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The Filippov characteristic flow for the aggregation
equation with mildly singular potentials

J. A. Carrillo* F. James ' F. Lagoutiere’& N. Vauchelet1**
September 9, 2014

Abstract

Existence and uniqueness of global in time measure solution for the multidimensional
aggregation equation is analyzed. Such a system can be written as a continuity equation
with a velocity field computed through a self-consistent interaction potential. In Carrillo
et al. (Duke Math J (2011)) [16], a well-posedness theory based on the geometric ap-
proach of gradient flows in measure metric spaces has been developed for mildly singular
potentials at the origin under the basic assumption of being A-convex. We propose here
an alternative method using classical tools from PDEs. We show the existence of a charac-
teristic flow based on Filippov’s theory of discontinuous dynamical systems such that the
weak measure solution is the pushforward measure with this flow. Uniqueness is obtained
thanks to a contraction argument in transport distances using the A-convexity of the po-
tential. Moreover, we show the equivalence of this solution with the gradient flow solution.
Finally, we show the convergence of a numerical scheme for general measure solutions in
this framework allowing for the simulation of solutions for initial smooth densities after
their first blow-up time in LP-norms.
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1 Introduction

This paper is devoted to the so-called aggregation equation in d space dimension

Op = div (VoW * p)p), t>0, zeR? (1.1)
complemented with the initial condition p(0,z) = p™. Here, W plays the role of an interaction
potential whose gradient V,W (x — y) measures the relative force exerted by an infinitesimal
mass localized at a point y onto an infinitesimal mass located at a point x.

This system appears in many applications in physics and population dynamics. In the
framework of granular media, equation is used to describe the large time dynamics of
inhomogeneous kinetic models (see [4] 18] 44]). Model of crowd motion with a nonlinear de-
pendancy of the term V,W x p are also encountered in [20, 22]. In population dynamics,
provides a biologically meaningful description of aggregative phenomena. The description of
the collective migration of cells by swarming leads to such non-local interaction PDEs (see e.g.
[37, 38, 143]). Another example is the modelling of bacterial chemotaxis. In this framework,
the quantity S = W * p is the chemoattractant concentration which is a substance emitted
by bacteria allowing them to interact with each others. The dynamics can be macroscopically
modelled by the Patlak-Keller-Segel system [33], B9]. In the kinetic framework, the Othmer-
Dunbar-Alt model is usually used, its hydrodynamic limit leads to the aggregation equation
(1.1) [25, 26, B0]. In many of these examples, the potential W is usually mildly singular, i.e.
W has a weak singularity at the origin. Due to this weak regularity, finite time blow-up of
regular solutions has been observed for such systems and has gained the attention of several
authors (see e.g. [34, 9] 6] [7, [16]). Finite time concentration is sometimes considered as a very
simple mathematical way to mimick aggregation of individuals, as opposed to diffusion. Finally,
attraction-repulsion potentials have been recently proposed as very simple models of pattern
formation due to the rich structure of the set of stationary solutions, see [40, 13} 14l [3, 5] for
instance.

Since finite time blow-up of regular solutions occurs, a natural framework to study the
existence of global in time solutions is to work in the space of probability measures. However,
several difficulties appear due to the weak regularity of the potential. In fact, the definition of
the product of VW x p with p is a priori not well defined. This fact has already been noticed
in one dimension in [30, B1]. Using defect measures in a two-dimensional framework, existence
of weak measure solutions for parabolic-elliptic coupled system has been obtained in [41], 24].
However, uniqueness is lacking. Measured valued solutions for the 2D Keller-Segel system have
been considered in [36] as limit of solutions of a regularized problem.

For the aggregation equation (I.1), a well-posedness theory for measure valued solutions has
been considered using the geometrical approach of gradient flows in [16]. This technique has
been extended to the case with two species in [23]. The assumptions on the potential in order to
get this well-posedness theory of measure valued solutions use certain convexity of the potential
that allows for mild singularity of the potential at the origin.

In this paper, we assume that the interaction potential W : R? — R satisfies the following
properties:

(A0) W is Lipschitz continuous, W(z) = W(—z) and W(0) = 0.

(A1) W is A-convex for some A <0, i.e. W(z) — 3|z|? is convex.



(A2) W e C(R?\ {0}).

Such a potential will be named as a pointy potential. A typical example is a fully attractive
Morse type potential, W (x) = 1 — e~ I#l, which is —1-convex.

Let us emphasize that we only consider Lipschitz potentials which allows to bound the
velocity field, whereas in [16], linearly growing at infinity potentials are allowed. In other
words, we assume that there exists a nonnegative constant w., such that for all x # 0,

IVIV(2)] < weo. (1.2)

The main reason for this restriction is to be able to work with suitable characteristics for this
velocity field as explained below.

Denoting a = —VW x p the macroscopic velocity, equation can be considered as a
conservative transport equation with velocity field a. Then a traditional definition for solutions
is the one defined thanks to the characteristics corresponding to this macroscopic velocity.
However, the velocity a is not Lipschitz and therefore we cannot defined classical solutions to
the characteristics equation. To overcome this difficulty, Filippov [27] has proposed a notion of
solution which extend the classical one. Using this so-called Filippov flow, Poupaud & Rascle
[42] have proposed a notion of solution to the conservative linear transport equation defined
by Xyp™ where X is the Filippov flow corresponding to the macroscopic velocity. However a
stability result of the flow was still lacking until recently [§], and thus there are no results with
this technique for nonlinear equations of the form . We notice that in one dimension and
for linear equations, these solutions are equivalent to the duality solutions defined in [11] [12],
which have been successfully used in [30], 31] to tackle in the one dimensional case.

On the other hand, although the geometric approach of gradient flows furnishes a well-
posedness framework for well-posedness, this approach does not allow to define a characteristic
flow corresponding to the macroscopic velocity a = —VW % p. In this work, we focus on
improving the understanding of these solutions by showing that under assumptions (A0)-(A2)
on the potential, the solutions can be understood as their initial data pushed forward by suitable
characteristic flows.

In order to achieve this goal, we first generalize the theory developed in [42] to the nonlinear
aggregation equation . The first difficulty is, as it was in [16], to identify the right definition
of the nonlinear term and the nonlinear product. This was solved in [I6] by identifying the
element of minimal norm by subdifferential calculus. We revisit this issue by clarifying that
this is the right definition of the nonlinear term if we approximate a pointy potential by smooth
symmetric potentials. Once the identification of the right velocity field has been done, we
use the crucial stability results of Filippov’s flows in [§] to pass to the limit in the nonlinear
terms. This leads to the construction of global measure solutions of the form Xy p™, where X
is the Filippov flow associated to the velocity vector field a. This is the point where we need
globally bounded velocity vector fields since Filippov’s theory [27] was only developed under
these assumptions. In this way, we extend to the muti-dimensional case the results in [30] (for
a particular choice of the potential W) and in [31].

Moreover, we are able to adapt arguments for uniqueness already used for the aggregation
equation and for nonlinear continuity equations as in [35] [19] [7] to show the contraction property
of the Wasserstein distance for our constructed solutions. This leads to a uniqueness result for
our constructed solutions and to show the equivalence between the notion of gradient flow



solutions and these Filippov’s flow characteristics solutions. Let us further comment that in
the one dimensional case it has been noticed that there is a link between solutions to and
entropy solutions to scalar conservation law for an antiderivative of p (see [9] [10] B0, B1]). This
link has allowed to consider extensions of the model with a nonlinear dependency of the
term VW % p.

Finally, let us mention that apart from particle methods to the aggregation equations, very
few numerical schemes have been proposed to simulate solutions of the aggregation equation
after blow-up. The so-called sticky particle method was shown to be convergent in [I6] and used
to obtain qualitative properties of the solutions such as the finite time total collapse. However,
this method is not that practical to deal with finite time blow-up and the behavior of solutions
after blow-up in dimensions larger than one. In one dimension, such numerical simulations
thanks to a particle scheme have been obtained by part of the authors in [30]. Moreover, in
the one dimensional case and with a nonlinear dependency of the term VW x p, they propose
in [32] a finite volume scheme allowing to simulate the behaviour after blow up and prove
its convergence. Finally, extremely accurate numerical schemes have been developed to study
the blow-up profile for smooth solutions, see [28, 29]. In fact, part of the authors recently
proposed an energy decreasing finite volume method [I5] for a large class of PDEs including
in particular but no convergence result was given. Here, we give a convergence result
for a finite volume scheme and for general measures as initial data. This allows for numerical
simulations of solutions in dimension greater than one allowing to observe the behaviour after
blow-up occurs.

The outline of the paper is the following. Next section is devoted to the definition of
our notion of weak measure solutions for the aggregation equation. After introducing some
notations, we first recall the basic results as obtained by Poupaud & Rascle [42] on measure
solutions for conservative linear transport equations. Then we define the notion of solutions
defined by a flow and state the main result of this paper in Theorem 2.5 Finally, we recall
the existence result of gradient flow solutions in [16] and state their equivalence with solutions
defined by a flow. Section |3|is devoted to the proof of the existence and uniqueness result. The
main ingredient of the proof of existence is a one-sided Lipschitz property of the macroscopic
velocity and an atomization strategy by approximating with finite Dirac Deltas. A contraction
argument in Wasserstein distance for these solutions allows to recover the uniqueness. In Section
M, we investigate the numerical approximation of such solutions. A finite volume scheme is
proposed and its convergence is established for general measure valued solutions. An illustration
thanks to numerical simulations is also provided showing the ability of the scheme to capture
the finite time total collapse and the qualitative interaction between different aggregates after
the first blow-up in LP-norms. Finally, an Appendix is devoted to some technical Lemmas useful
throughout the paper.

2 Weak measure solutions for the aggregation equation

All along the paper, we will make use of the following notations. We denote M;,.(R%) the space
of local Borel measures on R%. For p € M;,.(R?), we denote by |p|(R?) its total variation. We
denote M, (R?) the space of measures in M;,.(R?) with finite total variation. From now on, the
space of measures M,(R?) is always endowed with the weak topology o(M,, Cy). For T > 0,



we denote Sy := C([0, T]; My(R?) — o(My, Cp)). Finally, we define the space of probability
measures with finite second order moment:

Py(RY) = {,u nonnegative Borel measure, u(R?%) = 1, / |z|?p(dr) < oo} .

This space is endowed with the Wasserstein distance dy defined by (see e.g. [45, [46])

di () = inf { =l vta, dy>}l/2 2.1)

~vel(p,v)

where I'(u1, ) is the set of measures on R? x R? with marginals x4 and v, i.e.

[(p,v) = {’Y € P2(R? x R?); V¢ € Co(RY), /f(yo)’Y(dyhdyﬂ = /f(yl)ﬂ(dy1)>

/f(yQ)v(dyl,dyz) = /é(yz)V(dyz)}-

From a 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 (2.1)) of dy is called an optimal
plan, the set of which is denoted by I'g(p, ). Then for all v € Tg(u, v), we have

diy ( /Iy—:r| Yo(dz, dy).

2.1 Weak measure solutions for conservative transport equation

We recall in this Section some useful results on weak measure solutions to the conservative
transport equation
Owu + div(bu) = 0; u(t = 0) = u°. (2.2)
We assume here that the vector field b is given.
We start by the following definition of characteristics [27] :

Definition 2.1 Let us assume that b= b(t,z) € R? is a vector field defined on [0, T] x R? with
T > 0. A Filippov characteristic X (t; s, z) stems from x € R? at time s is a continuous function
X(;s,2) € C([0,T),R?) such that 2 X (t;s,) exists a.e. t € [0,T] satisfying

%X(t; s,z) € { Convess(b)(t, ) }(X(t;s,x)) a.e t€[0,T]; X(s;s,x) =x.

From now on, we will use the notation X (t,z) = X(¢;0,x).

In this definition Convess(E) denotes the essential convex hull of a set E. We remind the
reader the definition for the sake of completeness, see [27, 2] for more details. We denote by
Conv(FE) the classical convex hull of F| i.e., the smallest closed convex set containing £. Given
the vector field b(t,-) : R — R9, the essential convex hull at point z is defined as

{Convess(b)( ﬂ ﬂ Conv [b(t, B(z,r)\ N)] ,

r>0 NENy

where N is the set of zero Lebesgue measure sets. Then, we have the following existence and
uniqueness result of Filippov characteristics under the mere assumption that the vector field b
is one-sided Lipschitz.



Theorem 2.2 ([27]) Let T > 0. Let us assume that the vector field b € L} (R; L>®(R?))
satisfies the OSL condition, that is for all x and y in R?, for all t € [0,T],

(b(t,2) = b(t,y)) - (& —9) < a(®)lle — %, fora € L}0,T). (2.3)
Then there exists an unique Filippov characteristic X associated to this vector field.

An important consequence of this result is the existence and uniqueness of weak measure
solutions for the conservative linear transport equation. This result has been proved by Poupaud
and Rascle [42].

Theorem 2.3 ([42]) Let T > 0. Letb € L'([0,T], L>°(R%)) be a vector field satisfying the OSL
condition (2.3). Then for any uy € My(R?), there exists a unique measure solution u in Sy
to the conservative transport equation (2.2)) such that u(t) = X (t)guo, i.e. for any ¢ € Co(RY),
we have

g o(x)u(t,dr) = g O(X(t, z))ug(dx), fort e [0,T].

Finally, we recall the following stability result for the Filippov characteristics which has been
established by Bianchini and Gloyer [8, Theorem 1.2]

Theorem 2.4 LetT > 0. Assume that the sequence of vector fields b, converges weakly to b in
LY([0,T7], L} (RY)). Then the Filippov flow X,, generated by b,, converges locally in C([0,T]xR?)

loc

to the Filippov flow X generated by b.

2.2 Solutions defined by Filippov’s flow

We state in this Section the main result of this paper dealing with the existence and uniqueness
of measure solutions defined thanks to the Filippov characteristics for the aggregation equation
([1.1]). For p € C([0,T], P2(R%)), we define the velocity field @, by

ap(t,x) = — , VW (z —y)p(t, dy). (2.4)

This choice of macroscopic velocity will be justified by the convergence result of Lemma
below. We remark that this definition of the velocity field coincides with the one based on
subdifferential calculus done in [16], see next subsection. Due to the A-convexity of W (A1),
we deduce that for all z, y in R?\ {0} we have

(VW (z) = VW(y)) - (x —y) > Az — y]*. (2.5)
For the sake of simplicity of the notations, we introduce

—— . | VW(x), for x # 0;
VIW(z) = { 0, for z = 0,

such that, by definition of the velocity (2.4)), we have

a,(tx)=— | VW(x—y)p(t,dy). (2.6)

Rd



Moreover, since W is even, VIV is odd and by taking y = —z in ({2.5)), we deduce that inequality
(2.5)) is true even when z or y vanishes for VIV :

Yo,y eRL  (VW(x) = VIW(y)) - (z —y) > Nz —y| (2.7)

We are now ready to state the main result of this paper. Its proof is postponed until Section
Bl below.

Theorem 2.5 Let W satisfy assumptions (A0)—(A2) and let p™ be given in Po(R%). Given
T > 0, there exists a unique Filippov characteristic flow X such that the pushforward measure
p = Xyup™ is a distributional solution of the aggregation equation

Oip + div(@p) =0,  p(0,-) = p™, (2.8)

where @, is defined by (2.4)).
Besides, if p™ and p™ are two given nonnegative measure in Po(R?), then the corresponding
pushforward measures p and p satisfy for all t € [0,T]

dw (p(t), p(t)) < e Mdw (p™, 1™). (2.9)

Remark 2.6 Let us point out that the exponent in the stability estimate in dy in (2.9) can be
improved to —\t if both initial measures p™ and ™ have the same center of mass.

2.3 Gradient flow solutions

We recall the definition of gradient flow solutions as defined in [I} [16]. Let W be the energy of

the system defined by
1

Wo) = ¢ / W=y plda)pd) (2.10)

We say that u € AC? ([0, +00); P2(R%)) if p is locally Holder continuous of exponent 1/2 in

time with respect to the distance dy in Po(R?).

Definition 2.7 (Gradient flows) Let W satisfy assumptions (A0)—(AZ2). We say that a map
p € ACE ([0, +00); Po(RY)) is a solution of a gradient flow equation associated to the functional

W, defined in (2.10)), if there exists a Borel vector field v such that v(t) € Tan,mPa(RY) for
a.e. t >0, [[v(t)]| 12 € L7,e(0,+00), the continuity equation

loc
Oupr + div (v,u) =0,
holds in the sense of distributions, and v(t) = —0°W(u(t)) for a.e. t > 0. Here °W(u) denotes
the element of minimal norm in OW(u), which is the subdifferential of W at the point p.

We refer to Il [16] for details about the definition of the subdifferential since we will not
make use of them in the sequel. The existence and uniqueness result of [16, Theorem 2.12 and
2.13 ] can now be synthetized as follows.



Theorem 2.8 ([16]) Let W satisfy assumptions (A0)—(A2). Given p™ € Py(R?), there exists
a unique gradient flow solution of (1.1)), i.e. a curve pgr € ACE ([0, 0); Po(RY)) satisfying

0,0%—1;(15) + div(v(t)per(t)) =0, in D'([0, 00) x RY),
v(t,x) = —0"W(pgr)(t,r) = — VW (x —y) par(t, dy),

yFT

with par(0) = p™. Moreover, the following energy identity holds for all 0 <ty < t; < co:

t1
/ / W * parlPocr (t, dr)dt + Wi(par(t) = Wi(par(t)).
to Rd

Theorems 2.5/ and [2.8| furnish two notions of solutions to ((1.1]) which are solutions in the sense
of distributions. Then we should wonder on the link between this two notions. The following
result states their equivalence.

Theorem 2.9 Let W satisfy assumptions (A0)—(A2). Let p™ € Py(RY) be given. Let us
denote p the solution of Theorem and by pgr the solution of Theorem [2.8 Then we have
p € ACL.([0,00); Po(R?)) and p = par.

As a consequence of this equivalence result, there exists a unique solution p which satisfies in
the sense of distribution (2.8) with @, defined in (2.4). This solution is a pushforward measure
by a characteristic flow: p = Xyup™.

3 Existence and uniqueness

3.1 Macroscopic velocity and one-sided estimate

In order to justify the choice of the expression of the macroscopic velocity in (2.4)), we prove
a stability result for symmetric potentials. Moreover, we state in Lemma the important
one-sided Lipschitz property for this macroscopic velocity.

Lemma 3.1 Let us assume that W satisfies assumptions (A0)—(A2). Let (W,,)nen+ be a se-
quence of even functions in C*(R?) satisfying (A1) and (1.2]) with the same constants A and
Weo not depending on n and such that

1
supxeRd\B(07%)|VWn(x) — VW(z)| < - for all n € N*. (3.1)

If the sequence p, — p weakly as measures, then for every continuous compactly supported ¢,
we have

lim / /IR . P(2)VWa(z — y)pn(dz)pn(dy) = / /R s ¢(x) VW (z — y)p(dz)p(dy),

n—-+o00

where D is the diagonal in R%: D = {(z,z), z € R?}.



Proof. The construction of such an approximating sequence of potentials can be obtained for
instance using the Moreau-Yosida regularization, see [I] and [I7, Proposition 3.5]. Let us focus
on the last property. We first notice that by symmetry of W,,, we have for all ¢ € Lip(R?),

[ o@atamlin) =5 [ (0@ = 6) VW = (o)

We recall that since p, — p weakly as measures, we have that p, ® p, = p ® p weakly as
measures. Let ¢ > 0. Since ¢ is continuous on a compact set, it is uniformly continuous
therefore there exists a > 0 such that |¢(z) — ¢(y)| < e for |[x — y| < a. Then, defining
D, = {(z,y) € R? x R4, |z — y| < a} for any a > 0, we split the latter integral into :

/ /R ) Rd(cb(l‘) — ¢(y)) (VWn(ar — ) pu(dz) pu(dy) — VW (z — y)p(da) p(dy)) -
. (o(x) — d(y)) (vwn(a: — ) pa(dx) pu(dy) — VW (z — y)p(dz) p(dy)>

+ [ (0@ = 0 (VWale = 9)pa(de)pa(dy) = (@ ~ y)plde)oldy)).

Dq

For the last term of the right hand side, we use the fact that ¢ is uniformly continuous and
(1.2) for W and W,, to prove that

/ / )(VW (& — y)pu(da) pu(dy) — VW (2 — y)p(dx)p(dy)> < Ce.

For the first term, we have

JL. o 600 =00 (Wi o)) =TT e = o)) =
[ (0l =) (T o =) = T x = )i )

—

+ / / (d(z) — (1)) VW (z — y) (pn(dx) pu(dy) — p(dzx)p(dy)).

R4 xR\ Dy,

Using we deduce that the first term of the right hand side is bounded by ¢ for n large
enough. For the second term, we use the fact that (x,y) — (¢(z) — gzﬁ(y))V/ﬁ/(x —y) is continu-
ous and compactly supported and the tight convergence of p, towards p to prove it is bounded
by € when n is large enough. This concludes the proof. 0

Remark 3.2 In other words, this Lemma states that if W, is an approximating smooth and even
sequence for W and for any sequence p, converging to p in Sy, then, denoting a, = VW, % p,,
we have the convergence of the flux a,p, — G,p in the weak topology Sy with @, defined in
. A similar convergence result has been proved in [{1|], although in this paper, the potential
is less reqular and in particular it does not satisfies (AQ) neither the bound . Then at the
limat the author recovers a defect measure which vanishes in our case. Such result has also been
used in [24)] to define weak solution for the two-dimensional Keller-Segel system for chemotazis.



Lemma 3.3 Let p(t) € My(R?) be nonnegative such that |p(t,-)|(R?) < ¢ for all t > 0. Then
under assumptions (AQ) — (A2) the function (t,x) — a,(t,z) defined in (2.4) or equivalently
in (2.6) satisfies the one-sided Lipschitz (OSL) estimate

(@t ) = ap(t,y) - (& —y) < =Alp|(RY)]|z — yl|*. (3-2)

Proof. This result is an easy consequence of the A-convexity of the potential. In fact, by
definition ({2.6]), we have

Gyle) = T0) = = | (FW(x = 2) = VW (y — 2))p(d2).
R
Using inequality (2.7) and the nonnegativity of p, we readily obtain (3.2)). 0O

From Lemma [3.3] we deduce that if p € C([0,T],P2(R)) and @, is defined as in (2.4), we
can define the Filippov characteristic flow, denoted X, associated to the velocity field @, (see
[27]). Then we consider the push-forward measure

ppr = Xup™.

Poupaud & Rascle [42] have shown that this measure is the unique measure solution of the
conservative linear transport equation

E)tppR + diV(/a\pppR) = 0.

The difficulty here is that the measure p used in the definition of the macroscopic velocity @,
is a priori not the same as ppg. Actually, the whole aim of the next subsection is to prove that
they are equal.

3.2 Existence

In this subsection, we prove the existence part of Theorem[2.5] We follow the idea of atomization
consisting in approximating the solution by a finite sum of Dirac masses or particles, and then
passing to the limit. This approach has been very successful for the aggregation equation, see
[6], 16, BT, [10] for instance.

Approximation with Dirac masses. Let us assume that the initial density is given by

PN (1) = Zfil mid(x — x7), with xf # 29 for i # j, for a finite integer N and belongs to

Py(R?), i.e. we have

N N
Zmi =1, M,(0) = Zmi|x?|2 < +00. (3.3)
i=1

i=1

Then we look for a solution of the aggregation equation given by

PN (t, x) = Zmié(x — z;(t)).

10



By definition (2.4 we have

N
—ijVW(x—wj(t)), ife#£x,i=1,...,N,
an(t,z) = j=1
p )
— Z m;VW (x;(t) — x;(t)) ,  otherwise.
i

For such a macroscopic velocity, we can define the Filippov characteristic X" as in Definition
. In fact, from Lemma , a,~ satisfies the OSL condition, which allows to define uniquely
the Filippov characteristic. It is obvious from the essential convex hull definition that

= Z m; VW (z;(t) — x;(t)) € {Convess(a,~)(t, )} (xi(t)).
J#i
Then setting the classical ODE system () = —>_.; m; VW (x;(t) — z;(t)), the solution will
be defined up to the time ¢. of the first collision between two or more particles. By uniqueness of
the Filippov characteristic, X (¢, 2?) = ;(¢) until that time. At time ., one has to recompute
the velocity field, since the colliding particles will stick together for later times according to the
rule given by
9 on ~ YN YN

aX (t;s,2) € {Convess(an)(t, )X (t;s,x)) ae. te€[0,T]; XV (s;8,x) = .
This construction of the characteristics coincides with the one done in [I6, Remark 2.10]. In
other words, the Filippov flow coincides with this time evolution+-collision+gluing of particles
procedure.

Next, we define php = X #p”“’N . By construction, this measure satisfies in the sense of
distributions

Oppr + div (@, ppp) = 0.

Moreover, from the definition of the pushforward measure, we can write

e == [ TV = y)oalds) == [ WG = XV (t0))p™ )
Rd R4
By definition of p™" we deduce
N —
Ay (t) =-— Z m; VW (x — XN(t, )8y — 20)
N

=Y miV/ﬁ/(a: — XN(t,29)) = a (t, 3).

i=1

Thus we conclude that pXp = p».
Let us consider now the bound on the second moment. We define M (t) := S2%  myla(t)[2.
Differentiating, we have

—MN = 2ZZmlm]xZVW i — xj).

i=1 j=1

11



Using ((1.2), we deduce that

d N N

i=1 j=1
From the Cauchy-Schwarz inequality and the fact that > . m; = 1, we deduce

d
%MQN(t) < K(1+ My'(t)). (3.4)
Since M¥(0) is finite from (B.3), we deduce from a Gronwall Lemma that for all ¢ € [0,7] we
have M3 (t) < 4o0. By continuity of the Filippov flow, we have that p € C([0,T], P2(R?)).
Moreover, using ((1.2)), we deduce that

@ (t,7)| < C. (3.5)

Passing to the limit N — +oco. Let us assume that p™ € Py(R?) and consider an approx-
imation p"Y € Py(RY) given by a finite sum of Dirac masses such that pN — piné tightly
in M,(R) as N — +oo with a uniform in N bound of the second moments, or equivalently,
dy (p™N | pint) — 0 as N — co. We have proved above that we can construct a Filippov flow
XV and a measure p~¥ = XV #p™N € ([0, T], P2(R?)) such that in the distributional sense

O™ + div(@,np™) =0,

where @,v is defined by (2.4). From (3.5), we have that @,v is bounded in L>([0,7] x R%).
Thus @,v converges up to a subsequence towards b in LS, — weak*. We can pass to the limit
in the distributional sense in the one-sided Lipschitz inequality satisfied by @,~, since the
right hand side of this inequality does not depend on N. Then b satisfies the OSL condition
and we can define X, the Filippov flow corresponding to b. From the L{° — weak* convergence

above, it is obvious that @,v converges weakly to b in L'([0,T7; L}OC(RH)). Therefore, we can

apply Theorem , and deduce that XV — X, locally in C([0,T] x RY) as N — +o0.
Moreover, for every ¢ € Cy(R?), we have

| 6@ (tda) = | S(XN(t2))p" " (d).

Rd

Since pmN — pii tightly and XN (t,2) — X, (¢, ) locally in C([0, 7] x R?), we deduce that for
any R > 0,

lim SN (t0) " (o) = [ o(Xift0)) o7 (o)
N—=+00 Jp(o,R) B(0,R)

Denoting as above MY (0) (resp. M5(0)) the second order moment of p™V (resp. p™), we infer

that

/ pz‘m',N(dx) < MQN(O) < dW (pim’N7 pmi) + MQ(O)
R4\ B(0,R) - R T R?

12



This implies that for all ¢ € Cy(RY),

XN (t,2))p" N (dr) — | (Xt 2))p™ (dx) = / ¢(x) Xp o™ (dx).
R4 N—+o0 R4 R4

We deduce that p¥ — p:= X} 4p™ in Sy as N — +oo. Finally, from this latter convergence,

we deduce by applying Lemma that @,y — @, a.e. By uniqueness of the limit, we conclude

that b =1a, a.e.

Bound on the second moment. Finally, we recover the bound in P,(R%). We first notice
that due to the approximation of the initial data done in the previous step, we know that M2 (0)
is bounded uniformly in N. Taking into account this fact together with , there exists a
nonnegative constant Cr depending only on 7" and the initial data p™ such that

MY(0) = | XVt )l N (de) < O
R

Then |z|?p™ (t) is a bounded sequence of nonnegative measures that converges weakly as mea-
sures to |z|?p(t). Therefore, by the Banach-Alaoglu theorem, we get

Ms(t) = / | X (t, 2)? p™ (dw) < liminf MY (t) < Cp.
R4 N—oo
This ends the proof of existence.

3.3 Uniqueness

The proof of the uniqueness relies on a contraction property with respect to the Wasserstein
distance dy,. In the framework of general gradient flows, this property has been established
using the A-geodesically convexity of the energy in [I, Theorem 11.1.4], see also [18, [35] 19} [16]
for related results. We show here an equivalent result for our notion of solution. The proof
relies strongly on the definition of the solution as a pushforward measure associated to a flow
and of the A-convexity of W.

Proposition 3.4 Let us assume that W satisfies assumptions (A0) — (A2). Let py and po
be two nonnegative measure in Po(RY). Let p and p in C([0,T], Po(R%)) be solutions of the
aggregation equation as in Theorem with initial data py and po respectively. Then for all
t>0,

dw (p(t), p(t)) < e **dw (po, fo) -

Moreover if py and py have the same center of mass, then for all t > 0,

dw (p(1), p(t)) < e dw (po, po) -

Proof. Let py and py be two nonnegative measure in Py (R?). We first choose an optimal plan
v € Lo(po, po) such that we have

Bilposi) = [[ o = o ro(dos,daa).
RexR
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We regularize the potential W, as in Lemma , by W. € CY(R?) such that W, is A\-convex,
W.(—x) = W.(x), VW, < |VW| and

sup  |VW.(z) — VW (z)| <e.

2€RA\B(0,¢)

As in subsection [3.2], we construct a Filippov flow X, associated to the velocity field a, :=
— Joa VWe(z — y)p.(t, dy) such that p. = X. 4po € C([0,T], Po(R?)) is a measure solution to
the aggregatlon equation Oyp. + div(acp.) = 0 with initial data py. For this flow we have

GXta) == [ VWa -yt Xel0.0) =

Similarly we construct p. = X 4p0 € C([0,T], P2(R%)) associated to the velocity field a. :=

= Jga VWe(z — y)pe(t, dy).
By deﬁmtlon of the pushforward measure, we have that

ac(t.x) == [ VW.(x = Xc(t,9)poldy), ac(t.x) =~ [ VW.(x — Xe(t,)po(dy).

R4 R4

Moreover, from the definition of the optimal plan ~, we can rewrite

ltr) == [ Wela = Xet.) (. due) (3.

- / /R i VW (2 = Xe(t, y2)) vo(dyr, dyo). (3.7)

Since p.(t) belongs to Py(R?), we have that

/ P pu(t, de) = / X (¢ 2) Pdpo(a) < o
R4 Rd

The same estimate holds true for p.. Then we can consider the quantity
= // }Xg(t,xl) —Xa(t,l'g)‘Z’)/o(dfﬁl,dl'g).
R4 xRd

We notice that for ¢ = 0, we have Z(0) = d%,(po, po). We have

d _ ~ ~

1= 2// (a(t, Xo(t, 1)) — Aty Xelt, 22))) - (Xolt, 21) — Kot 22)) 0(dey, daa).

t Rd xR
From the definition of the velocity field (3.6)—(3.7), we have

d
7. _2////(Rd)4 (VWa(XE(t,:vj) CX(tyy) — VWKt 22) — Kl g))-
(Xe(t, 21) — Xo(t, 22)) Yo(dwe, dwa)yo(dyr, dys).

14



From assumption W.(—z) = W.(z), we deduce that VW, is odd. Then VW.(X.(t,z) —
X.(t,y)) = =VW.(X.(t,y) — Xc(t,z)) for all z, y. By exchanging the role of (z1,z3) and
(y1,y2) in this latter equality and using the symmetry of VW, we deduce that

G==2 [[[]L, W) - Xt ) - VRt )~ Relt02)
(Xe(t,y1) = Xe(t,2)) Yo(dar, das)yo(dys, dyo)-

Summing these two latter equalities, we obtain

T ////() (VW Xe(t, 1) = Xe(t ) = VWe(Xe(t, 22) = Xe(t,92))-
(Xa(t, 1'1) - Xa(t, yl) - Xa(t, 1'2) + Xa(t, yg)) '70(d$1, dﬂfz)’yo(dyh dyQ)

From the A-convexity of W, we deduce from ({2.5)) that

//// » St 1) — Xo(ty1) — Xo(t,20) + X8, 92)‘2VO(del,de)Vo(dyl’dyz)-
(Rd)

(3.8)
We recall that A < 0 and |po|(R?) = |po|(R?) = 1. A direct Young inequality leads to
17 < iz (3.9)
™ — © '
Applying the Gronwall lemma, we deduce that
T.(t) < e NT(0) = e, (po, ). (3.10)

If the initial data have the same center of mass, then it is easy to check that the center of mass
remains the same for both solutions for all times, that is, for all £ > 0

M, = / xpe(t,de) = | X.(t,x)po(dx) = / X (t, 21) yo(dxy, dxs)
R4 R4 Rd)2
= [ wptd = [ Rtitdy) = [[ Rt dnndo).
R4 R4 (Rd)2
Thus, one can check that
//// , 4(Xs(t,l’1) — Xo(t,22)) - (Xe(t,y1) — Xe(t, y2)) Yo(d, dwa)vo(dy, dyz) = 0.
(R9)

Now, expanding the square in ({3.8]), we improve the decay by a factor of 2 in (3.9)) getting

d
%IE < —2)\T..

From now on, we stick to the general case to pass to the limit ¢ — 0 in (3.10]). Since
p-(t) is bounded in Py(R?) independently on e, we deduce from the Prokhorov theorem that
we can extract a subsequence such that p.(t) — p(t) tightly. Then applying Lemma in the
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Appendix we deduce that a. — @, for a.e. t € [0,T], z € R?, where @, is defined in (2.4). Then
we have shown that we can construct a Filippov characteristic flow X associated to the velocity
field @,. Applying the stability result of [§], recalled in Theorem , we deduce that X, — X
locally in C/([0,T] x R%). We can proceed analogously for p(t), and thus, for any R > 0 we have

lim | X (t,x) — X.(t, 2)[>po(da) = lim X (t,2) — X.(t,2)[*po(dz) = 0.
e—0 B(O,R) e—0 B(O,R)

We conclude that
// (1 2) = Relt o) [ = X (t20) = X(t.22)["] ol dea) — 0 (3.11)
B(0,R)x B(O,R)

as ¢ — 0.

Now, using ((3.10)) together with (3.11)), we deduce
> 2 _ ~
// ‘X(tv xl) - X(ty 'rQ)’ ’)/0<d[L’1, de) <e 4)\tdl2/V(p07 IOO) )
B(0,R)x B(0,R)

for all R > 0, leading to our final desired estimate

Z(t):= //d ) | X (¢, z1) — )Z'(t,a:2)|2'yo(d$1,d:v2) < 6_4’\td%,v(p0,ﬁo). (3.12)
Re xR

Finally, by definition of the Wasserstein distance (2.1, we deduce d%,(p,p) < Z(t) and the
contraction inequality (2.9) follows directly. 0

The uniqueness of solution in Theorem is then a trivial consequence of this contraction
property. In fact, applying Proposition for two solutions p and p with the same initial data
p™ we deduce from (3.12)) that X = X on supp(p™) which implies that p = p.

3.4 Equivalence with gradient flow solutions

This subsection is devoted to the proof of the equivalence of solution defined by the Filippov
flow with the gradient flow solution as stated in Theorem For p™ given in Py(R?), we
denote p the solution of Theorem 2.5 and pgr the solution of Theorem We have proved
above the existence of a Filippov characteristic flow X such that p = Xxp™ and p satisfies in
the sense of distributions

Op + div(a,p) = 0.

From the bound on @, in (3.5]), we deduce since p belongs to C([0, T, P»(R?)) that @, is bounded
in L2([0,T), L*(p(t))). Thus using Theorem 8.3.1 of [I], we deduce that p € AC?([0,T], P2(R%)).
We can conclude that p is a gradient flow solution, see [Il, Sections 8.3 and 8.4] and [16]. We
conclude the proof using the uniqueness of gradient flow solutions. As a consequence, the
solutions constructed in Theorem satisfy the energy identity, for all 0 <ty <t; < o0,

/t . /Rd @, (t, ) [*p(t, dx) + W(p(t1)) = W(p(to)).
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4 Numerical approximation

This Section is devoted to the convergence of a numerical scheme for simulating solutions given
by Theorem 2.5l The theory of existence developed in the previous section will allow to prove
convergence of standard finite volume schemes, provided the discretized macroscopic velocity is
accurately defined. Before that, we would like to comment on particle schemes.

4.1 Particle scheme

The contraction estimate in dy, for solutions leads to a theoretical estimate of the convergence
error of the particle scheme used in the first step of the proof of Theorem This was already
pointed out in [I6] in the framework of gradient flow solutions and used for qualitative behavior
properties. We just remind the main result here for completeness. Let us consider an initial
distribution given by a finite sum of N Dirac masses p™N = SN m;6(x — 29). We consider
the sticky particles dynamics given by

w(t) == mVW(z;(t) — ;(t),  x;(0) =2y, i=1. N
J#
These dynamics are well defined provided w;(t) # z;(t). When two or more particles meet, we
stick them and the resulting system follows the same dynamics with one or more particle less.
This system of ODEs plus the collision+gluing particle procedure gives the solution p¥(t) =
SN mid(x — a;(t)) of Theorem [2.5 at time ¢ > 0 with initial data p™N as explained in the
first step of its proof.

Corollary 4.1 Let p™ € Py(RY), we denote p € C([0,T]; Po(RY)) the corresponding solution
in Theorem with initial data p™. Let p™N be given in Po(RY) by pN(z) = SN mid(z —

29) an approzimation such that dy (p™, p"N) — 0 as N — +o0o. Given T > 0, then the

Z . .
corresponding solution p™ with initial data p™N defined above verifies

sup dw (p(t), pn(t)) — 0.
te[0,T] N—r+o0

The previous corollary is a direct consequence of the stability property in Theorem [2.5]
Although this result is very nice from the theoretical viewpoint, it is not that useful for simu-
lating the evolution of equation for fully attractive potentials in practice. The reason is
twofold. On one hand, to get a good control on the error after a long time one needs a very
large number of particles. On the other hand, the treatment of the collision between particles
and the gluing procedure is not too difficult in one dimension but it is very cumbersome (and
difficult to control its error) in more dimensions. Nevertheless, particle simulations lead to a
very good understanding of qualitative properties of solutions for attractive-repulsive potentials
where collisions do not happen, see [13], [14] [3| [5] for instance. We finally mention the recent
result of convergence of smooth particle schemes toward smooth solutions of the aggregation
equation before blow-up in [21].

4.2 Finite volume discretization

In the next three subsections, we will concentrate on the convergence of a finite volume scheme
for the solutions constructed in Theorem with general measures as initial data. The one

17



dimensional case has been considered in [32]. This case is particular since we can define an
antiderivative of the measure solution p which is then a BV function solution of an equation
obtained by integrating the aggregation equation. This fact is very much connected to the
relation of the one dimensional case with conservation laws as in [0, 30, 10, BT]. Then the
convergence of the numerical scheme relies on a TVD property. We refer the reader to [32]
for more details such as the importance of a good choice of the macroscopic velocity which is
emphasized with some numerical examples.

We focus in this work to higher dimensions where such techniques cannot be applied. For
the sake of clarity, we restrict ourselves to the case d = 2. We consider a cartesian grid z; = 1Az
and y; = jAy, for i € Z and j € Z. We denote by C;; the cells Cj; = [z, i41) X [y, Yj+1). The
time discretization is given by t, = nAt, n € N. As usual, we denote p; an approximation of
p(tn, i, y;). We consider that the potential W is given and satisfies assumptions (A0)-(A2).

Following the idea in [32], we propose the following discretization. For a given nonnegative
measure p € Py(R?), we define for i, j € Z?,

1 L
Q. — LI > . .

Since p'™ is a probability measure, the total mass of the system is Y, y pU AxAy = 1. Assuming
that an approximating sequence (p;‘])” is known at time n, then we compute the approximation
at time ¢, by :

n+1 n At n n n n At n n n n
Pij = Pij — A_x(axi+1/2jpi+1/2j - aﬂci—l/ijz‘—l/Qj) - A_y(ayij+1/2pij+1/2 - ayij—l/Qpij—1/2)
+Ewoo (Pi+1j — 2p5 + piflj) + Ewoo (pij+1 —2p;5 + Pijq),
(4.2)
where w,, is defined in ((1.2)). We have used the notation
_ Pij + Pivy _ Pij t P+
Piv+1/25 = 9 Pij+1/2 = 9
_ Qgij T Agigay Gyt Gy,
Aoivrfo) = = 5 yije12 = 7 o -
The macroscopic velocity is defined by
1 1
2ij = A D, Wk, = D,W}, 4.3
Qi AZL’Ay ; Pke ij ay” AZL’Ay ; Pke ij ( )
where
WM : // / oW (z -2’y —v) d:xdy) dx'dy
Che Cij
DyI/VZ»’;.K = // / W(m — 2y —y) dxdy) dx'dy’ .
Che Cij
We notice after a straightforward change of variable that we have also
1 1
Ozit1/2j = m Z Pr+1/20 D W@] ) Gyijr1/2 = m Z Pkt+1/2 Dsz‘l}Z‘ (4.4)
K, k¢
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Let us finally remark that this scheme is close to the Lax-Friedrichs flux formula for con-
servation laws. Therefore, it introduces some numerical viscosity in the simulations. This will
be clear in the error terms obtained in the convergence proof since we will have error estimates
depending on second order derivatives, see subsection 4.4.

4.3 Properties of the scheme

The following Lemma states a CFL-like condition for the scheme :

Lemma 4.2 Let us assume that W satisfies (A0)-(A2) and consider p™ € Py(R?). We define
py; by ([@.1)). Let us assume that the condition

Wee (é + A%J)At < % (4.5)

is satisfied. Then the sequences computed thanks to the scheme defined in (4.2)—(4.3) satisfy for

all 7, j and n,

'O?j >0, |aa:?]| < Weo, |ay;}| < Weo-

Proof. The total initial mass of the system is AzAy i p?j = 1. Since the scheme (4.2) is
conservative, we have for all n € N, AzAy Z” Py = 1.
We can rewrite equation (4.2) as

nil _ oo |q At ((Qailyy; = Qaiyy; At ((Qyiiirys = Qyii_q) At At
Pij Pij

Az 2 Ay 2 T AT Ayt
. At " . At .
+ Pit1ig L (woo - %z’+1/2j> + Pic1ig AL (woo + %,-_1/2])
. At " . At .
+ Pij+1 27y (woo - ayij—l—l/Z) + pij—lm <woo + ayij_l/g)' (4.6)

Let us prove by induction on n that for all ¢, j,n we have pj; > 0. Let us assume that for
a given n € N we have pj; > 0 for all 4, j. Then, from definition (4.3)) and assumption (1.2)) we
clearly have that

acf] S woelhzAy Y Pl =we 3 4yl < wee.
i’j

Then assuming that the condition (4.5 holds, we deduce that in the scheme (4.6]) all the coef-
ficients in front of pj, pi"1;, P41, Pij—1, and pjj ., are nonnegative. Thus, using the induction
assumption, we deduce that p%“ >0 for all 7, . 0

In the following Lemma, we gather some properties of the scheme: mass conservation, center
of mass conservation and finite second order moment.

Lemma 4.3 Let us assume that W satisfies (A0)-(A2) and consider pf; defined by @) for
some p™ € Py(R?). Let us assume that (4.5)) is satisfied. Then the sequence (p}y) constructed

thanks to the numerical scheme (4.2)—(4.3)) satisfies:
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(i) Mass conservation and conservation of the center of mass: for all n € N*, we have

Z piiArAy = Z pngIAy =1,

i,jE€Z2 i,j€Z2
n o __ 0 n o __ 0
E TPy = E TiPgj E YiPij = E YiPij-
1,jEZ> i,jEZ> 1,jEZ2 i,jEZ>

(77) Bound on the second moment: there exists a constant C' > 0 such that for all n € N¥,
we have
M3 = Z (xF + y2)pf AxAy < e (MJ +1) — 1, (4.7)
1,jEL2
where we recall that t,, = n/t.

Proof. We first notice that due to Lemma , we have that for all n, i, j the sequence (pfj) is
nonnegative.

(7) The mass conservation is directly obtained by summing over i and j equation (4.2]). For
the center of mass, we have from after using a discrete integration by parts :

Z IszH Z xzng Z 902-1—1/2] Pz+1/2g( $z+1>

i,j€Z2 i,j€Z2 ,jeZZ
At
—w o x 1— 22 + x4
QA [e'e] i 11— 7 i+
i,j€Z2

From the definition x; = iAz, we deduce

Z flsznH Z xlpz] At Z a$z+1/2] p7,+1/2]

i,j€L? i,j€L? i,J€L?
By definition of the macroscopic velocity (4.4, we have
Z Uxi'y1)2j Piv1j2j = A:vAy Z Z D W, Pk+1/2e Piv1/2;-
i,jEL? 0]

Since the function 9,W is odd, we deduce that DmVVi’;g = —DmW,z. Then by exchanging the
role of 7,7 and k, ¢ is the latter sum, we deduce that it vanishes. Thus,

S wppt = wpl

1,j€Z2 i,j€Z2

and we proceed in the same way with y; instead of x;.
(77) For the second moment, still using (4.2)) and a discrete integration by parts, we get

t
2 n+1 n n 2 2
E T Pij E z; Pzg Ar E Qzit1/25 Pit1/25 (mz - xi+1)

ijen? ijen? i jET2
At
n (2 2, 2
+Kwoo Pij (2 ) — 27 +27,)).

i,j€Z2
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By definition z; = iAz, we have (27 — 27, ) = =212 Az and (27, — 227 + 27,,) = 2Az%

Thus,
Z x2pz+1 Z z? PPy + 24t Z Azi'y1)9j Piv1jej Tit1/2 + W AtAR,

1,jEZ2 i,j€Z2 i,jE€Z2

where we have used the conservation of the mass. From Lemma we deduce that |a,[ /2j| <
Weo. Thus, after applying a Cauchy-Schwarz inequality and using the mass conservation, we get

n 7 Woo n
‘ Z Axit1/25 Pit1/2j $i+1/2A$Ay‘ < T(l + Z x?H/Q pi+1/2jAmAy>.
i,j€Z2 i,j€Z2
We deduce then that there exists a nonnegative constant C' such that
Z prZHA:UAy < (1 + CAt) Z x; p”AxijL CAt.
i,j€Z2 i,j€L2

Doing the same with the term ) _, jez? yj2 pZH we deduce that there exists a nonnegative constant
C such that
My < (14 CAt) My + CAt.

We conclude the proof using a discrete Gronwall Lemma. 0

4.4 Convergence of the numerical approximation

Let us denote by A = max{Axz, Ay}. We define the reconstruction

alt,z,y) Z Z Z pwl[nAt (n+1)At)xCy; (t,z,y), (4.8)

neN i€Z jeZ

Therefore, we have by definition of ajj = (a.7;, ay;;) in (4.3) that

aj = AxAy / VIV pa(tn, z,y) dedy.

In the same manner, we define

Alt,z,y) Zzzawl[nm nt1)ADxCy, (T, Y).

neN i€Z jeZ

Then we have the following convergence result:

Theorem 4.4 Let us assume that W satisfies (A0)-(A2) and consider p™ € Py(R?). We
define pw by . LetT" > 0 be fized. Then, if (4.9]) is satisfied, the discretization pa converges
weakly in M,([0, T] X R?) towards the solution p of Theorem[2.5 as A := max{Ax, Ay} goes to

0 with At satisfying .
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Proof. From Lemmal.2) we have that pj; > 0 provided the condition is satisfied. More-
over, by conservation of the mass we deduce that the sequence nonnegative bounded measures
(pa)a satisfies for all ¢ € [0, 7], |pa(t)|(R?*) = 1. Therefore, we can extract a subsequence, still
denoted (pa)a, converging for the weak topology towards p as At, Az and Ay go to 0 satisfying

[@35), ie. Vo € Co([0,T] x R2),

T T
| ][ otapsteagdodyie — [ [[ ottapott,dr.ag)ar
0 R2 0 R2
Actually, due to the estimate (4.7)) in Lemma , we can deduce that

/OT //Rg(x2 +y*)p(t, dz, dy) dt.

We choose At > 0 and Ny € N* such that condition (4.5) holds and T = AtNp. Let
¢ € D([0,T] x R?) be smooth and compactly supported. We denote

tnt1
= / / o(t, z,y) dtdxdy,
tn CU

/ //Rsztxy (t,z,y) dtdxdy—zzz,o” (g

n=0 i€Z jEL

such that

In particular, we have

n n—1

1 ij i
Z At (pA<tn+17IZ7yj) pA(tmxwa)) i,j _an #

n,1,J n,1,J

- A
///pAt:Ey (t2,y) = o(t = twwdtddy
R2 At

We have ¢(t,z,y) — ¢(t — At,x,y) = 0,p(t, z,y)At + O(At?). From the weak convergence of
pa and the fact that pa is a bounded measure with a bound not depending on the mesh, we
deduce that the latter integral converges to

T
- / / (. z, y)p(t, de, dy) dt.
0 R2

By the same token, we have

1
Z (pA( ns Tin1, Y5) = 208 (tns T, y5) + pa(to, 21, 45) ) V7

n,t,J

/ // palt y o(t,x + Az, y) — 26(t, z,y) — o(t, . — Az, y) dtdrdy.
R2 2Azx
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Using the fact that |¢(t,z + Az, y) — 20(t,z,y) — d(t,x — Az, y)| < ||0220]|ccA2?, we deduce
that this latter integral converges towards 0 as At, Ax and Ay go to 0. Futhermore, we have

1, . o )
Z A_x(azi+1/2jpi+1/2j - axi—1/2jpi—1/2j)¢i,j =
n,1,J
T 4As Gy 035 (Vi = Vity) + Gaiy Pl (Vi — 00) + awil ol (U0 — Y1)
b (4.9)
— 4Am/ // aza(t,z,y)palt,z,y) (o(t, x4+ Az, y) — ¢(t, x — Az, y))
) —

+aga(t,z + Az, y)pat, z,y) (¢t © + Az, y) — oL, 2, y))
+aza(t,x — Az, y)palt, x, y)(gb(t,x,y) o(t,x — Az y))) dtdxdy.

Using a Taylor expansion, the mass conservation and the bound (|1.2)), we deduce from (4.9))
that

E N (axi+1/2jpz‘+1/2j - @a:i—l/QjPz‘—l/Qj)@/’i,j = —Z/ // (QCLIA(tJ,y)PA(ta%y) 0:9(t, z,y)
X 0 R2

n,%,]
+(azalt,z + Az, y) + aualt,x — Az,y)) palt, z,y) m(t,x,y)> dtdzdy + O(Az).
(4.10)
Then, from (4.3)), we deduce that for any test function £ we have on the one hand

// amApA§ T1,Y1 dﬁld?h
R2

= - drdyda'd dod
ZAxAy// //Cklpkgp,ﬁWx 'y = y)$yxy/ §I17?/1) T1dyi,

on the other hand,

/ D, W % pa paé(w, y) dudy = Z// // P 1 0 W (@ — &y — o e, y) da' dy dady.
R2 Cre

i,5,k,0

Moreover, for any test function £ smooth and compactly supported, we have for all z,y € Cj;,

AzAy / . &(x1,y1) dxrdy; = &(z,y) + O(Az) + O(Ay).

Thus we have
/ / azapa§(z,y) drdy = / 0.W * pa paé(x,y) dzdy + O(Az) + O(Ay).
R2 R2

Finally, we deduce from (4.10))

1
Z Ar amz+1/2gpz+1/2] Aoy 1/2391 1/2])%] = _5([1 + I2) + O(Ar) + O(Ay), (4.11)

n,i,J
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where

T
L = / /// W (x— ',y — ) palt, 2,y ) palt, z,y)0sd(t, z, y) dudydt,
0 R4

1 [T — —
I, = 5/ //// (0W(z+ Az -2y —y)+0,W(x— Az —2',y—v))
0 R4
pa(t, 2’y ) palt, ©,y)0.0(t, x,y) da'dy dedydt.
As a direct consequence of Lemma [3.1], we have

T —_—
Il — / / a:cW*p(t>$ay)p(taxay)8x¢(taxay) dtdxdy
A—0 0 R2

For the term Iy, we proceed as in the proof of Lemma [3.1] We recall the main ingredients of
this proof. First, using the symmetry of W, we write

1 [T — —
I = 4_1/ //// (OW(z+ Az —a'y—y)+,W(x — Az -2’y —y))
0 R4
[N (ta 'CLJ7 y/)PA(t> z, y) (ax¢(t7 z, y) - ax(b(ta *1'/7 y/)) dx'dy’dxdydt

We introduce the set D, = {(z,y,2',y') s.t. |x —2'| + |y — ¢/| < a} for some positive coefficient
a < Ax and split the latter integral into the sum of the integral over R*\ D, and over D,.
Using the uniform continuity of 0,¢, we deduce that the integral over D, is small for small a.
Then, using the fact that by continuity of 9,W on R*\ {0}, we have for all (z,2’,y,y’) € R*\ D,
lim (9, W (x+ Az —a',y—y) + 0, W (e —Av =o',y —y)) = W (x —a'y =),

Azx—

we deduce

T
I —>// 0Wp(t, z,y)p(t, v,y)0:p(t, x,y) dtdzdy.
0 R2

A—0

Therefore, we conclude from (4.11])

1

: n n n n n o __
Einm —~ Ax (a“iﬂ/?jpm/zj %z’fl/%Pz‘fl/zj)z/’i,j =
TL?Z?]

T
= —/ // 0p(t, x,y) 0 W kp(t, z,y)p(t, z,y) dtdzdy.
0o JJr2

Finally, multiplying equation (4.2) by +7;, summing over n, i, j and taking the limit At,
Ax, Ay to 0, we obtain

T —
/o //11@2 (8t<l5(t,:c,y) + VWxp(t, x,y) - V¢(t,$,y))p(t,dx,dy) _o.

Thus p is a solution in the sense of distributions of the aggregation equation . We proceed
now as in the proof of Theorem 2.5 Due to the assumptions on the potential, we have that
—VWsxp € L*((0,T), L*(p(t))). Then, we deduce that p € AC?([0,T], P2(R?)) using [, The-
orem 8.3.1]. By uniqueness of the gradient flow solution and the equivalence Theorem , we
conclude that p is the solution of Theorem [2.5] Since the limit is unique, we deduce that the
whole sequence is converging towards this limit. 0O
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4.5 Numerical simulations

We perform in this subsection some numerical simulations obtained by implementing the scheme
described above (4.2)—(4.3). We will consider two examples of potential which fit the assump-
tions (A0)—(A2), that is

Wi(z) =1—edk, Wy(z) = |z|.

For such potentials it is known, see [16, Section 4], that finite time collapse occurs. More
precisely, for any compactly suported initial data, there exists a finite time beyond which the
solution is given by a single Dirac Delta mass located at the center of mass. We verify here that
we can observe such phenomena thanks to the numerical scheme introduced above.

In our numerical simulations, we consider an initial data given by the sum of three regular
bumps:

PPz, y) = exp(—Ch(z — 1/4)* — Cp(y — 1/3)?) + exp(—Cyp(x — 0.8)? — Cp(y — 0.6)?)
1+0.9exp(—C,(z — 0.4)* — C,.(y — 0.6)?),

with ¢, = 100.

Due to the finite time collapse result, we expect the convergence in finite time of the solution
towards a single Dirac Delta. In fact, this is what we observe in Figure [1| for W; and in Figure
for W5. However, comparing the two Figures, the qualitative properties of the convergence
towards a single Dirac Delta are not the same depending on the choice of the potential.

In fact, within the dynamics given in Figure [l we can distinguish two phases in the simu-
lation. In a first phase, we notice the concentration of the density into small masses : we can
consider that the numerical solution for time t = 1.8 s is a sum of three numerical Dirac masses
with small numerical diffusion. Then these three masses aggregate into two and finally one
single mass. On the contrary, for the potential W5, we observe in Figure [2| that the numerical
solution stays regular and bounded until it forms one single bump and then it collapses.

This tends to indicate the existence of two different time scales: the one corresponding to
a radial self-similar collapse onto a single Dirac, and the one corresponding to the interactions
between different Dirac Deltas. In the case of the potential Wy, we observe a faster time scale
for the self-similar blow-up of regular solutions into several Dirac Deltas, then the trajectories
are given by the sticky particle dynamics for these aggregates. Whereas for the potential W5
the time scale of the self-similar blow-up is slower compared to the dynamics of the attraction
of the aggregates, and then the blow up occurs after all regular bumps aggregate into a single
regular bump before the final fate of total collapse.

A very nice feature of this numerical scheme is that it allows for simulations after the first
blow-up happens with seemingly good approximation in the measure sense by comparison to
the particle simulations, see the one dimensional case [32]. The regularization induced on the
Dirac Deltas by the numerical diffusion of the scheme does not seem to change the qualitative
properties of the solution.
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Figure 1: Dynamics of the cell density p with intial data given by the sum of three bumps in
the case Wy(z) =1 — e ol

Appendix

Technical Lemmas
In this appendix we state some technical lemmas which are used in the paper.

Lemma A.1 Let us assume that W satisfies assumptions (A0)—(A2). Let (pn)nen be a se-
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Initial time t=1s

t=2s t=3s

t=45s t=6s

Figure 2: Dynamics of the cell density p with intial data given by the sum of three bumps in
the case Wy(x) = |z|.

quence of measures in Po(R%) such that p, — p weakly as measures. Then

lim VW (z —y)pn(dy) = VW (x —y)p(dy), for a.e. x € R%

oo Sty vy

Proof. We consider a regularization of W by W), with k € N, W), € CY{(R?), Wy(—x) = Wy(x),
VW < |VIWV| < wy, and

sup  |[VWi(z) = VIV (2)| <

z€RNB(0,7)

(A1)

| =
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By definition of the weak convergence of measures, we have

lim VWi(z —y)pn(dy) = VWi(z —y)p(dy), for a.e. x € R% (A.2)

oo Sty a7y

In fact, we can remove the point ¥ = x in the integral since by construction VW is odd, then
VW;(0) = 0. Moreover for all n € N, we have that

[ W | <[ [ SO0 gt
T#y (z,5)\{z}

*ﬁ@mg (Wi = W)@ = ppaldy)|.  (A3)

1

k

Given € > 0, we use the property (A.1]) to get an estimate on the second term in (A.3])

wIH

[ [ T =W = i) <

1

k

for k > K;.
Now, we fix Ky > K; such that

p(B(z, )\{x})g

We choose a continuous function 0 < & < 1 such that {(z) = 1 on B(z, ;) and £(z) = 0 on
R?\ B(z, 7%). Then £ € Ce(R?) and for all k > K3, we have

(A.5)

| o

(Bl P\ ) < pa(Bla )\ (o)) < [ elalpulin)
[ €@)pn—p)(d2) + 7,

where we use ({A.5]) for the last inequality. From the weak convergence as measures of p,, towards
p, we have that for n > N; large enough

() (pn — o)) < <.

W1 m

Thus, for £k > K5 we obtain
1 €
Bz, - < =
pu (Bl D\ o) < 5,

uniform in n > N;. Therefore, we can bound the first term of the right hand side in (A.3)) as

‘/ P V(W — W)z — y)pn(dy)‘ < 2waopp(B(x, %) \ {2)) < waee .

Collecting the last inequality with (A.4)), we deduce that

lim VWi(z — y)pn(dy) = / VW (z —y)pa(dy),
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uniformly for n > N;. The same argument shows in particular that

k—o0 x;éy

im [ Wt~ () = | | IW G = ol

We conclude by passing into the limit £ — oo in (A.2)). 0

Lemma A.2 Let us assume that W satisfies assumptions (A0)—(A2). Let (W,)nen+ be a
sequence of even functions in C1(R?) satisfying (A1) and (1.2) with constants A and ws, not
depending on n and such that

1
U eray g0, 1| VW) = VW (2)| < = for all n € N*. (A.6)
n’
Let (pn)nen be a sequence of measures in Pa(RY) such that p, — p tightly. Then we have

lim VW, (z —y)pn(dy) = / VW (z —y)p(dy), for a.e. x € R%
TFY

n—-+00 R4

Proof. Let us denote by

an(z) :=— | VW,(z —y)pa(dy), and a(z) / VW (z —y)p(dy).

Rd

We notice that since W), is even, we have VIW,,(0) = 0, then

an(x) == — /7& VW, (z = y)pa(dy).

Let £ > 0, from Lemma we deduce that there exists Ny € N* such that for all n > Ny,

VW (@~ y)(pn — p)(dy)| < (A7)

B~ M

Ay
Then using (A.6)), we deduce that

1
(YWl =) =W (o =) puldn)| < 14 [ |[VWae =) = TW (o =) onla)
n B(z,2)\{=}

(A.8)
Now, we proceed as in the proof of Lemma From assumptions on W,, and W, we deduce
(see (1.2])) that there exists a constant C' such that

x#y

/< D\ }|VW"($ v) = VW (= y)|pa(dy) < Cpn(B <$’%)\{fﬁ}) (A.9)

We fix Ny > Nj such that

p(Ba )\ {2}) < (A.10)

A~ ™
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We choose a continuous function 0 < & < 1 such that {(z) = 1 on B(z, 37) and £(z) = 0 on
R?\ B(z, ;). Then £ € C,(R?) and for all n > N,, we have

(Bl D\ (@) < (Bl ) \Ha) < [ elhonlae)
[ &@)on = p)ldr) + 7,

where we use (A.10]) for the last inequality. From the tight convergence of p, towards p, we
have that for n > Nj large enough (and N3 > Ns),

() (pn — p)(dr)| <

W1 m

Thus, for n > Nj
( (z, —) \{z}) <
Plugging this latter inequality into ( and from (A.8)), we deduce that for n > N3,

wlm

/. (vwn<x—y>—vw<x_y>)pn(dy)‘ SENPL

Finally, combining this latter inequality with (A.7), we deduce that for n > Nj,

|an(z) —a(z)| < - + +C’— for a.e. x € R%
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