &g is the Dirac measure in 0.

This allows a definition of the flux in (ILT]) which generalizes the one in [26]. Indeed we can
formally take the convolution of ([B.8) by p, then multiply by a(W’ x p). Denoting by A the
antiderivative of a such that A(0) = 0 and using the chain rule we obtain formally

— 0, AW x p) = —a(W' % p)W" % p = a(W'* p)(p — w * p). (3.9)

11



Thus a natural formulation for the flux J is given by
J = =0, AW’ % p) + a(W' % p)w * p. (3.10)

Theorem 3.10 (duality solutions, nonlinear case) Let be given p™ € Py(R). Under As-
sumption[39 on the potential W and ([B1) for the nonlinear function a, for all T > 0 there exists
a unique duality solution p of (1)) in the sense of Definition[34 p(t) € P1(R) fort € (0,T)

and which satisfies in the distributional sense
Op + 0, J =0, (3.11)

where J is defined by (3.10).

Theorems B.7 and B.I0 are proved respectively in Sections dl and [, but before diving into the
detailed proofs, we comment the main steps, which are common to both cases.

e existence of duality solutions is obtained by approximation. First we obtain the dynamics
of aggregates (that is combinations of Dirac masses), then we proceed using the stability
of duality solutions

e uniqueness is obtained by a contraction argument in P;(R). No uniqueness is expected
in a general space of measures. The argument is repeated in P2(R) so that gradient flow
and duality solutions can be compared. In the nonlinear case, the contraction argument
relies on an entropy inequality.

3.3 Velocities and fluxes

When concentrations occur in conservation equations, leading to measure-valued solutions, a
key point to obtain existence and uniqueness in the sense of distributions is the definition of
the flux and the corresponding velocity. This was already pointed out in [14], where duality
solutions are defined for pressureless gases, and partially managed through conditions on the
initial data. A more satisfactory solution came out in [26], since uniqueness was completely
handled by a careful definition of the flux of the equation, or in other terms, the product a,p.
An analogous situation arising in plasma physics is considered in [25], around duality solutions
as well. In a similar context, other definitions of the product can be found, see [33] in the
one-dimensional setting, and [38| for a generalization in two space dimensions, where defect
measures are used.

We explain in more details this point in the present context, in order to give a meaning to
both duality and gradient flow solutions in the sense of distributions. As a rule, the product of
a(W'xp(t)) by p(t) is not well-defined when p(t) € My(R). First we compute W’ p. We write
p = Oyu, so that u € BV (R). For such a function, we denote by S, the set of x € R where u
does not admit an approximate limit, |S,| = 0, and by J, C S, the set of approximate jump
points (see [I, Proposition 3.69]). We use the decomposition p = 9%+ p¢+ p/, where %u << L
is the regular part of the derivative, p/ = Zye 7. Gy0y the jump part, and p© the so-called Cantor
part. The diffuse part of the derivative is defined as p? = 0% + p¢. For x ¢ .J,,, we easily obtain

W s p(z) = W pl(z) + Z GW'(x —y),

y€Ju

12



while if x € J,, the function is not defined. Indeed, letting z — =z, first with z < x, then with
z > x, we obtain

W p(a®) =W s dtu(z) + Y W (x—y)+ GW'(0F). (3.12)
yEJu,y#x
Removing the indetermination amounts to define a velocity for a single Dirac mass located in
x or equivalently for the center of mass of the density. Obviously, formula ([B.6]) sets this value
to 0, hence a single Dirac mass is stationary, and the product by the measure p is meaningful.
Therefore in the linear case we can consider the flux

J(t,x) :==a,(t,x) p(t, x).

Recall that this value is obtained by computing the element of minimal norm in the subgradient
of the energy W corresponding to W.

On the other hand, in the nonlinear case, with W” = —§, + w, the natural quantity to be
defined is the flux J, by formula (BI0). To define the corresponding velocity, and give rigorous
meaning to (3.9)), we use the Vol'pert calculus for BV functions [41] (see also [I, Remark 3.98|):
for a BV function u, the fonction @, defining the chain rule 0, A(u) = @,0,u is constructed by

a,(z) = /0 a(tuy(x) + (1 — t)us(x)) dt, (3.13)

where
(u,u) if z € R\ Sy,
(up,uz) = (u,u™) if z € J,, (3.14)
arbitrary elsewhere.

Now we apply that to u = W’ * p, and obtain, using the antiderivative A of a,
a(W'x p(x)) if x € R\ Sy,

!/ + _ ! —
() = AW % p(x*)) = A(W'x p(z7)) if e J, (3.15)
W’ p(at) — W' p(x~)
arbitrary elsewhere.

The connection with the linear case follows since then A(v) = v?/2, hence
AW 5 p(a™)) = AW+ p(z7)) W' p(a™) + W' p(a”)
W' s p(zt) — W'k p(z=) 2 '

Therefore the undetermined term in (312) is replaced by (W'(0") +W’(07))/2, which vanishes
since W is even, and we recover (B.0]).

4 The linear case

By linear case we mean the case where a = id in (L.1]). Together with assumptions of Definition
2.3 this is exactly the context of [I8]. At first we prove Theorem B.7], obtaining existence of
duality solutions in Subsection [l and uniqueness in Subsection 2l Next, in Subsection
we establish that they are equivalent to gradient flow solutions, thus answering the questions
raised by Remark 2.16 of [18]. More precisely, we prove the following theorem.
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Theorem 4.1 Let a = id. Let us assume that W satisfies assumptions (A0)—(A3) and that
pmi c Pg (R)

(i) Let p be the duality solution as in Theorem [37. Then for all t > 0, p(t) € Pa(R),
p € AC? ((0,400); P2(R)) and p is the gradient flow solution as in Theorem [2.7)

(ii) If p is the gradient flow solution of Theorem[2.4), then it is a duality solution as in Theorem
(37

4.1 Existence of duality solutions

The first step is to verify that the velocity a, defined by (3.6) satisfies the OSL condition (B.3]).

Lemma 4.2 Let p(t) € M (R) be nonnegative for all t > 0. Then under assumptions (A0Q) —
(A3) the function (t,z) — a,(t,x) defined in [B0) satisfies the one-sided Lipschitz estimate

a,(t,z) —a,(t,y) < Mz —y)lpl(R), forall x>y, t>0
Proof. By definition ([30]), we have
) =)= [ (Wa =) =Wy = 2)pld) + W —9) [ pld:),
S sefouly)

where we use the oddness of W’ (A0) in the last term. Let us assume that z > y, from ([29)), we
deduce that W'(x —z) —W'(y — 2z) < ANz —y) and with (21I0), we deduce W'(z —y) < ANz —y).
Thus, using the nonnegativity of p, we deduce the one-sided Lipschitz (OSL) estimate for a,.

Proof of the existence result in Theorem B.7l This proof is split in several steps.

e Aggregates.

Consider first p™ = 37" m;d,0 where 2} < 2§ < --- < ) and the m;-s are nonnegative.
We look forward a solution p, (¢, ) = > iy Midg, ) in the distributional sense of the equation

Op + Oz(app) =0, (4.16)

where a,, is defined in B8). Let u, := [“p, = > 1 m;H(x — 2;(t)) where H is the Heaviside

function. Then we have

— Oy, = Gy, pn = i m; Z m;W' (z; — )0y,

i=1 i
In fact,
Zm]—W’(:ﬂi—:ﬂj) fr=mx,1=1,...,n
. #i
iy, (1) =4 (4.17)
Z m;W "(x — ;) otherwise.
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Then the sequence (z;);—1._, satisfies the ODE system

= ijW/(SL’Z' —I'j), l’Z(O) :LE‘?, 1= 1,...,77,5, (418)
JFi

where n, < n is the number of distinct particles, i.e. n, = #{i € {1,...,N},x; # x;,Vj}.
Notice that (B12) rewrites as

" % pn Zm] — Zlfj) + m,W’(Oi)
J#i

We define the dynamics of aggregates as follows.

e the z;-s are solutions of system (AI8) (where the right-hand side is zero if n, = 1), when
they are all distinct;

e at collisions, we define a sticky dynamics: if z; = x; at time 7y when for instance 7 < 7,
then the two aggregates collapse in a single one and we redefine system (4.I8]) by changing
the number n, to n, — 1, replacing the mass m; by m; +m; and deleting the point z;. We
denote by 0 :=Ty < T7 < ...T} < oo the times of collapse, where k < n.

This choice for the dynamics is clearly mass-conservative. Moreover, with this choice at the
collisional times, we still have z; < x; when ¢ < j. Thus the function defining the right-hand
side satisfies the one-sided Lipschitz condition and there exists a solution to this dynamical
system.

Indeed the function defining the right-hand side of (A.I8]) is continuous and locally bounded
as long as all x; are distincts. Therefore there exists a C'!' local solution of the ODE (ZIS))
thanks to the Cauchy-Peano Theorem. A difficulty appears when particles collide. Thanks to
the one-sided estimate on W' (Z9)), we have that the right hand side defining ([A.I8]) is one-sided
Lipschitz. Hence, there exists a unique Filippov flow [24] which is global in time thanks to
estimate (2.I1)). Moreover this unique solution coincides with the C'' solution obtained by the
Cauchy-Peano theorem on each time interval [T}, 7;44). Finally we have constructed a solution
(2)i=1,..n of the system of ODE (HI8) which is Lipschitz on [0,7] and C' on each interval
(T, Tya).

Thus we can define p,, := ZZ 1 M;04,. It is then straightforward by construction that p is a
solution in the distributional sense of (A.16)—(B.6]).

e Duality solutions.

From Lemma 4.2 and expression (4.I7), we deduce that a,, satisfies the OSL condition and
is piecewise continuous outside the set of discontinuities {z;};=1 _,. Theorem implies then
that p, is a duality solution for all n € N*.

e Finite first order moment.

By construction, we clearly have that p > 0. Let us denote by j;(¢) := >, my|x;(t)| the
first order moment. We have j;(0) < +o00. Using (£I8)), we compute

() < m > W — )| <O my > (1 + [ — ),

i=1 i i=1 ji
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where we use (2.I0)) for the last inequality. Using Y, m; = |p"|(R) = 1, we deduce that there
exists a nonnegative constant C' such that

J7i(t) < C(1+ ju(1)).

Integrating this latter inequality implies that j; is bounded on [0,7] by a constant depending
only on 7" and on 7;(0). It remains to pass to the limit n — +o0 in the regularization.

e Passing to the limit n — 4-oc0.

Using the fact that p,(t) € P1(R) for all ¢ > 0 and from (Z.I1), we deduce that a,,, is bounded
in L>°((0,T) xR) uniformly with respect to n. Thus, from point 4 of Theorem B4 we can extract
a subsequence @, converging in L>((0,7") x R) towards a and the corresponding sequence of
duality solutions (p,,), converges in Syq towards p which is a duality solution to d;p+0,(ap) = 0.
Moreover, since p, — p in Sy, the formula (3.6]) defining a, implies a,, — a, a.e. Thus a = a,
a.e., the flux J,(¢t,z) = J(t,z) := a,p in M,(]0,T[xR) —w and the conservation equation (B0
holds both in the duality and distributional sense.

4.2 Uniqueness

Let p be a nonnegative duality solution which satisfies (B.H) in the distributional sense. As
above, we denote by F the cumulative distribution function of p and by F~! its generalized
inverse. We have then by integration of (3.0])

O F + a,0,F =0,
so that the generalized inverse is a solution to
OF(t,2) = a,(t, F'(2)). (4.19)

Moreover thanks to a change of variables in (B.6]),

a,(t, F~'(2)) = # W/(F~(z) = F7'(y)) dy.

Proposition 4.3 Assume pi(t,-), p2(t,-) € Pi(R) satisfy B3) in the sense of distributions,

with a,, given by B.8), and initial data pi™ and pi*. Then we have, for all t >0

dWI(pl (tv ')7 p2(t7 )) < e)\tdW1(pzim7 pg”)
Proof. Let F, ' denote the generalized inverse of p;, i = 1,2. From (ZIJ), we have
Oy = Fy ) =y, (6, Fy ' (2) = Gy, Fy ' (2))

- [~ E ) - W ) - F )y
y#z
Multiplying the latter equation by sign(F; '(z) — F; '(2)) and integrating, we get
d 1
& e - ) as

//{ o (W'(F7H(z) = FT U (y) = W (Fy N (z) — F5 N (y)))sign(Fy ' (2) — Fy'(2)) dzdy.
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Using the oddness of W’ and exchanging the role of y and z in the integral above, we also have

d ' _
& | - e as -

_//{ . (W/(Ffl(z) — F7 1 (y) = W/(Fyl(z) — F2_1(y)))Sign(F1_1(y) _ Fz_l(y)) dzdy.
Then we deduce

AL RCRCIEEE [@% ) = B ) = W () — B ()%

sign(F; () —-fﬂfl(y) ~ B2 + Fy M (y)) dady.
(4.20)
The one-sided Lipschitz estimate for W’ in (2.9) implies that the the integrand in the right-hand
side is bounded by
A‘Ffl(z) — Frl(y) — By (2) + F2_1(y)}-

Hence, after an integration, we deduce

d . RPN
o [t e e <o [ 1 - e

Since ||(F7 " — F5 ") () |lz10.1) = dwi(p1, p2), we conclude the proof by a Gronwall argument.

Proof of Theorem B.7l The existence has been obtained in Section .l Then if we have
two duality solutions p; and p, as in Theorem 3.7 Proposition implies that their generalized
inverse are equal. Therefore p; = py. Finally, the second point of Theorem [3.4] allows to define
the duality solution as the push-forward of p™ by the backward flow. O

4.3 Proof of Theorem 4.1

To cope with gradient flow solutions, we need first to prove that the second order moment is
bounded provided p™ € Py(R). We follow the idea of the proof of finite first order moment in
subsection LIk we consider an approximation of p™ by > | m;d, o and build the corresponding
duality solution p(t,z) = 37" | m;0,,) where the dynamics of the nodes {z;}iz1,..n 1s given in
(EI8). Let us denote by ja(t) := >, mx3(t) the second order moment. We have j»(0) < +o0.

Using (4.18), we compute

ZQm,x,ZmJW' —xj) < szi|ﬂ7i| ij(l + |z — 25),
i—1

J#i J#i

where we use (ZII)) for the last inequality. Since Y, m; = [p™|(R) and from the Cauchy-
Schwarz inequality, we deduce that there exists a nonnegative constant C' such that

Ga(t) < O mi(lz| + |zl?) < C(1+ ja(1)).

i=1
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Integrating this latter inequality implies that js is bounded on [0,7] by a constant only de-
pending on 7" and on j5(0). Then we can pass to the limit n — 400 to obtain a bound on
Je |zp(t, dz) for any ¢ > 0. Moreover, using this L>((0,T); P(R)) bound, we deduce that the
velocity field a, defined in (B.6)) is bounded in L'((0,7); L*(p)).

Now, if p is a duality solution as in Theorem B.7] then it satisfies (B.0]) in the distributional
sense. Using |2, Theorem 8.3.1] and the L'((0,7); L*(p)) bound on the velocity a,, we deduce
that p € AC?.((0,+00); P2(R)). Thus p is a gradient flow solution (see [I8] or [2, Sections 8.3
and 8.4]). This concludes the proof of point (i) of Theorem [Tl

Conversely, if p is a gradient flow solution of Theorem 2.4] then it is a weak measure solution
of BH)-@.8). Such solution is unique from Theorem B.7 then p is a duality solution. 0

5 On the case a # id

The situation a # id is not so favourable as the previous one, and one has to impose restrictions
on the potential W. First we recall that attractivity implies that a is non-decreasing, see (B3.1]).
Next, we need to assume that W has the following structure, see (3.,

W" = -6y + w, w € LipN L*=(R).

With these assumptions, we are able to prove existence and uniqueness of duality solutions,
Theorem B.I0, this is the aim of subsection Bl Next, in subsection (.2 we turn to gradient
flow, which are definitely not well suited for that case, since we have to restrict ourselves to
w = 0 in the previous assumption on W.

5.1 Duality solutions

Here we prove Theorem B.I0, following the same strategy as in the linear case: first we prove
the OSL condition, next establish the dynamics of aggregates, which leads to existence by
approximation. Finally, uniqueness follows from a contraction principle in the space P;. In
addition, we prove that duality solutions are absolutely continuous in time.

5.1.1 OSL condition
The first step consists in checking the OSL property for a.

Lemma 5.1 Assume 0 < p € My(R) and that 1) holds, If Assumption[Z is satisfied, then
the function x — a(W’ * p) satisfies the OSL condition (3.3).

Proof. Using ([B.8]), we deduce that
OpW xp=—p+wx*p.

Therefore,

O (a(0,W % p)) = d' (0.W * p)(—p +w * p) < a' (0, W * p)w * p,
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where we use the nonnegativity of p in the last inequality. Then from (B.7) we get
02 (a(0:W x p)) < allpllp[wl] o

It implies the OSL condition on the velocity. 0

5.1.2 Existence

Approximation by aggregates.

Following the idea in subsection 1] we first approxnnate the initial data pi"® by a finite sum
of Dirac masses: pi'* = > | iz where ) < xd < -+ <29 and the m;-s are nonnegative. We
look for a sequence (p,,), solving in the dlstrlbutlonal sense 0yp, + 0y J, = 0 where the flux J,
is given by (BI0). A function p,(t,x) = > m;0,, is such a solution provided the function
u, defined by

U (t, ) == / pndr = Zm,H(m — (1)), (5.1)
i=1
where H denotes the Heaviside function, is a distributional solution to
Optty, — Op A(OW % pp) + a(0.W x pp)w * p, = 0. (5.2)
We have
"% pu(t, ) ZmJ/V’ x — xi(t)). (5.3)

And from ([B.8]), we deduce that
W'(x) = —H(x) + w(z), where w(z)= / w(y) dy. (5.4)

Straightforward computations show that in the distributional sense

Op A0 W 5 pp) = a(O.W * pp)w * pr, + Z[A((%W * pn)]z;Or; (5.5)
i=1
where [f]., = f(x]) — f(x;) is the jump of the function f at z;. Injecting (E.1)) and (5.5) in
(E2), we find

n

- Z M (t)0z, (1) = Z[A(amw * pn )z 0,
i=1

i=1
Thus it is a solution if we have

mzy(t) = —[A(OW * pp)lwiy, Tfori=1,...,n. (5.6)

This system of ODEs is complemented by the initial data x;(0) = 2. Moreover, we have from

G.4)
W' pp(x Zm] - Zm] — ;). (5.7)
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And
W' p(x;) =m; + W s po(x]). (5.8)

Thus )
[AW" % pp)].,

(W’ % pp)a, ’

Then we define the dynamics of aggregates as in subsection [4.1] :

(1) =

i=1,...,n,  x;0)=a?. (5.9)

)

e When the z; are all distinct, they are solutions of system (5.0) or equivalently (59) (with
zero right hand side if n, = 1).

e At collisions, we use a sticky dynamics as defined as above.

We recall that this choice of the dynamics allows the conservation of the mass. As above, we
have existence of the sequence (z;); satisfying (59) on [0, 7] with initial condition (7). Then

7
we set pp(t,2) = > 1 midy,)(z). By construction, p, is a solution in the sense of distribution

of BII)-(@.I0) for given initial data pi™.

Existence of duality solutions

We recall the following result due to Vol'pert [41] (see also [I]): if w belongs to BV (R) and
f e CYR) with f(0) =0, then v = f ou belongs to BV (R) and

3f, with f, = f'(u) a.e. such that (fou) = fu'

f
Together with the fact that A is an antiderivative of a such that A(0) = 0, this result implies
that there exists a function @, such that a,, = a(W’ * p,) a.e. and

O (AW % pp)) = @0 W % pp = — U pr + A * P,
where the last identity comes from (B.8]). Therefore, we have
o = =0, (AW % pp)) + a(W' x p)w * py = Gppn, and @, = a(W x p,) a.e.
Thus p, is a solution in the distributional sense of
Orpn + O (@npn) = 0.

Moreover, we deduce from (B.3]) that a(W' % p,,) is piecewise continuous with the discontinuity
lines defined by = =z;, ¢ = 1,...,n. We can apply Theorem which gives that p, is a
duality solution and that @, is a universal representative of a(W’ * p,). Then the flux is given
by a(W' % pp)ap, = Jy.

General case.

Let us yet consider the case of any initial data p™ € M,(R). We approximate p™ by
pt =3 m;0z0 with pint — p™ in My(R). By the same token as above, we can construct
a sequence of solutions (p,), with p,(t = 0) = p™ = 3"  'm;d,0, which solves in the sense of
distributions l

Oipn + 0pdn =0, Jy = =0, A(0W % pp) + a(0.W x pp)w * p,
and which satisfies

Unpn = Jn, Gp =a(W'xp,) ae.
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Moreover, since W’ x p,, is bounded in L uniformly with respect to n by construction, we can
extract a subsequence of (a(W'x p,)), that converges in L>®° — weak* towards b. Since from
Lemma 511 a(W’ x p,,) satisfies the OSL condition, we deduce from Theorem B.414) that, up to
an extraction, p, — p in Sy and @, p, — ap weakly in M, (]0, T[xR), p being a duality solution
of the scalar conservation law with coefficient b. Then J,, — J := =0, A(W'xp)+a(W'*xp)w*p
in D'(R) and that a(W’ % p,) — a(W’ % p) a.e. By uniqueness of the weak limit, we have
b= a(W’'xp). Moreover J = ap a.e. and p satisfies then (BII]).

Finite first order moment.

As in subsection FLT], we define ji(¢) = Y1, m;|z;(t)| and we compute

-/ - T [A(W/ * pn)]l‘z
Ji(t) = 2:: m; 2] —[W’ * oo )

where we use (£.9). Since a is nondecreasing, A is a convex function. Moreover, we deduce from

(B4) that [W'(x)| < C(1 + |z|). Thus, using the fact that o’ is bounded ([B1), we have
) SOy mil+ Y myle; = 25]) < C(L+ (b)),
i=1 j

where C stands for a generic nonnegative constant. Applying a Gronwall inequality and passing
to the limit n — +oo allows to conclude the proof. O

Remark 5.2 Let us consider the case studied in the previous Section : a = id and W is even.
Since W' is odd, then (B.4]) rewrites

W'(z) = —H(x) + wo(x), where wo(r) = /Oxw(y) dy + %

When a = id, we have A(x) = 3. Then system ([B.8) rewrites

miz;(t) = —%(W’ (@) = Wt pn (7)) (W o (27) + W5 (7).

Then, from ([B1) and (58), we have
i—1 . n i—1
l’;(t) = — ij — 7Z + ijwo(xi — ZL’j) = — ij -+ ijwo(a:i — Ij).
j=1 j=1 j=1 j#i

From the expression of W' above, we deduce that xi(t) = >, ., m;W'(x; — x;) and we recover
the dynamical system (LI8)) of the previous Section.

Remark 5.3 The dynamical system (5.0) defines actually the macroscopic velocity. Indeed, if
we formally take the limit n — +oo of the right hand side of (B.9), this latter term converges
towards the velocity a, defined by the chain rule (315
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5.1.3 Uniqueness.

We first notice that the strategy used in subsection can not be used here, since it strongly
relies on the linearity of a. Then we have to use the approach proposed in [26] which uses an
entropy estimate. The key point is to observ that the quantity W' p solves a scalar conservation
laws with right hand side.

Proposition 5.4 (Entropy estimate) Let us assume that Assumptions and B.1) hold.
For T > 0, let p € C([0,T],P1(R)) satisfying in the distribution sense [BII)-(3I0). Then
U :=W'xp is a weak solution of

U + 0, A(U) = a(u)w * p+ O, (w * A(u)) — w * (a(u)w * p). (5.10)
Moreover, if we assume that the entropy condition
0. U <wxp (5.11)
holds. Then for any twice continuously differentiable convexr function n, we have

Om(U) + 0,q(U) = (U)a(U)w * p+ 0/ (U) (0p(w * A(w)) — w  (a(w)w * p)) <0,  (5.12)

where the entropy flux is given by q(x) = / n'(y)a(y) dy.
0

Proof. Equation (BI0) is obtained by taking the convolution product of [BI1I) with W’. The
entropy inequality is then a straightforward adaptation of the proof of Lemma 4.5 of [26].

We turn now to the proof of the uniqueness. Once again, we use the idea developped in [20]
and extend it to the case at hand. Consider two solutions p; and p, such as in Theorem
We denote U := W' % p; and Uy = W’ % p,. Starting from the entropy inequality (B12) with
the family of Kruzkov entropies n,(u) = |u — k| and using the doubling of variable technique
developped by Kruzkov, we obtain as in the proof of Theorem 5.1 of [26]

%/R\Ul—Uz\ < ||wHLz'p/R}A(U1)—A(U2)}d:c+(1+Hw||oo)/R‘a(Ul)w*pl—a(Uz)w*p2‘dx_

From (2.I1)) and the bound of p(t) in P;(R) for all ¢, we deduce that U;, i = 1,2 are bounded
in Ly, Then we get

%/R\Ul — U] < C(/R\U1 —Ug\d:c+/R\w*pl —w*pz\d:@), (5.13)
where we use moreover ([B.7]). Taking the convolution with w of equation (BII]) we deduce
dyw * p; — Oy (wx A(U;)) +w * (a(U)w = p;) =0, i=1,2.
We deduce from ([B.7) and the Lipschitz bound of w that

d
_/ }w*pl —w*pg‘ §C</ }Ul _UQ‘dx+/ ‘w*pl—w*pQ}dx). (5.14)
dt Jg R R
Adding (513) and (514)), we deduce applying a Gronwall lemma that U; = Uy and wxp; = wpa,
which implies p; = ps. O
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Remark 5.5 We point out that the entropy condition (BI1) is equivalent to p > 0, which is
required since p is supposed to be a density. As a consequence, if we allow p to be nonpositive,
uniqueness of solutions is not guaranteed (see Section 5.3 of [26] for a counter-example of
uniqueness in the case W (z) = Le7lel).

5.1.4 Absolute continuity.

Following subsection [4.3] we have the following result:

Proposition 5.6 Under the assumptions of Theorem [3.10, if moreover p™ € Py(R), then the
duality solution of Theorem [T10 satisfies p € AC? ((0,+00); Po(R)).

Proof. The proof of the finite second order moment follows straightforwardly the one for the
first order moment in subsection B2l Then from ([B.7) and ([2I1), we have that

a(W' s p) < (1 + / 2~ ol pldy)).

Applying a Cauchy-Schwarz inequality, we deduce that
[ 1av s o) oty < (14 [ fo = yi? ot pla).
R R

which is bounded since p(t) € Py(R). Therefore the velocity field @ is bounded in L' ((0, T); L?(p)).
Moreover p is a solution in the distributional sense of d;p 4+ 9,.(ap) = 0. We conclude then from
Theorem 8.3.1 of [2] that p € AC? _((0,+00); Pa(R)). 0

5.2 Gradient flows

When a # id, equation (LI)) does not have a structure of a gradient. Moreover, we are not able
to determine a conserved energy corresponding to the system. Nevertheless, in the particular
case W (x) = —3|z|, we are able to adapt the technique of [18] to recover the existence of gradient
flow solutions. Before inroducing the energy functional VW for this case, let us first recall the
observation of Section Denoting A an antiderivative of a, we have from the Vol’pert calculus

0. A(u) = ay(x)0pu, where u(zx) = B W' (x—y)p(dy) =

(p(z, +00) — p(—00,7)). (5.15)

N | —

The function @, is defined in (BI5) and we recall that when a = id, @, = u. Then, we define
for p € Py(R) the functional

W(p) = - / tau(2)p(d), (5.16)

We first verify that when a = id this energy is equal to the one introduced in (2.5]). In fact, we
have for W (z) = —1|z|,

/|x—y\pdx (dy) = // z — y)p(dy)p d:c——//+oox— pldy)p(dz). (5.17)
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Repeated use of Fubini’s Theorem in the last term of the right hand side leads to

/Ix—ylpdﬂf (dy) // x —y)p(dy)p(dz)
= §/Rx/_oo p(dy)p(dz) — §/R/y+oo p(dz)yp(dy).

With the definition of w in (5I5]), we have

1 Lo = vlotanotan) = = [ utayo(a),

which concludes the proof.

We are able to prove in this case the following Theorem.

Theorem 5.7 Let W(z) = —3|z| and a satisfy assumption B0). Let p™ € Py(R) be given.

(1) There exists a unique gradient flow solution p € AC? ([0, 400), Po(R)) in the sense of
Definition[21. Therefore p satisfies in the distributional sense

Op + 9x(@up) =0, with  p(0) = P,
where u(xz) = W' * p(z) = p((—o0,x)) — 3 and @, is defined in (GIH). Moreover, this

solution is unique and we have the energy estzmate for all 0 <ty <t < o0,

[t o) ol d) di -+ Wiot) = Wiott)

to

(ii) The duality solution of Theorem [310 satisfies p(t) € P2(R) for all t > 0 and coincides
with the gradient flow solution of the first item. Moreover we have p = —0,U where U is
the unique entropy solution of the scalar conservation law

U + 0, A(u) =0, U(0,z) = —p"™((—o00, z]).

Notice that the equivalence between entropy solutions and gradient flow solutions (item (i7)) has
been observed independently in [12] in the linear case a = Id and for W (z) = %|z| (including

then a repulsive case).

Proof. (i) We use the ideas of Section 2 of [I8]. Therefore we will only gives the main steps
and do not detail all the computations. As recalled in the beginning of this paper, the proof is

divided into several steps.

e —q, is the unique element of minimal L?*(p)-norm in the subdifferential 0V of

W.
We first show that —a, € OW(p), where @, is defined in (5.I5). That means

W(Osp) = W(p) = = [ aula)(0lz) = ) plds) + ofdwa(fp. ) (5.18)
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where 6 is an optimal transportation map. From Brenier’s Theorem [I6], we can take for 6 an
increasing function. By definition of the pushforward measure, we have

/ " d(040) = p(07 (00, 7)),

[e.9]

so that
~ 1 -1 -1
W) = [ 435 (667" (@, 00)) = pl67!(=00.,2))) ()
—— [ @35 (v € R/6(0) > 6()}) = pl{y € RJBL) < 6@)}))olco).

Due to the monotony of the function 6, we have

{y e R/O(y) < O(x)} = {y < x}.

We deduce then that
W(B4p) — Wi(p) = — / 8,(2) (6(z) — 2)p(d).

To prove that —a, is an element of minimal norm in OW(p), we first notice that for & € Cp°(R)
and for e > 0 small enough such that (id + ££) is increasing, we have

W((id + €)4p) = — / (id + <€) (2)au(x)p(d).

R

Thus,

i VY (id + e€)4p) — W(p)

e—0 g

—— [ Gua)eta) dote)
Then, from the definition of the slope ([23)), we have

L W((id + £€)4p) — W(p)
ot = Gd + 20)3p )

We deduce from above that

> —[OWl(p).

dm((z'dt )#0:0) oWl (o) lell )

/R Gu(@)€ () dp(a) < [W](p) T int

where we use the inequality dywo(Sup, Tup) < [|S = T'||12(,) for the last inequality. By the same
token with —¢ instead of &, we deduce

| [au(wle) doto)| < Wllelieg

Since ¢ is arbitrary, we get ||@y || r2(,) < |OW|(p). We conclude by using (2.4).

e Well-posedness and convergence of the JKO scheme.

The JKO scheme is defined in (Z8)) where 7 > 0 is a given small time step. The convergence
of this scheme can be deduced by an adaptation of the argument of Subsection 2.2 of [I§].
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However, in this one dimensional case, we can simplify a lot the computations by using the
generalized inverse, denoted v, of the function w, in the spirit of [I1]. In fact, the function w is,
up to a constant, the cumulative distribution of p. Then, we have

. 1/2
W(p) = W(v) := —/_ v(t, z)a(z) dz,

1/2

where we recall

v(t,z) = u (¢, 2) == inf{r € R/u(t,x) > 2}.

We define moreover v™ = (u™)~! where u™ is defined by (E.IH) with p™ instead of p.
Thus, using moreover (2.12), the minimization problem defined in (2.8]) is equivalent to : let
vl € L*(—1/2,1/2), we define

— 1
= ars minIWE) oo —of . (5.19)

We recall that a is a nondecreasing function, then a(—1/2) < a(z) < a(1/2) when z €
(—=1/2,1/2). Then the functional defined inside the brackets is clearly lower semi-continuous,
convex and coercive on L?*(—1/2,1/2). We deduce that the above minimization problem (519
admits an unique solution. Moreover, computing the Fréchet derivative of the functional defining
(5.19) in the L?-metric, the Euler-Lagrange equation associated to this minimization problem
implies

T T -~ 11
Ve (2) = v (2) — Ta(z), z € (—5,5)
This is an implicit Euler discretization of the equation dv(t,z) + a(z) = 0. It is well

known that the piecewise constant interpolation v” defined by v™(0) = v and v"(t) = vf if

€ (kr, (k + 1)7], converges in L*(—1/2,1/2) as 7 — 0 towards v(t) for all ¢ € [0, +00), where
v(t, z) = v'™ — ta(z). Moreover, we have the energy estimate

. 1/2

W(v) = W(v™) / / (2)|? d=. (5.20)
~1/2

We define then p := 9,u, where u(t,x) := v=(t,2) = inf{z € [-1/2,1/2]/v(t,z) > z}. We

have p € P2(R), and from the latter energy estimate, we deduce

W(p) = W(p™ //\autx V2(t, dx). (5.21)

Moreover, we have from the equation dyv(t, z) + @(z) = 0 that the generalized inverse u solves
in the weak sense 0,u + a,0,u = 0. Therefore, in the sense of distributions, we have

Bip -+ Oy (@up) = 0.

From Theorem 8.3.1 of [2], we deduce that p € ACE_((0,+00); Po(R)). We conclude, using
moreover (5.21]) that p is a curve of maximal slope for the functional W defined in (5.16)).
e Gradient flow solutions.
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This last step is a direct consequence of Theorem 11.1.3 of 2] since all assumptions of the
Theorem have been verified above. Thus curves of maximal slope are gradient flow solutions.
Uniqueness is obtained thanks to a contraction estimate based on a Gronwall argument as in
[18]. This concludes the proof of the first item of Theorem (.11

(71) From Proposition 5.6 we deduce that the duality solution of Theorem belongs
to AC?_.((0,+00); Po(R)). Then by uniqueness of weak solution of the aggregation equation,
we deduce that the duality solution and the gradient flow solution of the first item coincides.
Moreover, from Proposition (B.4]) with w = 0, equation (5.10) reduces to

O,U + 0,A(U) = 0.

It is well-known that this scalar conservation law admits an unique nonincreasing solution which
is the entropy solution (see e.g. [14, Lemma 3.3|). Then p = 0,U. 0
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