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Mean-field limits for some Riesz interaction gradient flows

Mitia Duerinckx*

This paper is concerned with the mean-field limit for the gradient flow evolution of particle systems with
pairwise Riesz interactions, as the number of particles tends to infinity. Based on the method introduced by
Serfaty [24] in the context of the Ginzburg-Landau vortices, using regularity and stability properties of the
limiting equation, we prove a mean-field limit result in dimensions 1 and 2 in cases for which this problem was
still open.

1 Introduction

We consider the energy of a system of N particles in the Euclidean space R? (d > 1) interacting via (repulsive)
Riesz pairwise interactions:

N
HN(xl,...,a:N):ng(a:i—xj), z; € RY,
i#j

where the interaction kernel is given by

0s(z) = cai|x|’s, if 0 < s <d;
—c;(lJ log(|z|), if s=0;

with ¢4 ¢ > 0 some normalization constants. We note that the Coulomb case corresponds to the choice s = d — 2,
d > 2. Particle systems with more general Riesz interactions as considered here are extensively motivated in the
physics literature (cf. for instance [2, 17]), as well as in the context of approximation theory with the study of
Fekete points (cf. [11] and the references therein). Recently, a detailed description of such systems beyond the
mean-field limit in the static case has been obtained by [18], and also by [14] for non-zero temperature. In the
present contribution, we are rather interested in the dynamics of such systems, and more precisely in a rigorous
justification of the mean-field limit of their gradient flow evolution as the number N of particles tends to infinity,
which has indeed remained an open problem whenever s > d — 2, s > 0.

We thus consider the trajectories xf n driven by the corresponding flow, i.e. the solutions to the following
system of ODEs:

1 .
ata:;N:—NVZ-HN(:Ei_’N,...,xﬁVyN), :17§7N|t:0:x;N, i1=1,...,N, (1.1)

where (z7 N)fil is a sequence of N distinct initial positions. Since energy can only decrease in time and since
;

the interaction is repulsive, particles cannot collide, and moreover it is easily seen that a particle cannot go to
infinity in finite time; from these observations and from the Picard-Lindel6f theorem, we may conclude that the
trajectories xf y are smooth and well-defined on the whole of R := [0,00). As the number of particles gets
large, we would naturally like to pass to a continuum description of the system, in terms of the particle density
distribution. For that purpose, we define the empirical measure associated with the point-vortex dynamics:

1 N
phy = ~ D dar (1.2)
i=1
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and the question is then to understand the limit of uf; as N 1 co. More precisely, assuming convergence at initial
time

o 1 * o
MN::N26w$1NAM7 a'SNTOOa

formal computations lead us to expect under fairly general assumptions ply 2t for all £ > 0, where pt is a
solution to the following nonlocal nonlinear PDE on Rt x R¢, sometimes called the fractional porous medium
equation:

Ot = div(u'VhY),  h'i=goxpt,  pllizo = p°. (1.3)

This equation in the weak sense just means the following: p € LL _(RT;L}(RY)), g, * p € L (RT; W2 (RY)),

loc

uVgs * p € L (RT; LY(RY)), and, for all ¢ € C®(RT; C°(R)) such that ¢(t,-) = 0 for all t > 0 large enough,

[ [ @)@stt.) - Vott.) - Vg« ' @)dodt + [ (@)o(0,5)do =

R+ JRA Rd

As far as existence issues as well as basic properties of the solutions of (1.3) are concerned, we refer to |7, 6] for
d—2<s<d, s>0,to[16, 10, 1, 25] for s =d — 2, d > 2, and to [§] for 0 < s < d — 2. See also Proposition 2.3
below.

In the case of logarithmic interactions s = 0, this expected mean-field limit result was essentially first proven
(in arbitrary dimension) by Schochet [23] based on his simplification [22] of the proof of Delort’s theorem [9]
on existence of weak solutions to the 2D Euler equation with initial nonnegative vorticity in H—!. (Schochet’s
original paper [23] was actually only concerned with the mean-field limit for a particle approximation of the 2D
Euler equation, but the same argument directly applies to the present setting.) However, due to a possible lack
of uniqueness of L' weak solutions to equation (1.3), Schochet [23] could only prove that the empirical measure
phy converges up to a subsequence to some solution of (1.3). The key idea, which only holds for logarithmic
interactions, consists in exploiting some logarithmic gain of integrability to find uniform bounds on the number of
close particles, which allows to directly pass to the limit in the equation and conclude by a compactness argument.

In the case 0 < s < d—2, d > 3, the complete mean-field limit result (not restricted to a subsequence) has been
proven more recently by Hauray [12] (see also [8]), but his method, based on a control of the infinite Wasserstein
distance, cannot be adapted at all to higher powers s > d — 2.

Very recently, in the context of the 2D Gross-Pitaevskii and parabolic Ginzburg-Landau equations, Serfaty [24]
has proposed a new way of proving such mean-field limits', based on a Gronwall argument for the so-called
modulated energy, which is some adapted measure of the distance to the (postulated) limit. The advantage of this
method is to be completely global, bypassing the need for a precise understanding of the microscopic dynamics.
It relies on the regularity of the solution to the limiting equation, and exploits its stability properties. As will
be seen, however, we are able to apply this method in the present context only in dimensions 1 and 2 and for
s not too large. Our main result, where we need an additional regularity assumption on the limiting equation
(cf. Remark 1.2(a) below), is as follows:

Theorem 1.1. Let d = 1 or 2, and 0 < s < 1. Let pu° be a probability measure such that equation (1.3)
admits a solution ut that belongs to L™ ([0, T]; C17(RT) N WLH(R®)) for some T > 0 (possibly T = 00) and some
o>1—d+s,0<0<1. Inthe case s = 0, also assume |Vt (x)| < (1 + |2))'=9% for some 6 > 0. Let

RN b th j
/LN ,u as a 0’()6, assume com}ergence Of € energzes

: 1 o o o o
J\ll'l%rolo WHN(xLN,...,xN)N) = /Rd /Rd gs(z — y)du® (x)du° (y) < oo, (1.4)

and let pk; be defined by (1.1)~(1.2). Then u' is the only weak solution to (1.3) up to time T in L>°([0,T]; L>(R%)),
and for all t € [0,T] we have ply =t as well as convergence of the energies

N1too
1. In [24], the questions are different in nature, since they consist in passing to the limit in PDE evolutions, but are similar in spirit
since one wishes to understand the limiting dynamics of point vortices which essentially behave like Coulomb-interacting particles.

. 1
i 5y (alveabon) = [ aue = gaut(@)dut(v) < .
R4 JRd




Remarks 1.2.

(a)

For a compactly supported probability measure p° € L>(R?), equation (1.3) always admits a solution in
L (R*; L>(R?)), which remains compactly supported for all times (see Proposition 2.3 below). As far as the
additional regularity assumption in the statement above, as explained in Section 2.3, it is satisfied in the case
0<s<d-—2,d>2, for sufficiently smooth initial data ;°, but it seems to be in general a nontrivial open
problem for d — 2 < s < d, s > 0. As long as this remains unsolved, the additional regularity assumption in
Theorem 1.1 above is crucially needed.

In the 2D Coulomb case s = 0, d = 2, this regularity problem is solved (cf. [16, Theorem 1]), and hence the
conclusion of Theorem 1.1 above (with 7" = oo) holds in that case whenever 1° € P(R?) N C}(R9), which
completes Schochet’s partial result [23] in that case.

A closer look at the proof actually shows the following quantitative statement, where the distance between
phy and gt is measured in terms of the modulated energy: for all t € [0, 77,

// 9o =)y — @)y 1))

_0-90-0)
N~ Tt | ifs>0;

< G //z#y gs(x — y)d(py — p°)(@)d(py — 1) (y) + C {N—l ogN.  ifs—0.

The well-preparedness assumption (1.4) for the initial positions (x7 MY, N >0, is statistically relevant, in
the sense that it is automatically satisfied almost surely if, for each IV, the positions (:1:2’ N)fil are chosen

to be independent R%valued random variables with law u°. This easily follows from the strong law of large
numbers, together with the bound

[0 =it @acw s [ e-vde@aew + [ ) (9) S e + 1.
|z—y|<1 |[z— y|>1

We may also add to the energy a potential V, thus turning Hy into Hy := Hy + V. If V € C2 (R9) satisfies
|[V2V||L= < oo, then all the arguments may be directly adapted, as long as the corresponding limit equation

Ot = div(p'V(h' + V),  hti=gexpt,  pllizo = p°,

admits a regular enough solution.

In dimension d = 2, we could also consider a mix between the gradient flow (1.1) and its conservative
counterpart, that is, replacing (1.1) by the following system of ODEs, for ¢ = 1,..., N,

B

«
atﬂ@f,N = —NVZ-HN(wiN, S aflzev,N) - NVfHN(CCiN, S aflzev,N) - VV(UC;N)a 555,N|t:0 = x?,Nv

where we have also added a potential V' as in item (d) above. If o > 0, then all the arguments may again be
directly adapted, as long as the corresponding limit equation

Oyt = div(p'(aVR' + VTR +VV)), bl i=gexp',  pllimo = p°,

admits a regular enough solution. (Note that the same proof can a priori not work for the choice o = 0, since
in Step 2 of the proof of Proposition 2.8 below some term cannot be estimated directly and needs instead to
be absorbed using the negative diffusion term, which would however vanish in the case o = 0.)

Notation. Denote by B(z,r) the ball of radius r centered at z in R%, and set B, := B(0,r). The space of
probability measures on R? is denoted by P(R?). In the sequel, C' denotes any positive constant only depending
on d and s. We denote by C; any positive constant only depending on d, s and on time ¢, such that C; < Cr
for all t € [0,7] and all T > 0. We also denote z < y and = <; y for & < Cy and x < Cyy, respectively. We
denote by 0,(1) a quantity that goes to 0 when the parameter a goes to its limit, uniformly with respect to other

(b)

parameters, and we write og (1) if it converges to 0 only for any fized value of the parameter b.



2 Proof of Theorem 1.1

2.1 Strategy of the proof

Translating the idea of [24] in the present setting, the clue of the proof of Theorem 1.1 comes from the following
stability estimate, which we first present for simplicity in the Coulomb case.

Lemma 2.1 (Stability — Coulomb case). Let s = d — 2,d > 2. Let ut,pub be two weak solutions of equa-
tion (1.3) with initial conditions p$,ps € PRY) N LP(RY), denote hi = gq_2 x pt, i = 1,2, and assume
1, p2 € L2([0, T]; L (RY)) and V2hy € L1([0, T]; L™ (RY)) for some T > 0. Then, for all t € [0,T],

/Rd /Rd Ga—2(x — y)d(p} — pb)(@)d(p} — pb)(y) (2.1)
< (C TNV /Rd /Rd Gzl — (S — ) (2)d(S — 13)(y)-

Proof. Proposition 2.3 below yields Vhy, Vhy € L= (R*; L?(R?)). Combining this with the additional bounded-
ness assumptions, all integration by parts arguments in the sequel may be justified.
Using the equations for u} and pf, the time derivative of the left-hand side of (2.1) can be computed as follows:

o0 [ [ aaste it~ )@t~

=2 [ (0 = )@t~ 0uns) = =2 [ Tt~ W)t T — V)
R

Rd
— 2 [ VO - hPu -2 [ VRSV~ b (k) (2.2
Rd Rd
The first term in the right-hand side is nonpositive, so it suffices to estimate the second one. Using the relations

—Ah} = pt, i =1,2 (which hold with a unit factor for the suitable choice of the normalization constant cq q—2 > 0),
the product V(hY — hb) (! — ph) may be rewritten a la Delort using the stress-energy tensor:

—2V/(h§ — hb) (i — p5) = 2V (h§ — hy) A(hy — hs)
— div (2V(h} — hb) @ V(h} — hb) — I [V (h§ — h§)P). (2.3)

where the divergence of a 2-tensor here denotes the vector whose coordinates are the divergences of the corre-
sponding columns of the tensor. Combining this with an integration by parts, we find

2 [ Vh 0 ) s ) == [ div (296t~ 1) © Tk — k)~ W[V~ WP - VRS
Rd Rd

:/ (2V(h} — hh) @ V(h] — hb) —1d |V (k] — hb)[?) : V2K,
Rd

The inequality 2|ab| < a® + b and an integration by parts then yield

[ Vhs 0 1) Gt~ )

SIVhle [ 190 - hg)P
Rd
= 90l [ (0t = Rg) ot it
=190l [ [ gwale =t~ i) @)t~ i) (24)

so that the result (2.1) follows from (2.2) and a Gronwall argument. O

We are also interested here in the non-Coulomb case d — 2 < s < d, s > 0, and hence, just as in [18], we
need to use the extension method of Caffarelli and Silvestre [5] (cf. Section 2.2 below) in order to find a similar



Delort-type formula as in (2.3) of the proof above, and then repeat the same integration by parts argument, thus
circumventing the fact that the Riesz kernel is not the convolution kernel of a local operator. This allows to prove
the same estimate as above in all cases 0V (d — 2) < s < d with g4_2 replaced by gs (cf. Lemma 2.2 below).

This stability estimate gives us a control of the H~'-distance (or the H~(?=*)/2_distance, for general 0 < s < d)
between p! and pb in terms of the initial distance, up to a factor that only depends on the regularity of uf in
the form of |[V2h}||1,=. We would then like to replace ub by the smooth solution u' and to replace p! by pub;.
However, the corresponding distance would then be infinite because of the presence of Dirac masses, and moreover
phy does not exactly satisfy equation (1.3). The idea of the proof of Theorem 1.1 consists in finding a suitable
way to adapt the proof above to that setting.

First, the natural way of giving a meaning to this divergent distance between p’; and p' simply consists in
excluding the diagonal terms, thus considering the (renormalized) modulated energy

En(t) = // 0o =)y = )y — )0

The goal is then to compute the time-derivative 9;En(t), and trying to adapt the proof of the stability estimate
above to bound it by CEx(t) for some constant C' > 0, up to a vanishing additive error. However, at the end
of the proof above, the use of the inequality 2|ab| < a? + b? is clearly not compatible with the removal of the
diagonal terms. To solve this main issue, the crucial idea is due to Serfaty [24]: regularizing the Dirac masses
at a (small) scale 7 so that the diagonal terms become well-defined and diverge only as n | 0, we need to try
to construct around the particle locations small balls that contain most of the divergent n-approximate energy,
so that excluding diagonal terms essentially amounts to restricting the n-approximate integrals to outside these
small balls. Using the same approximation argument as in [24] to be allowed to restrict all integrals to outside
these balls, the end of the proof above is then easily adapted, using the inequality 2|ab| < a? + b2 only on the
restricted domain.

In this way, for any 0V (d—2) < s < d, we manage to prove ;En(t) < CEN(t)+on (1) under some mesoscopic
regularity assumption on the distribution of the particles in time (cf. Proposition 2.8 below). Finally, in the case
s < 1 (hence our limitation to that regime), these conditions can be directly checked using a modification of the
ball construction introduced by [20, 13] for the analysis of the Ginzburg-Landau vortices (cf. Section 2.7 below).

2.2 Extension representation for fractional Laplacian

We recall here the extension representation for the fractional Laplacian by Caffarelli and Silvestre [5] (we
follow notation of [18, Section 1.2]). Let 0V (d —2) < s < d be fixed. For a finite Borel measure p on R%, the
associated Riesz potential (—A)~(@=%)/2 can be written (up to a constant) as

(o) =gt [ o= 27 dn(e) = g0 ).

We denote coordinates in R? x R by (z,¢), and we denote by f1dpa {0y the Borel measure on R? x R defined as
follows: for all ¢ € C°(R? x R),

[ o dlmbnano)(w.€) = [ 6,0)du(a),
Re xR R4
Extending h* to R x R via
W) = [ 109 = O dn(2) = g0 (a0 ).

where we denote gs(z,§) = c;é|(x,§)|_s, and choosing v := s+ 1 —d € (—1,1), the extended function h* on
R? x R satisfies in the distributional sense

—div([]TVA*) = pdgay (oy-



The function gs is indeed a fundamental solution of the operator —div(|¢|*V) on R? x R, in the sense that
—div(|¢["Vgs) = 6 on R? x R. The normalization constant cd,s is chosen exactly to satisfy this property with a
unit factor (for an explicit value, see Step 1 of the proof of Lemma 2.11 below).

In the case s = 0, d = 1, denoting go(z,§) = —caélog(|(:1:,§)|), we have —Agy = Jp on the extended space
R x R, for the suitable choice of the normalization constant c; o, so the above again holds with y =0=s+1—d.
(In the Coulomb case s = d — 2, d > 2, no extension is needed, and the normalization cq 4—2 is simply chosen
such that —Agg_o = dp on R?.)

Using this extension representation, we may now directly adapt the stability estimate of Lemma 2.1 to the
non-Coulomb case:

Lemma 2.2 (Stability — Riesz case). Let 0V (d —2) < s < d. Let ul,pub be two weak solutions of equa-
tion (1.3) with initial conditions S, us € P(RY) NL>¥(RY), denote ht := gs * ut, i = 1,2, and assume juy,pa €
L>([0, T); L>=(R%)) and V2hy € L'([0, T]; L°°(RY)) for some T > 0. Then, for all t € [0,T],

/ / 9a(& — y)d(ut — ub)(@)d(ut — b)) (2.5)
Rd JRd

< (CIIThE I du / / ga(x — 9)d(uS — 1S) (@)A1 — 12)(v).
Rd JRd

Proof. By Lemma 2.1, we only need to consider the case d —2 < s < d, s > 0. Proposition 2.3 below yields
Vhi,Vhy € LR L*(R? x R, [¢]7dxd¢)). Combining this with the boundedness assumptions, all integration
by parts arguments in the sequel may be justified.

Just as in (2.2), the time derivative of the left-hand side of (2.5) is

O /Rd /Rd gs(x —y)d(ul — pb)(2)d(ul — ph) () (2.6)

— 2 [ VO~ )P~ 2 [ VR V(h B (- ).
Rd Rd

The first term in the right-hand side is nonpositive, so it suffices to estimate the second one. Using the relations
— div(|£["VRE) = pidrayqoy, for i = 1,2, we find the following proxy for the Delort-type formula (2.3): for all
1<k<d,
—20k(h} — h3) (B o — s o)) = 200 (h} — ) div(€] V (k] — b))
d+1
=0 (2€ 0k (hi — hy)au(hs — ) — Gl |V (] — h5)|?) .

1=1
Combining this with an integration by parts, we obtain
d d+1

2 Vha V(b = o) (h = ) = — > /R 01 (€19 (hh — B)Or(hG — hs) = Sualé" [V (i — h3)[*) D
4 k=1 1=1 /RIx
d d+1
=> 3 /R e (201, (hs — hy) (R — hb) — 61|V (R — hb)|?) Db
k=1 1=1 YR?x

Hence, arguing as in Lemma 2.1, an integration by parts yields

VhE - V(hE — hb) (it — )| < (V205 e / €IV (k] B
dx

Rd
— 92Ree [0k = B (kB — )
R4 xR
= 190l [ (0t = gt
=190l [ [ onlo =l = )@ =) 2
and the result (2.5) follows. O



2.3 Properties of the fractional porous medium equation

Let us first state for weak solutions to (1.3) an existence result as well as some basic properties. We refer
to [7, 6] for d —2 < s <d, s >0, and to [16, 1, 25, 3] for s =d — 2, d > 2. For 0 < s < d — 2, we refer to [8,
Section 4], but there existence is proven only for short times, while in the present repulsive context it can easily
be extended to all times, using that no blow-up can occur in finite time.

Proposition 2.3 (Existence for the fractional porous medium equation). Let 0 < s < d.

(i) Ewistence: Let u° € P(RY)NL>(RY), and in the case d—2 < s < d, s > 0 also assume that |;u°(x)| < Ae~ !
for some a, A > 0. Then, there exists a (global) weak solution ut to (1.3) in L=(RT;L>(R?)), which is
unique in this class in the case 0 < s <d—2,d > 2.

(i) General properties: If it exists, a weak solution p' to (1.3) on RT x RY with initial condition p° € L'(R%)

always satisfies
//gs:r— Y (x)du' (y //gs:r— )dp® (z)dp® (y),
Rd JRd Rd JRd

and also, if this last right-hand side is finite, as is the case e.g. for u° € P(RY) NL*(R?),

ht|?, fs=d—2,d>2;
//gszz:— )dp! (x)dp’ (y) = ot IV lv o s e
Rd JRd fRdXR|€| |Vh|7 Zfd—2<5<d7520

Moreover, if u° is compactly supported, then pt remains compactly supported for all t > 0.

In the case d—2 < s < d, s > 0, uniqueness remains an open problem: it has been obtained in dimension 1 by [4]
(integrating the equation with respect to z and then considering viscosity solutions), but in higher dimensions no
result is known (cf. [7, 6]). Nevertheless, as a consequence of the stability result of Lemma 2.2, we easily find that
uniqueness of bounded weak solutions always follows from the existence of a smoother solution, so the problem
is somehow reduced to a regularity question:

Corollary 2.4 (Uniqueness for fractional porous medium equation). Let 0V (d —2) < s < d. Assume that equa-
tion (1.3) admits a weak solution ut with initial condition p° € P(RY)NL>(R?), such that u € L°°([0, T]; L°(R?))
and V2h € L>=([0, T); L>(RY)) for some T > 0. Then, u is the unique weak solution to (1.3) up to time T in
L>([0, TJ; L= (R7)).

Proof. Let u' be a weak solution to (1.3) as in the statement, and let v denote another weak solution to (1.3) in
L*([0, T]; L>°(R%)). By Lemma 2.2, we may then conclude

L [ o=t =)yt =) <0 2.9

forall t € [0,T]. For d—2 < s < d, s > 0, Proposition 2.3 gives Vg, * ut, Vg, x vt € L2(R%, |€|7dzd€), so that (2.8)
becomes by integration by parts

/ €[V ge # (4 — )P < 0.
R4 xR

This proves Vgs * ut = Vg, * vt, and hence, applying the operator —div(|£]|7-) to both sides, u! = v* for all
t € [0,T]. We may argue similarly in the Coulomb case s =d — 2, d > 2. O

As the following lemma shows, the required boundedness of V2h! is implied by a sufficient amount of Holder
regularity for put.

2. This follows from the observation that for 0 < s < d — 2 we have Ags(x) = —s(d — 2 — s)c;1|:c|’s’2, and hence for all p > 1
we find (formally) along solutions

o [y = -1 [ ran <o



Lemma 2.5. Let 0V (d—2) < s < d. Assume that equation (1.3) admits a weak solution pt with initial condition
p® € P(RY N L*(R?), such that p € L=([0,T]; CH7(R?) N WELL(RY)) for some o >1—d+s, 0< o <1, and
for some T > 0. Then h,Vh,V?h € L>([0, T]; L°(R%)). Moreover, if |Vut(z)| < Cy(1+ |z|)~% for some §; > 0,
then

(1 + |z|)—s—1HOV(d=d:) ifd—2<s<d-1;

V2hpt <C
V@] < G {(1 +la]) O dre—sD/e L (14 |g)75L ifd—1< s <d.

Proof. We only prove the result for V2h!; boundedness of h* and VA is even easier. If d —2 < s < d — 1, writing
V2h!(z) = /Rd Vos(z —y) ® V' (y)dy,
we simply find
sup [V (2)] < sup | [V (a = 9)] [V ()l
Shitlerswp [ o=yl g s [ [Outldy
z Jlp—yl[<1 z Jlz—y[>1

Slutller + e lwrs,

and also, if we assume |Vu!(x)| < Cy(1 + |z[) 7% for some §; > 0, noting that |z —y| < |z|/2 implies |y| > |z|/2,

Vi)l 5 [ o=yl [Tty + | o= ol VA ) dy
lz—y|>1V|z|/2 [e—y|<1V[x]/2
S W lal) s + [ o=yl dy s [V
[e—y|<1V|x]/2 [z|>(|lz[=1)/2

Se (L)) (L4 2 A J2]) 70 S (1 faf) 7o OV,

If d — 1 < s < d, writing instead

ViR () = % V(e —y) & (Vi'(y) = Vu' (22 = y))dy
1 “ly) — V' (2 — r— t
=3 /|my|<1 Vgs(z —y) @ (Vi'(y) — V' (2x — y))dy + /zy>1 Vas(z —y) @ V' (y)dy,

we may compute

sup V21 (z)| < ||| case sup / l — 4|~ dy + sup / Vit (9)dy
* lz—y|<1 |[z—y|>1

x x
S e loree + llufllwa,
for any 1 —d + s < o < 1. If we further assume |Vut(z)| < Ci(1 + |z|)~% for some &; > 0, then we find, for any
r > 0, refining the splitting of the integrals above, and noting that |z — y| < |z|/2 implies |y| > |z|/2,

V@) 5 [ o=yl VU )y + [ o =3l |VA' )ldy

|m7y|>1\/|m|/2 [e—y|<1vVv]z|/2

le—y|>Q+|z) 7"

Hltlenss | o=yl ay

lo—y|<1V|2|/2
lo—yl<(1+]e)—T

S W+ Lal) s + [ o=yl iy s [VRE)
lz—y[>(1+|z])~" 121> (=] -1)/2

+ (1 [2) T o
Se (U fa) 77t o (L Ja) D0 g (1 fa]) e,

and the result follows for the choice r = d,/0. O



Motivated by these considerations, we would like to prove at least that regularity of initial conditions is
conserved along the flow, so that boundedness of V2h! would be ensured for sufficiently smooth compactly
supported initial data. In the Coulomb case s = d — 2, d > 2, any weak solution u! to (1.3) can be shown to
belong to L>°(RT; H*(R?)) whenever ;° € H*(R?) with u > d/2 (cf. [16, Theorem 1]). By a similar but easier
argument, the corresponding result can also be proven to hold in the case 0 < s < d — 2, d > 3. However, the
problem becomes of a very different nature when considering d — 2 < s < d, and it seems unclear to us how to
prove such a regularity result in that case, even in short time. This is why we needed to add some regularity
assumption in the statement of Theorem 1.1.

2.4 Modulated energy and elementary properties

Let 0 < s < d, and let p°, u%;, pu*, ply be as in the statement of Theorem 1.1, for some T € (0,00). Let N > 1.
Since p%; is assumed to have bounded energy, and since the energy is decreasing along the flow, we find

1 1 o o
sup _N Nl N, 2y y) = sup N2 ng Ti N — 17 ~N) < el ng(%N —z5 ) < oo.
t€[0,T] te[0,T] vy oy

If 0 < s < d, since g5 is nonnegative, this proves

N
= f oty —af y| > 0. 2.9
TN ¢ rgéljn tel[% 7] |xz,N IJ,N| ( )

If s = 0, go changes sign and some more work is then needed: noting that by symmetry

N
EORER > e ) = Y

e |2:07
i+ AR

a direct computation yields

2

N
DTN
i=1

1 t 2 2 2
‘%lewi,N win? =0 21|sz| atNQ

i)
j N
N
BB ; i |‘TzN - IJ,N|2
2 zl oy —at 2(N — 1)
== (@iy—aly) — = ;
v ; B o P P N
and hence
| X
-1
SUp (90($§,N - ZCEN) + Cd,0|x§,N - $§‘,N|2)
te[0,7] y
1 ¢ (N — 1)
= WZQO(IZN— ZI:QN—:U +Tc*1T<oo.
i#£] i#£]

As go(u) + ¢ 0u2 > 0 for all u, this proves that (2.9) also holds in the case s = 0.
Next, we recall the truncation procedure introduced in [18], which serves to make energies finite without
removing the diagonal. For fixed N > 1, let n > 0 be small enough such that 27 < 1 Anx. Then define

N
1
,ufvm =5 Z(Si?}v IS P(Rd),
i=1



where 597) denotes the uniform unit Dirac mass on the sphere 0B(z,7n). Denote for simplicity
hli=gewp',  hiyi=goxpl, by, = gs o pi,,

and use the same notation for their extensions to R% x R as in Section 2.2. Also define g5, := gs(n) A gs. Noting
that by symmetry

— div([€]'Vgs,) = 85" gax (0}

where 5(()")5Rdx{0} denotes the unit Dirac mass on dB,, x {0}, we find

h’ﬁ\/'n Nzgsn _'rg,Nag)'

Let us now introduce our notation for the small balls around the particle locations, which we will be crucially
using in the proof: for all R > 0, let B (R) denote a union of disjoint balls

My (R)
B}EV(R) = U B(yfn,N7Tfn,N)7

m=1

with total radius R = )_ r, y and such that 2} 5 € By (R) for all 1 < i < N. These balls will be carefully
chosen in Section 2.7 below.
As already announced, for all N > 1, we will consider the following modulated energy

— | oute =ity — )iy 1)), (210)

where D := {(z,7) : z € R?} denotes the diagonal. This quantity can be thought of as a natural renormalization
of the H~(4=%)/2_distance in the presence of Dirac masses. Its main property is as follows:

Lemma 2.6 (Modulated energy). For allt > 0, if the sequence (u'y)n is tight, then the following two conditions
are equivalent:

(1) limsup 4o En(t) < 0;
(ii) phy = p' and [[p. gs(@ = y)dul (2)dply () = [z Jga 95 = y)dp' (@)du’ (y).
Proof. Property (ii) clearly implies (i) (and even Ex(t) — 0), so it suffices to check the converse. Assume that

limsupy En(t) < 0. By tightness, up to extraction of a subsequence, the Prokhorov theorem gives uf; Zout for
some v € P(R?). For any K > 0, we may write

// gsla = y)dply (z)dply (y) > / K A gs(z — y)duly (z)dply (y)

:__+/ K A gy(z — y)dply ()duly (y),
Rd JRd

and hence, successively passing to the limits N T oo and K 1 oo, we find

lim inf // _9s(x = y)dpiy (2)dpiy (y) = /]R ) /R L 9s(@ = y)dv' (z)dv’ (y). (2.11)

Combining this with convergence yly X vt and with assumption limsupy Ex(t) < 0, we obtain

021imsup// gs(z — y)dply (x)duly (y —2//953:— Ydvt (z)dpt (y //gsx— Yt (z)dpt (y)
NToo c R4 JRd R4 JRA

o [ [ ot a2 [ nte-navioritn [ [ ato- oo

R4 JR4 Rd JRA R4 JR4

- / / ga — y)d(W — p) (@) — p)(w).
Rd JRd

10



The result then follows, noting that p! has bounded energy by Proposition 2.3, that v’ has bounded energy
by (2.11), and noting that for any two Radon measures y, v with finite energy we have

[ ale =it = @ - n)w) = o
Rd JRd
with equality if only if © = v (see e.g. [15, Theorem 9.8] for 0 < s < d, and [19, Lemma 1.8] for s = 0). O

In the case of bounded weak solutions yf, ub to (1.3) as given by Proposition 2.3, the following identity follows
from an integration by parts and was crucially used in the proofs of Lemmas 2.1 and 2.2 (cf. (2.4) and (2.7)):

Joa V(R = h5)I?, ifs=d—2d>2

2.12
Joarg [EPIV(RE —RY)2, ifd—2<s<d, s>0. (2.12)

/ / 0a( — (it — ) ()t — i) () = {

Now we would need a corresponding identity in the context of the modulated energy En(¢). Since VR, does not
belong to L*(RY) or L*(R? x R, |¢|"dzd€), a regularization is then needed. Besides the modulated energy Ey, we
thus define the following n-approximation, based on the truncation introduced above:

Enn(t) = Jra IV (B, = V)2, ifs=d—2,d>2
" Jaasr €LV (R, — WO, ifd—2<s<d, s>0.

An integration by parts then yields the following proxy for identity (2.12), showing that the difference between

the modulated energy En(t) and its approximation En ,(t) just comes from the diagonal terms (which are indeed
excluded in En(t) but not in En ,(t)). We refer to [18, Section 2.1] for a detailed proof.

Lemma 2.7 (Approximate modulated energy). Let 0V (d —2) < s <d. Forallt >0, N >1 andn >0,

Exalt) = Entt) + E 4 o),

where for any fired N we have O%N)(l) —0asnlO0.

2.5 Gronwall argument on the modulated energy

By Lemma 2.6, in order to prove convergence X ut as well as convergence of energies, up to tightness
issues, it suffices to check that limsup, En(t) < 0. This is achieved by a Gronwall argument. From now on we
focus on the Riesz case d — 2 < s < d, s > 0. The Coulomb case s = d — 2, d > 2 can be treated in exactly the
same way, but is actually easier since it does not require to use the extension representation of Section 2.2.

Proposition 2.8. Let d—2 < s <d, s > 0. Let u° be a probability measure such that equation (1.3) admits a
solution p' that belongs to L>°([0,T]; C12 (RY) N WHY(R?)) for some T > 0 and some o >1—d+s,0< 0 < 1.
In the case s =0, d = 1, also assume |Vp'(z)| < (14 |z])~% for some §; > 0. Let puSy — p°, assume

lim sup // 0(@ — y)dpS (z)dpsy () < oo, (2.13)
Ntoo oty

and let pt; be defined by (1.1)~(1.2). Assume that, for all t € [0,T], the collection By (RY) can be chosen with
RY — 0 in such a way that

Too  nl0

lim inf lim inf (/ €[|Vht, |2 — M) >0, 2.14
n o I = 2 (214)

and, denoting gF(t) := C;}Stfs for s >0 and g (t) := C;é(— logt) V 0 otherwise,
1
lim —5 > g7 (d(] v, OBy (RY))) = 0. (2.15)

NtToo N2 .
i=1

Then, for all t € [0, T], we have Ex(t) < Ci(En(0) + on(1)).

11



Remark 2.9. In the ideal case when all particles remain well-separated, that is with a minimal distance ny of
order N~/ then, taking Bl (R} ) to be the union of balls of radius R} /N centered at the points z! y’s, with

R, /N < N=/4 condition (2.15) simply becomes g,(R% /N)/N < 1. On the other hand, neglecting interactions
between particles, hence focusing on the (divergent) self-interactions, we formally find

N
1
€ IVR =5z > [ €71V = 2t OF + ..
/Bgv(Rgv)xR TN? ; o=t <Ry /N
1

N Jo<ial<rty /N

= S (0:00) — g (RN + ...

€171V gs (2, €))* + ...

so that condition (2.14) would amount to requiring gs(R% /N)/N < 1, which is thus just the same as condi-
tion (2.15). In other words, for s > 0, both conditions would then take the form R%, > N-(=%)/s which is
compatible with R% — 0 only if s < 1. In Section 2.7, we prove that a consistent choice of the small balls
BY, (RY) is indeed possible whenever 0 < s < 1.

To go beyond the restriction s < 1 via this approach, we would need to modify Proposition 2.8, in particular
by refining the (blind) approximation argument used in Step 2 of the proof below, in order to relax the smallness
condition for the total radius RY, — 0. To do that, precise microscopic information on the particle dynamics
would become needed. Getting a handle on such information seems however to be a difficult task and is not
pursued here.

Proof. By the regularity assumption for u!, Lemma 2.5 ensures that ||hf||Le, | VA!||Le, [|[V2R!||Le <¢ 1. In the
case s = 0, d = 1, by the additional decay assumption, Lemma 2.5 also ensures that |V2h!(x)| <; (1 + |z]) =" for
some k; € (0,1). To unify notations, we set xk; = 0 in the case s > 0. We split the proof into four steps.

Step 1: Time-derivative of En(t) and modulated stress-energy tensor. In this step, we prove equality

oEn(t) == [ €NV (0, s Th(,€)dode (2.16)
R4 xR

2
_2/
Rd

pov [ Vol = o)l - )| diy(a),
R\ {x}
where we use the usual principal value symbol

p.v./ = lim
RA\{z} ™0 JRd\ B(z,r)

and where the modulated stress-energy tensor T = (TJt\}kl)ZJlil is defined as follows: for all 1 <k < d+ 1 and
all 1 <1 < d, we set T]’i}k’d"’l =0 and

TN (2,€) := 2/ Ohgs(z — y;§)0igs(x — 2 §)d(un — 1) (y)d(py — p)(2) (2.17)
DC
— O / Vgs(x —y;€) - Vgs(x — 2 §d(un — 1) (y)d(py — p)(2).
DC
Moreover, the integrals in (2.16) are summable since (1 + |z|)~%¢|T%| belongs to L'(R% x R, |¢[dxdf); this is
indeed checked at the end of this step. Although the second term in the right-hand side of (2.16) is nonpositive,
we do not bound it by 0 yet, contrarily to what is done in the proof of Lemmas 2.1 and 2.2, since it will be useful

in Step 2 below to absorb some error terms.
Using the equations satisfied by u! and by the trajectories :vf ~» and noting that the gradient VA' is given by

Vhi(z) = p. V./ Vs(z —y)du'(y),
R\ {z}

12



where the principal value may only be omitted for s < d—1, we find the following expression for the time-derivative
of the modulated energy En(t) defined in (2.10):

OhEN(t /W/Rdgsx— )du' (x)du (y +3tNQng LN~ 3tNZ/ 9s(xi v — y)du' (y)

i#]
2 X1 2
_ t . .
R R\ {x} P bt
2
t . ) t t
TN ;Vh ) - Vgs(af vy — b n) + N ;p.v. ot Vhi(z) - Vgs(x -zl y)dp' ().

Let us rearrange the terms as follows:

R\ {z}

+2 / Vh(z) - p.v. / Vgs(z — y)dp' (y)dply ()
R R4\ {z}

—2 / Vht(z) - / V(@ — y)duy (y)dply ()
R R\ {z}

and note that the last four terms in the right-hand side may be combined to yield the following simpler expression:

2

aext)=—2 [ |pv. / o Yl e (0| i) (215)

// ) (Vh!(z) = Vh'(y)) - Vgs(z — y)d(uy — 1) (y)d(py — p')(2).

=:In(t)

In the distributional sense on RY, using canonical regularizations, we may alternatively write

U

In(t) = (Sk: VA') = (S3Fs0kh?), (2.19)
k=1

where S% = (S47)¢_, and, for all 1 < k < d,

SR (@) 1= 20y — )@ [ oy 2= Dy =)

Since — div(|£|"Vgs(x —x0,€)) = 0y (#)0rax {0y (x,€) for all zg € R?, we have in the distributional sense on R? x R

SN (@)drax (0 (z,€) = —2p.v. //D div(|€]"Vgs(z — 2,£))0kgs(@ — y, ) d(ply — p')(2)d(ply — 1*)(y)

——pov. [ (A€o~ 2€)0hgu(x  1.8) + V(LD Vel — 5,€)Ohgulz - )

X d(py — p')(2)d(puy — p*)(y).

13



Now note the following algebraic identity in the distributional sense on R? x R: for all 1 < k < d,

div([€]7Vgs(z =y, €))0kgs(x — 2,€) + div([§]"Vgs(z — 2,£))Okgs(z =y, €)
| !

=52 (€M G (2,65, 2) + A€ G (.6 2.9))),
=1

where we have set

d+1

Glsk(xag;ya Z) = 28lgs($ - y7§)8k98($ - Zag) - 5lk Z 8mgs(3: - yvg)amgs(x - 275)

This proves the (Delort-type) identity

d+1

SN (@)0ax oy (7, €) = = Y (TR (2. €))

=1

for all 1 < k < d, and the conclusion (2.16) then follows from (2.18), (2.19) and an integration by parts.

(2.20)

(2.21)

We now turn to the claimed integrability for the modulated stress-energy tensor T%. We focus on the case

s> 0 (so Ky = 0), but the argument is similar in the other case. For that purpose, we first bound

[otermids [ ger [ 1=l e = 501 s + i @y + ) ) dnds
RIXR RIXR De

— [ ([t = 1o — s e )+ )l + ). (222

Denoting for simplicity ¢, := (y + 2)/2 and ¢ := s + 1, we decompose, for all y # z,

/ (lo—yP+ 1) (o — 2P+ 1) Pde =1, + I + T, + 1,
Rd

Yz
where

(|o = yI* + 1)72(je — 2 + 1) da,

<

IS

I
\

z—y|<S|y—=|

2 _ _

| (o — g2 + 1)72(e — 2 + 1)"9/2d,
|lz—z|<3|y—z|

3 2 =q/2()p _ |2 —q/2

Beim [y (o= P+ D702 = 2 4 1) 2,

|z — Cyz\<\y z|

o= | (jo = o+ )72 — 2 + 1)/,
|CE CyZ‘>‘U Z‘
Using that |z — y| < 3|y — z| implies |z — z| > |y — 2|, we may estimate

1 2 —q/2 2 —q/2 d—2
L, < (ly—=*/4+1)"" / (lz =y + 1)"92dz < (jy — 2|/2 + 1),

|z—y|<Fly—=]

and similarly for I?_. Moreover,

3 2 — 2 — d d—2
I, <(ly—=z[7/4+1) "/ de S (ly—217/4+ 1)y — 2| S (ly — 2/2+ 1)

|z —cy=|<|y—2|
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and also, since d — 2¢g < 0 follows from the choice s > d — 2, s > 0,
4 _ _
s [ (j— ] + 1)~ — 2] +1)~da
|CE CyZ‘>‘U Z‘

</ (1o = cyel = ly = 212+ 1)1dz 5 1y = 21/2-+ 1422
|CE CyZ‘>‘U Z‘
This proves, for all y # z,
[ =y 4 172 = o 1) S (ly = 2124 )4,
Rd
and hence by scaling

[ Vo= 9017l = 2. €)1 e 5 (ly = 21/2+ €)=

so that we obtain, since by definition vy =g —d € (—1,1),
/ €7 1(x =y, )7 (x — 2,§)| " *dwdg < / €177y — 2| + [g)*~*2de.
R xR R

Splitting the integral over £ into the part where |¢| < |y — z| and that where |£]| > |y — 2|, we find

[ 1601 = 3.9l I - 2, "dade

R4XR

S ly— 2?7 / €17 dg + / €17l 2de Sy — 2 =y — 2|7

1€I1<]y—=| 1€1>]y—=]

Combining this with (2.22) finally yields
[ ezl s [ o= dt + i@ + ()
R xR De

and hence, by assumption (2.13), since both the particle and the mean-field energies are decreasing along the flow
(see Proposition 2.3 for the mean-field energy),

/Rde 1€ | TS| </ / gs(y — 2)dp* (y)dp' (2 //Cgs — 2)dp’y (y)duly (2 )—|—2/htduN

< [, ] ot = i)+ ] gy 2 () (2)+ 200 501

Step 2: Approximation argument. For all ¢ > 0 and all R € (0,1), applying [21, Proposition 9.6], there exists a
smooth approximation v of the function Vit € C%1 (R4 R%) such that vt is constant on each ball of the collection
BY (R), satisfies |[Vo'(z)] <¢ (14 |z]) ™", and, for all a € [0,1],

[[vf — VA ca < CR'™||V2h!||Le < CR'™. (2.23)
On R? x R define ot (z, ) := 9*(x,0) := v!(z). In this step, we prove the following estimate:

DEN (L) < —/ Vi s T + Cyon(1). (2.24)
R4 xR

Using relation (2.21) and recalling that [, . [£]7(1 + |2]) 7" |Tx| < oo, we may decompose the first term in
the right-hand side of (2.16) as follows:

[ 16Ph T = (S5 TR = (k58,00 + (ks TR = o)
R4 xR
= <S§V5Rdx{0};’at> + <S§V7 Vht — Ut>
z/ €YV Tl + (Sh; VR — o). (2.25)
RexR
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It remains to estimate the last term in the right-hand side of (2.25). Denoting for simplicity w’ := Vh! — 0!, we
may decompose

sk =) = [ (@)~ w'w) - ol — y)d — w0y — ) (o)
—2 / d / () Vguo — y)dp (g)dp ) (2.26)
- 4/Rd /Rd (y)) - Vgs(z — y)duly (y)dp' (z)

+2 // W) - Vgl = y)dply (y)dply ().

For the first term in the right-hand side of (2.26), we simply have by (2.23)

[ [ @) oo - gyt )i o ‘ / w' - htdpt
Rd JRA

As far as the second term is concerned, choosing ¢ > s+1—d, 0 < ¢ < 1, and recalling that u’ remains bounded
by assumption, we find by (2.23)

‘/Rd /Rd () - Vgs(x — y)dpy (y)dp' (x)

< llutllce sup / & — |~ ()
yERA

<o s (Il [ o=yl [ o)
yER |z—y|<1 |[z—y|>1
< oflloo (1 =) < Co~

< [0l VA L= < CiR

Combining these two bounds with (2.26), using (2.23) once again, we obtain, for R | 0,

(855 — o] s on(V) + R [ V(o — y)duﬁv(y)‘ duly ()

RN {z}

Seon+a [ fov [ oot )| iy (@)

Rd
+R/
Rd

p.v./ Vygs(x — y)dut(y)‘ duﬁv(x),
R\ {z}

and thus, noting that

J.

(ki VA — )| St or(D+ R |

R4

pv. [, Ve DA )| duy(0) < |9 = < G

we find

p. V-/ Vgs(z —y)d(ply — ut)(y)’ dpily ().
R?\{z}

Hence, for all € € (0,1), using inequality R|a| < ea® + (4¢) "' R?, we obtain

2

[(Sh; VR — )| <, e tor(1) + e/
Rd

pov [ oo = il - 1))
R\ {x}
and the result (2.24) then follows from (2.25) and (2.16), choosing € > 0 small enough (depending on t).
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Step 3: Modification with n-approzimations. In the definition (2.17) of T}, the diagonal terms were excluded. In
order to apply inequality 2|ab| < a® + b? to T} as in the proof of Lemmas 2.1 and 2.2, we would need to add
these diagonal terms explicitly. Moreover, n-approximations then become needed in order to avoid the divergence
of the corresponding diagonal terms that will appear after application of the above-mentioned inequality. More
precisely, we prove in this step

oeEn s [ 19 (bl — 1P (227)
(RIBY (R ))XR
+ 3 Z e T D7 90 2, O () 40,1,
By the choice of v to be constant on each ball of the collection B4 (R) and the bound on Vvt, (2.24) becomes
oEn() 5 [ €701 + 1)~ T4 + or(1). (225)
(RIBY (R)) xR

Denote for simplicity
Hy(2,8) = (hiy = h')(2,€),  Hy,(2,€) = (A, — h')(z,£),

and define, forall 1 <k <d+1landall1<[<d, Tj\;ﬁ;d“ =0 and
T8 (2, €) v= 20k Hy (3, )0 H (2, ) — 0t| VHY , (2, )|
For all « with d(x, {z} y},) > 7, we note that

N N
VHYy (2,8 = Z s ) = Vh'(z Z (x — 2! ) — Vhi(z) = VHi (2,€). (2.29)
Also noting that definition (2.20) may be rewritten as
1 N
> G Gl al n) =2 [ Okgs(r — y;9)dige (@ — 2 d(ply — 1) (W)d(uly — ') (2)
N i=1 D
= [ Voulo = 31)- Voo = 5y = W)l = 1)),

definition (2.17) yields

N
. 1
T]%kl(xvg) + m Z Gl;l ((E,g;.’l]iN, ‘T;?,N)

i=1

= 2/Rd /Rd Ongs(x — y; )Ogs(x — 2, E)d(phy — 1) (y)d(py — pt)(2)

— Ok / / Vgs(x —y;€) - Vgs(x — 2:§)d(ply — ") (y)d(puly — 1)(2)
R4 JRE
=20, Hy (2,8)0,Hy (2, €) — 0m|VHiy (z,€) .

Combining this with (2.29) yields, for all 1 <k < d+1, all 1 <1 <d, and all z with d(z, {z} y}}X,) > 7,

Tt kl ZGM g;xiN?‘T;N) = ZakH}eV,n(Iag)alH]tV,n(xvg) - 5kl|H}€V,n(Ia€)|2 = T]i}ii(xag)
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From (2.28), we then deduce, for all 7 > 0 small enough such that Ui\il B(x} n,m) C Biy(R),

oen) S | NPT+ 5 Z / €17 (1 - al) ™G &2ty 2t )]+ 0m(1).
(RN\BY, (R)) x (RA\BY, (R)) xR

The result (2.27) then follows, using inequality 2|ab| < a® + b? in the form of

TNl S V(R =B 1Gs(w, & 27y, 25 )| S [Vgs(z — 2y, ).

Step 4: Conclusion. In this step, we show that

! I o
oen(t) S entoy+ (22 - [ e €TIVAR ) + 52 > (dlat v, OB (R) + on(D) + o 1) (230

The statement of Proposition 2.8 immediately follows from this inequality, together with a simple Gronwall
argument.
By Lemma 2.7, inequality (2.27) may be rewritten as follows:

DEn(t) St En(t) + # - / €1V (B, = H)J?
BY (R)xR

N2 Z /Rd\zs' |§|v(1 + |z]) """ Vgs(z — xny,§)|2d:Cd§ +or(1) + 0,(1),
or equivalently, expanding the square,

ont) Seen+ 20— [ pgreas o [ jepienp e [ jepvas, va
BY (R)xR B (R)xR BY (R)xR

Z i T D7 Vi = P on () o) (20
(R B, (
The last term in the first line of (2.31) is easily estimated as follows:

€l - T <|\Vht||L°°—Z [ oy 71 = a7

1
St~ / |z — o} v Yda
N; Bl (R) ’

BY (R)xR

ME, MY,
=D SN AR D SEES (232)
m=1 ‘I‘S%‘:n,N m=1
while the term in the second line of (2.31) is, in the case s > 0 (so k; = 0),
|§|”|Vgs(:v — 2} 5, &) Pdeds < / € (@ — 2t y, )72 D dwde
N2 Z/ RA\BY N N? Z (RI\BY, (R)) xR N
1 / o
< & — at | de
N? Z RA\BY, (R) a

d(z} 5, 08N (R)) . (2.33)
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In the case s = 0, d = 1 (so k¢ > 0 and v = 0), denoting p} y := d(z} y, B} (R)), the term in the second line
of (2.31) is

73 D V(e = O
(R\B, (

-

5 [ e
R\BY (R)

2N
<~

-
i Mz M= 1 Mz

/ |z — 2! y| 7 tde + — Z/ (1 + |z)) " |z — 2t 5| .
pi n<lz—zf yI<1 1 o=zt y|>1 '

byl TRe/2 ) we may estimate

Since |z — @} x| > 1 implies |z —a} y|™" < |z —=

- Z sty

|z —at N|>1

N
20 [ e at )7

2\

(1+Jaf y))7"/2 < N7

A
Z‘H
'Mz Ik

1

-
Il

so that we obtain

N
1
1—|— |z) " |V go(x — 2k, &) dadé < — / |z — 2t y| 7t + on (1)
N? Z/R\Bt a N? ; pi n<lz—=f <1 N

X

< i D <al-Togply) o (1), (2.31)
i=1

The result (2.30) then follows from inequality (2.31) together with (2.32) and with (2.33) or (2.34). O

2.6 Bypass of tightness issues

Assuming that Ex(0) < on(1), Proposition 2.8 yields Ex(t) < Cron(1) for all t € [0,T]. If we know that the
sequence (ub;)y is tight, Lemma 2.6 then allows us to conclude with the desired convergence u; Xt while
tightness can easily be checked under the additional assumption that the initial measures ;3;’s are well localized
in the sense that limsupy [ |z|?dug; < co. However, in the spirit of [24, Section 4.3.5], the following refinement
of Lemma 2.6 shows that much more information may be directly extracted from the fact that Ex(t) < Cron (1),
so that in particular tightness is obtained a posteriori without any additional assumption.

Corollary 2.10. Let the assumptions of Proposition 2.8 prevail. Also assume that En(0) < on(1). Then, for all
€ (0,7, we have Vhly — Vh' in LV (R4 LA(R, [€]7dE)) for all 1 < p < 2d/(s + d), and hence why ot In

loc
particular, (p')N is tight and Lemma 2.6 then implies the convergence of energies.

Proof. By assumption, Proposition 2.8 yields En(t) <t on(1). We split the proof into three steps.

Step 1: Strong convergence outside small balls. In this step, we prove

//( i IV B0 S ox (1), (2.35)
d 5\] X

and hence, for any 1 < p < 2, the Holder inequality implies for all R > 0

p/2 p/2
/B » (/R|§|w|v(h§\, _ht)|2> ng(”’/Q’(//(R - R|§|7|V(h§\, _ht)|2> <rion(1). (2.36)
R\P d 5\7 %
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Applying Lemma 2.7 and expanding the square, we may decompose as follows the L2 (RY x R, |¢|Ydxd€)-norm
of V(R , — h') outside the small balls Bj:

//(]Rd\B IXR |§|7|v(h§\[7n — ht)|2 — 5N,n(t) — // |€|’Y|V(h§\7,n _ ht)|2
)% .

= exti // €01V (Bl — B + o)1)
N B xR

- et gj(v” [ reriens, - ren
B xR Bi xR
+2// €7V Ry, - VA 4 oM (1),
B, xR 1

Applying Proposition 2.8 in the form of Ex(t) <; on (1), and using assumption (2.14), this turns into

I eV, R <2 | VR, TH - Cow(1) + oV (1)
(RI\BY, ) xR B, xR

Now arguing just as in (2.32), we find

\ //B AL
N

I EIT B =B Se o (1) 000,
)X

RN Seon(1),

and hence

Passing to the limit n | 0 in this inequality, and noting that VhNn — VAl in the distributional sense, the
result (2.35) follows.

Step 2: Neglecting the contribution inside small balls. The contribution inside the small balls BY; is of course infi-
nite, since VA’ does not belong to L*(RYxR, |£|Ydzd€). However, we show that it is small in L? _(R%; L*(R, |£]7d€))

loc

for p small enough. More precisely, for any 1 < p < 2d/(s + d), we show that we have for all R > 0

p/2
/Bw </R|§|7|V(h§v—ht)|2) <rton(1). (2.37)

Decomposing Vil (z) = % Ezj\il Vgs(z — :vf-)N, €), the triangle inequality yields

N

p/2\ 1/p 1 p/2 1/p
¥ t |2 - ¥ _ it —2(s+1)
(/Bmv (/R|§| |VhN|) ) 5 (/BB (/R|§| (@ -t . 6) dg) dx)

1=

/2 \1/
</ </|€|'y | 2(s+1) df)p dx) p'
Br

By a direct computation, we then find, for any 1 < p < 2d/(s + d),

p/2
/ </|§|’Y|Vh§v|2> 5/ |x|%(7+1’2(5+1))da@:/ Els (s+d)p/2 g, <r1,
BRﬂBf\, R Br Br

and hence, for any 1 < p < 2d/(s + d), choosing any p < ¢ < 2d/(s + d), the Holder inequality yields

v/ a/2\ p/a
/Bmgt ( /wahgvﬁ) élBﬁvllp/q( /B » ( /R |£|”|Vh§v|2) ) Sneon(1).
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The result (2.37) follows from this and from the Holder inequality in the form

p/2 p/2
Lo Lrerwne) <o ([ jevne) T soxw,
dx
Step 3: Conclusion.

Combining (2.36) and (2.37), for any 1 < p < 2d/(s + d), we may conclude, for all R > 0,

p/2
[ ([1erwm=wr) " Seson
R
This proves Vi, — VA in LY

P (REGL2(R, [€]7dE)) for any 1 < p < 2d/(s+d). Applying the operator — div(|¢]7-)
to both sides, we deduce p; — p' in the distributional sense on R? x R, so the result is proven. [l

t
N

2.7 Ball construction

In this section, we make the heuristics of Remark 2.9 rigorous, showing that for 0 < s < 1 the collection
BY, (RY) can indeed be chosen with Ry, — 0 in such a way that both conditions (2.14) and (2.15) are satisfied.

Let us first describe the construction that we will use for the collection BY, (R), R > 0. This is precisely the
same construction as the one used e.g. in [21, Chapter 4], which was introduced by [20, 13| for the analysis of
the Ginzburg-Landau vortices. We first consider N disjoint small balls centered at the points xi NS with equal
radii (smaller than 7y /2), and we grow their radii by the same multiplicative factor. At some point during this
growth process, two (or more) balls may become tangent to one another. We then merge them into a bigger
ball: if tangent balls are of the form B(a;,r;), we merge them into B(>", a;ri/ >, 7i, »_,; 7). If the resulting ball
intersects other balls, we proceed to another merging, and so on, until all the balls are again disjoint. Then again
we grow all the resulting radii by a multiplicative factor, etc., and we stop when the total radius R is the one
desired.

As we will see, condition (2.15) is easily checked directly from the construction above, so we may focus on the
validity of condition (2.14). Hence we need to study integrals of the form fsg\,(R)xR [ | VRl ,* for R > 0. For
that purpose, the basic tool is then the following crucial lower bound, which is a refinement of [18, Lemma 2.2].

In the sequel, for z € R? and t > 0, we denote by B’(x,t) the ball of radius ¢ centered at (z,0) in R? x R, and
we set B} := B’(0,t).

Lemma 2.11 (Embryo of a lower bound). Let R > r, let (2;)¥_, be a collection of points inside the ball B,., and
let (z144)'_, be a collection of points outside the ball Br. Then

k+l1

/ %
B \B.. i—

> Vgila -2,
i=1

2
dadé > k*(gs(r) — g5(R)). (2.38)

The same remains true if point charges are smeared out on small spheres around them, i.e. if gs is replaced by
Gs,y with n < d({zz}fill, Bgr\ B,). In particular, for any z1, any R >n > 0, and any collection (zz)llié of points

outside the ball B(z1, R+ 1),

141

/ e
B'(z1,R) i—

Z Vgsm(x — Zis 5)
1=1

dxd§ = gs(n) — gs(R). (2.39)

Proof. Step 1: Explicit value of cq,s. We claim that the normalization constant cq, s for the Riesz kernel g, is given
by the following formula, in terms of the beta function B(a,b) = I'(a)I'(b)/T'(a + b) and of the measure wy_; of
the unit sphere of dimension d — 1,

Cd,s = Swi—1B ( (2.40)

s+2-d d
2 2
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Integrating the equality — div(|¢|”Vgs) = o on the infinite cylinder Cy := B; x R in R? x R, we find by
integration by parts

1= [ (Vo) = [ leneVo= [ [ lePorgtugdoturag
Co aCo —o JaB,
20 [ €0,0.0.8)de
0
Since by definition gg(z,§) = c;;(|x|2 + [€]?)7%/2, computing the radial derivative yields
Cds = 25Wa1 / E1(1+€) 771 dg = swa / 0N+ €72 e
0 0

The result (2.40) then easily follows using the formula B(a,b) = [~ t*~ (1 + t)=*~dt for all a,b > 0.

Step 2: Conclusion.
For all ¢t > 0, denote by Bj the ball of radius ¢ in R? x R, and also Wil = Zf;l 0,,. We may then estimate
by the Cauchy-Schwarz inequality

R
/ €7 Vgs * pra]? = / dt / €17 Vgs a2
Bl \B!. r oB!

R " . )
=/ dt( / |§|”> < / |§|Vn-v95wk,z>,
r OB, 0B,

where an integration by parts yields, for all »r <t < R,

/ 1€7n - Vs * g, = / div(|§]"Vgs * prg) = —pra(Be) = —k,
0B B!

R —1
[ v marz e dt( / w) |
B \B. r oB!

In order to compute this last integral, we use spherical coordinates:

and hence

1

/ |§|'y _ t5+1wd,1/ (Sin@)d_l| COS@Wd@ _ t5+1wd,1/ (1 _ u2)(d—2)/2|u|Vdu
o8B! 0 -1

1
g, / (1 — ) @=D/20-D /2y, — 5414, | B (&ﬂ g)
0

where the last equality follows from the formula B(a, b) = fol (1 —t)>~*dt for all a,b > 0. By Step 1, this last
expression is nothing but ¢571¢; /s, so that we may conclude

- - _
e r—¢—R7°
/ st = k27€d =k*(gs(r) — gs(R)). O

d,s

S
/ €11V gs * pa|* > K
By \B,. ¢

With this result at hand, as in [21, Chapter 4], we may now deduce the following lower bound estimate for
the energy on the balls of the collection BY (R). For logarithmic interactions (thus in particular for the Ginzburg-
Landau vortices, as treated in [21, Chapter 4]), a particularly simple additive structure shows up, simplifying
computations a lot; here we show that the same result still holds for all s < 1.

Proposition 2.12 (Lower bound). Let R > 0. If s < 1, then, for all0 <n <ny A (R/N),

Lo e EP TS 2 S, g R/ (2.41)
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Proof. We prove that, for all R > 0, if B(y,) is a ball belonging to the collection B%;(R) and contains n of the
particles z \’s, then

[ A 2 o) = g R/ (2.42)

The desired result (2.41) indeed follows from summing the corresponding inequalities (2.42) associated with each
ball B(y,r) of the collection BY (R), noting that B’(y,r) C B(y,r) x R. We prove (2.42) by induction: we first
show that it holds when B(y,r) contains only one particle xi ~» and then that it is preserved through the growth
process.

First, suppose that B(y,r) is a ball of By (R) and contains only one particle 2} 5. By definition we must have
B(y,r) = B(x} y,7) and 2 5 ¢ B(y,r +n) for all j # i. Lemma 2.11 in the form of (2.39) then yields

¥ 1
/B’(y,r) €71V |2 = NQ( gs(n) — gs(7)).

This proves (2.42) when B(y,r) contains only one particle z} .

Now we need to prove that (2.42) is preserved by the growth process, i.e. that it remains true through both
expansion and merging of balls. On the one hand, suppose that, for some R > 0, B(y,r) is a ball of BY (R) for
which (2.42) holds, and suppose that B(y,r) inflates into B(y, ar) without merging, when passing from B (R)
to B (aR), for some a > 1. Let n denote the number of particles in B(y,r). By definition, B(y, ar) contains
the same number of particles, and the choice of 77 small enough ensures that no particle may lie in the annulus
B(y,ar +n) \ B(y,ar). Hence, Lemma 2.11 in the form of (2.38) yields

[ gemions ez [ v+ SO
B'(y,ar) B'(y.r) B'(y,ar)\B'(y,r)

2
n n
> T (a() — 9a(RIN)) + 2 (04(r) — ga(ar).
Since by definition r = nR/N, we find, by the choice s < 1, with gs(R/N) — gs(aR/N) > 0

2—s

/B/(yqu) |§|7|Vh |2 > 132 (95(77) - gs(R/N)) + ZV—2(QS(R/N) _ gs(ocR/N))

Y4
323

72 9:(n) = 9:(R/N)) + 555 (9:(R/N) = gu(aR/N))

m(gs(n) —gs(aR/N)),

Y

so that B(y, ar) also satisfies (2.42).

On the other hand, suppose that B(y;,r;), i = 1,...,k, are k disjoint balls of B4 (R™) for some R > 0, suppose
that each of them satisfies (2.42), and suppose that these balls are merged by the growth process into a larger
ball B(y,r), which is then disjoint of all other balls of the collection BY,(R). Denoting by n; the number of points
in B(y;,r;), we then find

k
Va2 Y [ i g () ) - /)
/B%y,r) o ; B (ysr) W g

so that B(y,r) also satisfies (2.42). This completes the proof. O

We are now in position to prove that both conditions (2.14) and (2.15) may be satisfied whenever s < 1, thus
finishing the proof of Theorem 1.1.

Corollary 2.13 (Checking conditions (2.14) and (2.15)). If 0 < s < 1 and if B4 (-) is constructed as above, then
conditions (2.14) and (2.15) are automatically satisfied for any choice N~(1=9)/s < R, < 1if0 < s < 1, and
for any choice e=Nov() <, R < 1 if s = 0.
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Proof. On the one hand, Proposition 2.12 gives

1 1
lim / RAAV// I — )2——SRN.
i ([, 17 = 0] 2 )

On the other hand, since by definition [\, B(xz} 5, R/N) C Biy(R), we may estimate

N
1 1
N2 > g (d(af v, BN (R))) S 95 (R/N).
i=1

Therefore, both conditions (2.14) and (2.15) are satisfied if we choose Rl such that g (R /N) < 1, and the
result follows. O
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