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ABSTRACT. We obtain the first derivation of the 2D Vlasov-Poisson equation for classical
particles with Coulomb interactions without any microscopic cutoff. The proof relies on
our recent dual hierarchical approach to mean-field limits, together with a refined analysis
of dual BBGKY hierarchies on linearized correlations, based on kinetic regularization
effects. The result holds more generally for arbitrary singular interaction forces K € LIQO_C"
with n > 0 small enough, in any dimension, and it extends to Brownian particles. It

holds globally in time as long as the mean-field solution is regular enough.
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1. INTRODUCTION

1.1. General overview. We consider a system of N > 2 exchangeable classical particles
in phase space D := R% x R?, interacting through a pairwise force kernel K : R? — R
Denoting by (X; n, Vi n) the position and velocity of particle ¢, the dynamics is given by

dX; N = V; ndt,
dVin = % Zjvﬁéz K(Xi,N — Xj,N)dt +V2adB; v,

where o > 0 and the B; n's are independent Brownian motions. The deterministic Newton
dynamics is recovered for a« = 0. Throughout, we assume that K is odd, in accordance
with the action-reaction principle. Turning to a statistical description of the system, let F'y
denote the joint density on the N-particle phase space D¥. Formally, the above dynamics
then leads to the Liouville equation

N N
1
O Fy + Z(UZ . Vrz — OéAUi)FN + N ZK(%‘Z — xj) . VviFN = 0. (1.1)
1=1 i#£]
Exchangeability of the particles amounts to the symmetry of Fy under permutations of

the particle variables z; := (z;,v;) € D. In the macroscopic limit N 1 oo, we aim at an
1
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averaged description of finite subsets of typical particles, as encoded by the marginals
FN,k(Zl,.. . ,Zk) = /N . FN(Zl,...,ZN)de+1 . .dZN, 1 S k S N.
DN—

If the particles are initially asymptotically independent with one-particle density f,, one
expects propagation of chaos,

Fng(t) = f(#)®F,  for every fixed k > 0,
where f solves the Vlasov equation
8tf+v'vxf_aAvf+(K*f)'vvfzoy f’t:():fm (1'2)

with K * f(x) := [p K(x — ') f(«,v")da’dv’. For Lipschitz interaction forces, this mean-
field approximation goes back to the classical works of Braun, Hepp, and Dobrushin in
the deterministic setting [6, 11|, and to the general theory of propagation of chaos for
McKean-Vlasov diffusion in the stochastic setting, e.g. [25]. For singular interactions,
however, the problem is considerably more delicate: the singularity destroys the stability
of the particle dynamics, while close particle encounters may generate large microscopic
forces. In particular, the derivation of the Vlasov-Poisson equation from particle dynamics
without microscopic regularization had remained open so far in dimensions d > 2.

In [9], together with D. Bresch, we introduced a dual hierarchical approach to mean-field
limits. Rather than estimating the BBGKY hierarchy of marginals directly, which leads to
a problematic loss of velocity derivatives, the method focuses on the backward evolution
of dual observables and on the associated hierarchy of dual correlations. This allowed us
to treat arbitrary forces K € L%OC(RC[), at both positive and zero temperature a > 0,
without requiring any sign condition or potential structure of the interaction. While this
substantially enlarged the admissible class of singular kernels, it still fell short of the 2D
Coulomb force, which belongs only to the weak space L%,

The main purpose of the present work is to go beyond this L12OC threshold. Building on
the same dual hierarchical framework, we develop a refined analysis of the dual BBGKY
hierarchy that exploits kinetic regularization effects. In the diffusive case o > 0, this relies
on hypoelliptic regularity estimates, whereas in the non-diffusive case o = 0 it relies on
velocity averaging; see Propositions 3.3 and 4.3. These estimates provide fractional spatial
regularity that allows to pass to the limit in the singular interaction terms of the dual
hierarchy. To our knowledge, this is the first hierarchical use of kinetic regularization. Its
implementation raises some specific technical difficulties; see in particular Section 4.

The final ingredient is uniqueness for the limiting dual hierarchy, which is needed to
identify the limit and recover the Vlasov equation (1.2). Such uniqueness cannot be ob-
tained through direct PDE estimates on the hierarchy, since the available kinetic estimates
provide regularity in only one particle variable at a time, whereas a direct argument would
require mixed regularity simultaneously in all particle variables. To remedy this, we in-
stead combine kinetic regularization with the explicit triangular structure of the limiting
hierarchy; see Section 5.2.

1.2. Main result. Our main result applies to interaction forces K € leo_C"(Rd) for suffi-

ciently small 7 > 0, thus getting strictly beyond the L _ threshold of [9]. In particular, it

includes the 2D Coulomb force K (z) ~ :I:#, which only belongs to L?*. For a = 0, this

yields the first derivation of the 2D Vlasov-Poisson equation from particle dynamics with-
out microscopic regularization. For « > 0, it complements the recent short-time derivation
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of the 2D Vlasov-Poisson-Fokker-Planck equation in [7], by providing a longer-time result
under weaker assumptions on initial data.

Notably, the argument does not use repulsiveness and applies to forces that need not
derive from a potential. It holds globally in time as long as the mean-field solution remains
sufficiently regular. In contrast with our previous work [9], also note that the initial data
need not be exactly factorized: it is enough to assume a uniform relative L? bound, cf. (1.3)
below, which is the natural condition for the duality framework used in the proof.

Theorem 1.1. Let a > 0, let f, € PN L®(D), and let

2d/(d+2
K e Ly R, sup K (a)| < oo,
z|>

where v satisfies the following condition:

— ifa >0,
0<y <= g;
— ifa=0,
1 _ 2 _ 1 1 . >
0< < ?2(9d+4 VOd+4)?2—64d) =5+ 0(3) : d>2,
i(m_?’) . d:

For every N > 2, let F§, € PNL>®(DY) be exchangeable and assume the following L? form
of fo-chaoticity:

: PRI
ll?vl&lp v FEN < o0. (1.3)

o

Let Fyy € L*(R*; L' N L>®(DY)) be an exchangeable global weak duality solution of (1.1),
with initial data F;, in the sense of |9, Appendix|. Let f be a weak solution of (1.2) with
initial data fs. Assume that, for some Ty > 0, the latter satisfies on [0, Tp] the regularity
requirements stated below, namely (1.5), (1.6), together with (1.7)—(1.8) if « > 0, and
with (1.9) if a« = 0. Then, for all k > 1 and t € [0, Tp],

Fni(t) — f(O)®%  in D'(DF). (1.4)

We now display the precise regularity assumptions needed on the mean-field solution f.
In our previous work [9], which treated the less singular regime K € L% _(RY), it was
enough to assume

f e L®0,To; PNL>®(D)), Kxf e L*0,Ty; WH*(R?)), (1.5)

together with the time-integrability of the Fisher information,

/OTO (/valogf\Qf)é < oo,

The more singular interactions considered here require stronger regularity assumptions.
More precisely, on top of (1.5), we assume throughout

fil € Li)sc([ovTO] X D)v (16)

as well as the following weighted regularity for logarithmic derivatives:
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— in the diffusive case o > 0, we assume that, for some 0 € (0, %],

2, f¥log f € L(0,To; L*(D) N LY LY(D)), (1.7)
FENE (1, log £ + | Ay log f1) € L([0,To] x D),
and
Aylog f + 6|V, log f|* > —C a.e. on [0,7] x Dy (1.8)
— in the non-diffusive case e = 0, we assume that, for some § € (0, %},
£, OV, log f € L>®(0,T; L2H3*(D) N L HY?(D)), (1.9)

F29V, log f € L]0, Ty] x D).

For the choice § = 1, the lower bound (1.8) follows from the boundedness assumptions

2

in (1.7), and the assumptions thus simplify substantially — at the price of requiring the
boundedness of V, log f itself, which is incompatible with Maxwellian velocity tails. Re-
taining § < % allows for a more flexible weighted condition.

Remarks 1.2. A few comments are in order:

(a)

Initial chaos assumption: Assumption (1.3) is a uniform relative L?-bound, or equiv-
alently a uniform bound on the x2-divergence of Fy from the tensorized law fON Tt
is of course weaker than the exact tensorization assumed in our previous work [9], but
it is stronger than the usual notions of Kac or entropic chaos. Indeed, in terms of
the Hoeffding decomposition (Hy,,)m of Fy introduced in Section 2.1 below, we can
bound, for all 1 < k < N,

FS, g2 ok
: _1’ ®k:Z / HO. |2 fEm
/]D)k f?k fo <m> ID)m| N,m| fo
m=1
koL (N k |FS |2
>~ Nm§1 <m> /Dm‘ N,m‘ fo N(/I;)N fc(?N )7

so that (1.3) implies quantitative fo-chaoticity of every fixed marginal, with an O(N~1/2)
error bound in L?. It also implies, by Jensen’s inequality,
F?° ’FO |2
o FRNY .__ o N NI
HFRIEY) = [ Filo (k) <o /. v =0,
while relative-entropy approaches generally work under the substantially weaker con-
dition +H (Fy|fEN) — 0; see e.g. [20]. Assumption (1.3) is nevertheless the natural

condition for our L?-duality method as it is equivalent to uniform square summability
of the initial Hoeffding components; see Section 2 below.

Range of ~v: The restriction on v in Theorem 1.1 originates from the uniform-in-N
regularity estimates established in Propositions 3.3 and 4.3, rather than from any
apparent criticality of the limiting dual hierarchy. Indeed, as discussed in Remark 5.3,

well-posedness of the limiting hierarchy is expected to hold whenever v < % if a >0,

and v < % if « = 0, but we do not know for now how to establish the required

uniform-in-N regularity estimates throughout this larger range of ~.
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(¢) Singularity class: Since the kinetic estimates yield genuine fractional Sobolev regular-
ity, rather than merely improved integrability, a direct inspection of the proof shows
that the assumption on the interaction kernel can be relaxed to

K € Hy,J(RY),  sup |K(z)| < oo,
jo]>1

with the same range of ~, at the cost of strengthening the regularity assumptions on

the mean-field solution f. By the Sobolev embedding Lidc/ (d+27) (RY) C H,,J(RY), this
improves the above statement.

1.3. Comparison to previous results. For Lipschitz interaction forces, the mean-field
limit goes back to the classical works [6, 11, 25|. Derivative assumptions on the force were
later removed in [20], where arbitrary bounded interaction forces were treated by a relative
entropy method at the level of the Liouville equation.

For unbounded forces, substantially less was previously known. For long, in dimen-
sions d > 2, the only results have remained those of [16, 17|, which cover mildly singular
forces with |K(z)| < |z|7¢ and |VK ()| < |z|~! for some ¢ < 1, for vanishing tempera-
ture a = 0, thus missing the Coulomb singularity even in 2D. The dual hierarchical method
that we introduced in [9] with D. Bresch allowed to cover arbitrary forces K € L2 . at
both positive and vanishing temperature, without any repulsiveness or potential structure
of the interactions. This substantially enlarged the admissible class of singularities, but
still excluded the 2D Coulomb force, which belongs to L**.

In the diffusive setting o > 0, a direct hierarchical approach was developed in [7] for re-
pulsive forces deriving from a nonnegative potential with suitable exponential integrability.
By exploiting the velocity diffusion to compensate for the derivative loss in the BBGKY
hierarchy, this yielded the first derivation of the 2D Vlasov-Poisson-Fokker-Planck equa-
tion, together with a partial 3D result, but it is restricted to a short time interval and
requires strong structural conditions on initial data. The present work follows a differ-
ent, dual route; it requires no repulsiveness assumption, nor a potential structure of the
interactions, it applies globally in time as long as the mean-field solution remains regular
enough, and, crucially, it also covers the non-diffusive case a = 0.

A large complementary literature considers Coulomb or nearly Coulomb forces regular-
ized at an N-dependent microscopic scale. In 3D, forces arbitrarily close to Coulomb were
treated in [4] with cutoff radius N~1/3, while the Coulomb force with cutoff radius N —1/3+¢
was reached in [21]. Corresponding results in the diffusive case a > 0 were also obtained
in [10, 18]. Probabilistic trajectory methods have now reached the cutoff radius N —5/12+¢
for the 3D Coulomb force [14], and the considerably smaller cutoff radius N2 in 2D [15].
These results approximate the exact microscopic force remarkably closely, but retain a
nonzero cutoff for every finite V.

Finally, we emphasize that more singular interactions can be handled without cutoff
for simpler dynamics or regimes. For first-order dynamics, in particular, the modulated
energy method yields the mean-field limit for Coulomb and Riesz interactions in arbitrary
dimension, and also applies to second-order dynamics in the monokinetic regime [24, §].
The recent multiscale mollification method of [22| further applies to a broad class of at-
tractive or repulsive first-order interactions, not necessarily deriving from a potential. In a
different direction, for second-order Hamiltonian dynamics in a perturbative regime near
Gibbs equilibrium, we have derived in [12] the mean-field limit toward the linearized Vlasov
equation for a broad class of singular forces including Coulomb in dimensions d < 3. The
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present work addresses instead the fully nonlinear mean-field limit for second-order kinetic
dynamics away from equilibrium, where neither the first-order structure nor the perturba-
tive control around equilibrium is available.

2. DUAL HIERARCHICAL METHOD

We start by recalling the dual hierarchical approach to mean-field limits, which we
introduced in [9] with D. Bresch. We further refine it here to account for the weaker
initial chaos assumption (1.3); see in particular Lemma 2.1 below. The method proceeds
by reformulating the mean-field limit in terms of the dual Liouville evolution on the space
of test functions, then applying the Hoeffding chaos decomposition with respect to the
mean-field distribution f®V, and finally noting that the obstruction related to losses of
velocity derivatives in the BBGKY hierarchy are compensated by the fluctuation scaling.

2.1. Hoeffding chaos decomposition. Given a symmetric function G € L?(f®V), we
consider its Hoeffding components with respect to the product mean-field measure f&V:
for0<m <N,

Oy mlGn] = (1 =7p)®" @afN"™) Gy,
in terms of the projection
wph = / hf.
D

By definition, Il ,,[Gn] is a symmetric function on D™ and satisfies

/HN,m[GN](zl,...,zm) f(zj)dzj =0 forall1 <j<m.
D

The Hoeffding decomposition of G then reads
N

Gn(z1,-.an) = DY Tym[Gr](z),

m=0 oC[N]
flo=m

with the short-hand notation [N] = {1,...,N} and 2z, = (%, ..., 2;,) for o = {i1,... iz}
By orthogonality between Hoeffding components, we deduce
Y /N
ek =52 (V) [ e, 1)
DN 0 m Dm
Applied to the relative density Fy/f®V of the N-particle distribution with respect to the
mean-field distribution f®V, the Hoeffding components
F
HN,m = HN,m [ﬁ%]

coincide with the linearized cumulants first considered in [23] to characterize corrections
to mean field. In terms of marginals, they read

Hyo=1, Hyif=Fn1—f, Hyof®? =Fno—2FN1®sf+f® ],

and so one, where ®, stands for symmetric tensor product. In these terms, the mean-field
limit simply amounts to showing Hpy,, — 0 for all m > 1. As the norm [py |Fn|?) foN
is not conserved by the Liouville flow, however, no useful estimate on these correlation
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functions can be deduced from identity (2.1). In contrast, in case of bounded observables,
since the L norm is formally conserved by the Liouville flow, we can use (2.1) in the form

m N - -m
Lot < () I6MEs < Cul G

This is what motivates the need for a duality argument: passing to the dual, we can focus
on bounded observables and the above then provides nontrivial a priori estimates.

2.2. Dual reformulation. We show that the mean-field limit follows from the weak con-
vergence of the second Hoeffding component of bounded backward solutions of the dual
Liouville equation. This provides a slight refinement of our dual reformulation of mean-
field limits in [9], as we allow here for the weaker initial chaos assumption (1.3). To this
aim, the proof proceeds by examining exponential, instead of polynomial, observables: we
consider the characteristic function of the empirical measure and characterize its strong
convergence.

Lemma 2.1. Let a > 0 and K € L} _(RY). Let Fy € L®R*; LI N L>®(DY)) be an
exchangeable global weak duality solution of the Liouville equation (1.1), in the sense of |9,
Appendix|, with exchangeable initial data Fy € P N L¥(DY) satisfying the L* chaos as-
sumption (1.3) for some fo € PN L>®(D). Let f be a bounded weak solution of the Viasov
equation (1.2) with initial data f°, and assume that, for some Ty > 0,

ferL=(0.To) xD),  K=xfelL*([0,To] xR?),  V,feL[0,Tp] xD).
For any T € (0,Tp] and any symmetric ®% € L>(DY) such that
5l S 1 i 19F  Uagony =0 (22)

consider a global bounded weak solution ®x € L>®([0,T] x DV) of the backward dual Liou-
ville equation on [0,T],

N
QN + D (v Vg, + aly, ) Dy + w1 Z K(z ) Vu®y =0,  (23)
1=1 1753

with final data ®N|i=r = @% and with
sup H(I)NHLOO(DN) S 1. (2.4)
(0,7]

)

Assume that for any such ®x we have
T
N/ ’ Ky Iyg[oy] f®2‘ 50 as N 1 oo, (2.5)
0 D

where we have defined
K¢(z,2') = (K(ac —2') — (K f)(a:)) - Vylog f(2). (2.6)
Then we have, for all k > 1 and t € [0, Tp),
Fngi(t) — f(&)®% in D'(D). (2.7)
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Proof. Fix T € (0,Tp], h € C*(D), A € R, and let

O (21, 2n) = exp <x§:<h(zj)—/nhf(:r))>. (2.8)

j=1

A direct calculation yields

N
A
»T _ 1 < H hz‘—/th
[®n — Ul L2(rryem) N;( () D ( )) L2(f(T)®N)

= ([ ) m) <o

that is, (2.2). Consider a global bounded weak solution ®y € L>([0,T] x D¥) of the
dual Liouville equation (2.3) with final data ®n|;—r = ®% and with the conservation
property (2.4). Note that the equation ensures ®y € Cy= (0, T; L>(DY)). Comparing the
weak formulations of the equations for ® and for f®V, as in [9, Proposition 4], we find
forall0 <t < T,

| ok = [ avorms - }Vi | ([ Kitozanse).

where K is defined in the statement. Since ®y is symmetric in its N entries and since
the cancellations [ K (21, 22) f(zj)dz; = 0 for j = 1,2 allow to replace ®x by Iy 2[®n],
we get

[oksm = [ ovwro =1 [C( [ KmatessY).

DN

The right-hand side tends to 0 by assumption (2.5), while [y @4 f(T)®Y — 1 by (2.2).
Hence, for all 0 <¢ < T,

Mvo@xlt) = [ on(050)7 1.

Combined with (2.4), this implies the strong convergence
[P (t) — 1”%2(]0(,5)®N) = H‘I’N(t)H%‘Z(f(t)@N) + 1 = 2RIy o[PN] (1)
< 2R(1 —TIno[@N](2)) — 0.

In particular, at ¢ = 0, by the weak chaos assumption (1.3),
o [FR[*y2
‘ | eN(O0)F - 1‘ < | ®n(0) — 1||L2(fg§1v)< . f®N) 0. (2.9)

Since Fy is a weak duality solution of the Liouville equation in the sense of |9, Appendix],
we can choose the weak dual solution ®n to be in duality with F, that is,

/ T, Fy(T) = / B (0)FS. (2.10)
DN DN

so that (2.9) entails
/ L FN(T) = 1.
DN
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By the choice (2.8) of ®L, with arbitrary h € C2°(D) and A € R, this easily implies for
any k > 1,

/DN (]{7% (h(Zj) = /th(T))>kFN(T, 2,0, 2n)dz . dzy = 0,
i=1

Expanding the power in the left-hand side, this yields the conclusion (2.7). O

2.3. A priori estimates. Henceforth, we assume that Fy, f are as in Lemma 2.1, we
fix T € (0,Tp] and a symmetric % € L>®°(DY) satisfying (2.2), and we consider a global
bounded weak solution @y € L>®([0,T] x D) of the dual Liouville equation (2.3) with
final data ®y|;—r = ®% and with the conservation property (2.4). We shall study the
associated Hoeffding components, or dual correlations,

CN,m = HN,m[q)N]y OSmSN,

and we aim to prove the convergence (2.5), that is,
T
N/ ’ K;Cnp f®2‘ — 0 as N 1 o0, (2.11)
o 'Jm2

which will then imply the mean-field limit by Lemma 2.1. Due to the orthogonality prop-
erty (2.1) and to the conservation property (2.4), we have

N _1
2
sup [Cxliaggomy < () 1851y 0<m <.
[0.7] m

Note in particular that Cy2 = O(N~!), which is just not enough to prove (2.11) even if

K € L} (R%). In view of these a priori bounds, we define the rescaled correlations

_ N\ 2
CN,m = < ) CNJH) 0 <m< N. (2.12)
m

Since @ is bounded in L™, cf. (2.4), we can interpolate and deduce the following more
general bounds; see |9, Lemma 12].

Lemma 2.2 (A priori estimates; see [9]). For all0 <k <m < N and g > 2,

1 1
sup ||C mekyy < C’k<g)k(§7§).
up ICNmllLa(ren p2(pom-r)) -
2.4. Hierarchy for dual correlations. As the above a priori bounds do not suffice for
the desired convergence (2.11), we further study the dynamics of dual correlations. To
this end, we consider the BBGKY-type hierarchy that they satisfy, which can be obtained
directly from the dual Liouville equation (2.3) for ®y; see [9, Lemma 11]. We state it here
for the rescaled dual correlations (2.12).

We emphasize that most of the collision operators appearing in the hierarchy contain
velocity derivatives, and their iteration would thus ordinarily generate an uncontrollable
cascade of derivative losses, which is the usual obstruction for classical kinetic hierarchies.
Yet, our central observation in [9] was that the fluctuation scaling (2.12) exactly compen-
sates for derivative losses as N 1 oo: after rescaling, velocity derivatives are confined to
the remainder term Ry, in (2.13) below and are formally O(N~1/2).
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Lemma 2.3 (Hierarchy for dual correlations; see |9]). For all 0 < m < N, we have in the
weak sense on [0,T],

(N—m)(N —m —
(N —1)?

where L?“ stands for the following linearized mean-field operator on the m-particle space,

(O L) Covn = Bovnt/(m + 1) (m -+ 2) D)2 KOsl (2:13)

Ly = Zld@'*l ®Ly;®I1d"™ 7,
j=1
Lih = v-Vih+al,h+ (K x f)(x) - Voh — / K¢ (24, 2)P(24) [ (24) d2x,
D
where K [CN 2] is defined as
K¢ [Cnmta) = /2 K (20, 24) Onma2 (24, 24) [20) F(2)) dzed 2L, (2.14)
D
where the remainder term Ry ., s given explicitly by
N—-m+1\3 <& _
Bnm = (m) ;(K * (i) - Vo, O fmp\i5)
N —m+ 1
- (m /Kf 2, 21)ON pmluge (i) £ (24) 2

_<N m“) S K (i~ ) VuCoggon )
i#j
m—1

+ T DK @) Vo, Covn —

SR _
i=1 i#£j

- Z/ K (2, ) On pmjupsp iy f (24) d2s

+Z/K i = @) - Vo, On riupsn gy S (2+) ds
i#£]

- Z/ Ky (24 27) On mjugei\ gy [ (2) dzs
i#£]

m

T D - K (24, 22) Cn prjoge s\ (i f(20) f(2L) dzadZ,
i#j

<(m _E]\})Ej\lf) m / Kf Ry Z]) CN Ju{*} f(Z*) dz,

_((m+ 1N —m)\2 - o). _ Y ds
( (N —1)2 );/DK( ) - Vo, On fmiugsy f(2) dz.
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(m+1)(N
_2< (N ) Z Kf Zxy R )CN[m]U{**’}\{z}f(z*)f(Zi)dz*dzi,

and where for notational convenience we have set CN,m =0 form <0 and m > N.

3. DIFFUSIVE CASE: HIERARCHICAL ESTIMATES VIA HYPOELLIPTICITY

In order to obtain improved a priori estimates on dual correlations, in the diffusive
case a > 0, we apply hypoelliptic regularity to the hierarchy of equations derived in
Lemma 2.3. More precisely, we appeal to the following classical hypoelliptic estimate. This
essentially follows from [5], but we include a short proof in Appendix A for completeness,
based on a direct Fourier calculation. We emphasize that the multiplicative constant is
independent of the phase-space dimension 2dm.

Lemma 3.1 (Hypoelliptic regularity). Given a > 0 and m > 1, let gm, ey satisfy in the
weak sense on [0,T] x D™,

OtGm + E (Vi -V, — al\y,)gm = em.
1
Then, for all0 <r < 3,

T L, T . -
/0 Vg |3 gmlliZSC(TJrl)Eug Hgmllifrc/o IV a) Vo)~ emll72, (3:1)

for some constant C only depending on «.

Remark 3.2. For later purposes, we note that, by a straightforward inspection of the proof
in Appendix A, the above can be strengthened as follows in the case e, = e¥, + div,(e},):
forallogrgéandogsgg,

! (Z-AG-r), 112
/ 1V, |G Gg, 2,
" 2 r 012 r 1112
< O+ 1) sup lgm 2+ / (V) *elI2: + C / (V) 7L 2.

Applying this regularity result to the hierarchy (2.13) for dual correlations, we establish
the following uniform-in-N a priori estimate. Note that we use the weight f1~¢ instead
of /f, with 1 — ¢ > %, to avoid boundedness requirements on V,, log f itself, in line with
the weighted regularity requirement (1.7).

Proposition 3.3. Let a > 0, let

K e Lg/ " ®Y, sup K ()] < o,
|z]>1
for some 0 < v < =. Also assume that the mean-field solution f satisfies the regularity
L.5), (

1
6
1.6), and (1.7) for some & € (0,3]. Then, for all0 <m < N,

conditions (1.5

T
[ Ivar ey = enmll, < o+ im 1y,

for some constant ¢ only depending on v and some constant C further depending on o, d
and on assumptions on K, f.
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Proof. Smuggling the weight (f®™)179 with § as in the regularity condition (1.7), and
using the Vlasov equation for f, the equation (2.13) for Cy ,, can be reformulated as

4
(@—I—Zm Vxl+aZsz) (fo™ 0 Crn) = A =2 3 Al (3.2)
j=1
where we have set
A71n = (f®m)1_6RN,ma
N—m)(N—-—m-—1)\3 _ _
Ay = Vi ) (SR ) o K Gl

+(f®m)1_6 ; /]D) Kf(z*> %) CjN,m(Z[m]\ia zi) f(24) dzs,
B Y (U D) o) Tl NI )

Afn = —a(Zh(; zl) (F&™) 1= 6CNm)

and for abbreviation
hs = (1 - §) ((2 — )|V, log f|? + 24, log f).

Appealing to hypoelliptic regularity in the form of Lemma 3.1 (but backward in time),
recalling the a priori L?-estimate of Lemma 2.2, and noting that the boundedness of f
ensures f170 < f1/2 we get for all 0 < r < 1,

T . B 4 T .
/0 ||<vm>3—T(<f®m>1—50N,m>|%2SC<T+1>+CZ/O (V)T (V)T AL 2, (3:3)

where we set for abbreviation Z = (X, V) 1= (2}, V) € D™. From here, we split the
proof into three steps: in the first two, we examine the different right-hand side terms
n (3.3), and we conclude in the last step by buckling. In the sequel, C' stands for arbitrary
constants only depending on 7, «, 4, and on assumptions on K, f, and we write < for < C'x.

Step 1: Proof that

4
D IVv) T AL e
i=2

< m (m A+ DI(Ve,) (P20 Cnma2) |2 +ml (V) (P50 O 2.
We start with the contribution of A2,. By definition, we can bound

1AM Il2 S (m+ D™ K (O] 2

+ H(f®m)16;/DKf(Z*7Zi) CN,m(z[m]\i,z*) f(z4) dzs L (3.4)

Recalling the definition of the operator K[-], cf. (2.14), we can decompose the first term
as follows,
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I(fE™) K [Cnmera] | 2

K(x' o x//) . vv logf(z') f(Z/)gf(ZH)(S((f®m+2)1_5ON7m+2)(', Z/, Z”) dZ/dZ”

H D2

+ [ K fll oo

L2

)

L2

[, VaTor ) £ T (7)1 Cop ) (1 5") de' "

and thus, by Holder’s inequality and the Sobolev embedding HY  L2#/(d=27)  gplitting
the kernel K (2' — ") for |2/ — 2”| <1 and |2/ — 2”| > 1, and using the exchangeability,

I(fE™) K [Cnmeral | 2
< <HKHL2d/(d+2'Y)(B)Hf(SHLgOL% + (1K | oo (Bey + |1 K€ = fHLOO)Hf(SHL2>
< || £2V 1og £l 2 [[(Vay ) ((FE ) 0 Cn o) | 22

The different factors are precisely controlled by the assumptions on K and f, hence
I(FE™) K [Cnmaalll 2y S 1V20) ((FE ) O me2) | 2.

Similarly estimating the second term in (3.4), this time using Young’s convolution inequal-
ity to bound the convolution with the singular part of K, we get

H(f®m)1—5;/DKf(z*,zi) CON o (2pm)\i» 2¢) [ (24) dzs Lo

< (I aarcaran S~ g2z + (UK zoeaey + 1K Fllzoe) 1=z )

< |0V log fllp2ll{Va) (FZ™) 2 Crvn) |l 2-
We are thus led to
A2 NIr2 < (m+ D)I{Ve) (F" ) 2 Cnmr2) 2 + ml(Vay )T (FE™) Cvm) | 2.

Finally, for A3 and A% | the a priori L2-estimates of Lemma 2.2 and the assumptions on f
immediately ensure

(Vv) T A2 S m, 1A% 2 S m.
Step 2: Proof that for all v < r <1,
VX)) (V) ALl e S mP (3.5)

Recall AL = ( f®m)1_5RN7m, where Ry, is the remainder term defined in Lemma 2.3.
The claim (3.5) follows from a careful examination of all the terms in the definition of Ry,
using the assumptions on K, f, and the a priori estimates of Lemma 2.2. For shortness,
let us focus on the following three typical terms that are part of Ry,

Ry, = _(N m—i-l) ZK zi — 25) - Vo, On )\ (3.6)
i#]
R%V,m = ZK VU,CNWL;
1#]

R?va = (( (N)Ef\lf)Qm i /Kf z*,z])CN jugsy f(24) d2s.
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For the first one, commuting the velocity derivative with the weight, we have by symmety
V)™ (Vv) (™) Ry )l 2
3 a1 —-r my1l—o ~
S mANTH(,,) 7" (K (o1 = 2) (f7™) O o )|

L2

3 —
+miNTE(V0) 7 (K (01 = 22)Cv o - Vou (P2 0) |
. . 2d/(d+2r) .
and thus, for all » > ~, appealing to the Sobolev embedding L C H.", the
assumptions on K, f, and the a priori L?-estimate of Lemma 2.2,
3 1
V) (V)T (™) P Ry )ll2 S m2 N2
We turn to the second typical term,
IV x) (V) (™) R )2
S mINT|(Va) 7 (K (01— 22) (£ O ) |
+ mENTY[(V,) " (K(m — 29)CNm - vm(f®m)1*5) L 3D

For all » > ~, appealing again to the Sobolev embedding and using the assumptions
on K, f, we now find

[0720) 7" (K (1 = 2) (f2™) 7 C )|

S (VR Rl o/

L2

LQ(D;LgOL%HLQ(D;LQ(Dm—Q)))
N ||CN,m||L°°(]D)2;L2(f®m—2)).
By the mixed a priori estimate of Lemma 2.2, this is < N/m. Similarly estimating the

second term in (3.7), using the assumptions on V, 1% = (1 —6) 179V, log f, we are led
to
V) (V) (™) P Rl 2 S me
Finally, for the third typical term R?\/,W we can similarly bound, using again the mixed a
priori estimate of Lemma 2.2,
3
2

_ 3 _1
IO Ry lle S mEN"2

~

(f®m)1—6 / Kf(z*7 Zl) CN,[m}U{*} f(Z*) dzy )
D L
3 1=
m2N"2 HCN,m—i-l HLQd/(d—Q'y)(f®2;L2(f®m71))

2 1

<
5 m%N%_E_

As by assumption vy < %, this is bounded by ms. Arguing similarly for all the other terms
in the definition of Ry, the claim (3.5) follows.

Step 3: Conclusion.
Inserting the estimates of Steps 1 and 2 into (3.3), we get for all v < r <

5
T
/0 a5 (FE™) 0 ) |22 < (T + 1)(m + 1)*

T —
(1) /0 T )V (FEm 210Gy i) |20
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+m / WS 122,

and thus, by interpolation with the a priori L?-estimate of Lemma 2.2, for all 6 € (0,1),
r 1 § A
/ (Va3 ((fE™) ) 172 S (T + 1) (m + 1)
0
T
0 5= —
41 [0 () o) 2
0

m / Vo) 0 (fE™)0CN ) 1297,

Provided 115 < 1 —r, Young’s inequality allows to absorb the last right-hand side term into
the left- hand 81de In addition, we can restore the power 2 in the second right- hand side
term and gain an arbitrarily small prefactor. We obtain in this way, for all v < s < =",

T
/0 170 (FE™) 5y ) |20

2 1 (T s
< O(T+D(m+ )N 4 2 /0 1720 (P ) O )72

and the conclusion follows from a direct iteration. O

4. NON-DIFFUSIVE CASE: HIERARCHICAL ESTIMATES VIA AVERAGING

We turn to the case without velocity diffusion, @« = 0. A priori estimates on dual
correlations will now be obtained by applying averaging lemmas to the hierarchy, instead
of hypoelliptic regularity. More precisely, we appeal to the following slight variant of
the L? averaging lemma of [19]. For completeness, a short proof is given in appendix. As
for hypoelliptic estimates, we emphasize that the multiplicative constant is independent of
the phase-space dimension 2dm.

Lemma 4.1 (Averaging lemma). Given m > 1, let gm,en satisfy in the weak sense
on [0,T] x D™,

m
8tgm + Z'Ui : vxigm = Em-

Then, for all0 <r <1,

T 1—r _3
/ 1V |55 (V) 22
0 T 2
<O +1) [sougugmuizw( /0 H<vm[m]>-r<vv[m]>-1em\Lz) ,

for some universal constant C.

Remark 4.2. For later purposes, we note that, by a straightforward inspection of the proof
in Appendix A, the above can be strengthened as follows in the case e, = €2, + div,(el,):
forall 0 <r,s<1,
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T 1—s A 1l—1r _3
/0 1V F T (T ) 22

T 2 T 2
sc<T+1>supugmui2+c( /0 rr<vm[m]>—8e&rm) +c( /0 H<vm[m]>—7"e}n\m).

(0,7]

Applying this lemma to the hierarchy for dual correlations presents a fundamental dif-
ficulty. Averaging yields spatial regularity only at the cost of negative velocity regularity.
This trade-off is, in principle, precisely what is needed to handle the singular interaction
terms in the hierarchy, which indeed involve smooth velocity averages. The difficulty is
that, in the multi-particle estimate above, the loss of velocity regularity is necessarily dis-
tributed over all particle variables simultaneously. In particular, for a fixed j, we cannot

replace the multiplier
1—r

|vx[m]’ 4 <vv[m}>7

Njw

by a one-particle multiplier
Vi, | T (V) 72,

Yet this localized trade-off is exactly what a direct adaptation of the proof of Proposition 3.3
would require: gaining spatial regularity while losing velocity regularity in only one particle
variable at a time. The available averaging estimate can therefore not be used directly.

We resolve this issue by a doubling argument, which allows us to only appeal to 4-
particle averaging estimates. Nevertheless, this introduces a second difficulty: the doubling
argument involves L? contractions of dual correlations, which are incompatible with the
singular interaction operators appearing in the dynamics. We must therefore combine the
doubling argument with a regularization in phase space.

For € € (0,1] to be chosen below, let M. = =24 M (- /&) be a family of mollifiers on phase
space D, where M is smooth, exponentially decaying, and normalized by fD M = 1. For
any P C [m], denote by MZ the convolution operator acting only in the variables (z;);ep,

Mthm::/ Mo(z; — 25)) b (Zim)\ ps 2p) d2p.
o (2pm)) W(jgj (25 = 2)) B (2P 2) d2p

In these terms, we establish the following uniform-in-V a priori estimate.

Proposition 4.3. Let a =0, let

K € Liflc/(dww) (RY), sup |K ()] < oo,
] >1
for some
1 _ — .

Also assume that the mean-field solution f satisfies the regularity conditions (1.5), (1.6),
and (1.9) for some § € (0,3]. Then there is 6 > 0 such that for the choice e = N~% we
have for all0 < m < N,

T
_3 m a8 A 4
/0 Vo [ (V o) "2 ME T ((FE™) 0 C ) || 72 < C(T +1)P(m+ 1)%,

for some constant C only depending on v, and on assumptions on K, f.
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Proof. Doubling the variables z; and 23, we consider the following partial, regularized,
weighted L2-norm of CNm,

DN,m(Zla 22, Zi? Zé)

= MEE T O (21,20, 2 mg) B 0 Covin) (1 251 215.m) A3

= /Dm2((f®m)1_5CN,m)(ZlaZ2,Z[3,m])L([_;g’M}((fQ@m)l_&CN,m)(ZivZévz[g,m})dz[g,m]’

where we have set
L. := M. * M.,

and where we use similar notation L as M2 for P C [m]. Starting from the equation (3.2)
for Cn m, with a = 0, a straightforward computation yields

2
ODnm + > (vi Vo, + 0 V%)DNM — Bl 1+ B2 4+ B3,
=1

in terms of

Bl = =3 (diva (K = D)D) + v (K 5 D).
=1
B = [ U O e )
x [i (05 o+ (K 5 [)(@3) - Vo) s EBPI (2™ 0 Cvn) (21, 2, 23.m) A )
=3
By, = /Dm_2 LE™(AL, + A%) (21, 22, 23,m) (FE™) 0 Cnn) (21, 29, 23.m)) d2(3,m)

+ / ) ((f®m)1_501\[’m)(21, 22, Z[3,m]) LL&m] (A'}n + A?n)(zllv zéa Z[S,m]) dZ[S,m]a
Dm—

where ALl | A2, are defined as in (3.2), that is,

A71n = (f®m)176RN,m7

A2 = Jm+)(m+ 2)(

(N—m)(N—m—1)
(N -1

) : (FE™) O Ky [Cn 2]

_|_(f®m)1—5 Z / Kf(z*, Zz) C’N,m(z[m]\h Z*) f(Z*) dzy.
i=1"7D

Appealing to averaging in the form of Lemma 4.1, recalling the a priori L?-estimate of
Lemma 2.2 and the boundedness of f, we get for all 0 <r <1,

T i-r 3 ’ r _ 1 2
L9 T O Dyl S T+ 3 ([0 I  Be) )
j=1

where we have set for abbreviation Z = (X,V) = (z1, 22, 21, 25). From here, we split the
proof into four steps.
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Step 1: Control of B}, B2 B3 forall 0 <r <1,

3 2
Z V) (V) Bhlle S mA+ 14 [(Vay) (V) T EE™ AL | 2.
j=1 7=1

We start with the first term, Bl,. By definition, as K * f and f are bounded, the a priori
L?-estimate of Lemma 2.2 yields

KVv) ' Bllze S IDNmllzz S 1(F2™) °CrmllZe S 1.

We turn to the second term, B2,. The commutator can be expanded as

B = Z/E>m2((f®m)l‘5@zv,m)(2[m]) ((f™) O m) ()
=3

X ((vZ — ;) - Va, + (K = f)(2;) — (K = f)(7)) - Vvi)Lf?m*Q(z[g,m] - zf&m}) dzf&m].

By definition of L, = e 2?L(-/e) with L = M % M, using that K * f is Lipschitz, and using
again the a priori L?-estimate of Lemma 2.2, we deduce
1Bl < mll(F™)' °Cnmlli S m.

~

It remains to bound the last term, B3 . For that purpose, we simply appeal to the Cauchy-
Schwarz inequality,

IV x) ™" (Vv) ' Bille < 20(Vapy) ™ (Vo) T EE™AL + A2) 21 (F5™) = Cvm 12,
and the a priori L2-estimate of Lemma 2.2 then yields
2
VX)) Billee S D I{Vay) (Vo) T LB AL || 2.
j=1
Step 2: Control of A2: for all 0 <r < 1,
2y
S1+(m+1)e"Na
-3 m m —0 /Y
+ (m 4+ D)[[(Vayy) (V)2 LB (200 o) |12
-3 m my1l—o ~
+ [V (Vo) 2B 0 Cn ) 120 (42)

(Vi) ™" (V) T LE™MAZ |12 <

By definition,

(V) ™ (V) T L™ A2 |2
S (4 DIVag) ™ (V) EEM (£ K [Cov a2

+ Z H <V$[2] >—7" (VU[Q] >_1L.[€37m]
=1

% ((f®m)16/]D)Kf(z*yzi)CN,m(Z[m}\{i}’Z*) f(Z*)dZ*)

‘B. (4.3)
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Both right-hand side terms can be treated similarly, and we focus on the first one for
shortness. As the regularization kernel L = M % M has exponential decay and satisfies
fDL: 1, we find for all 0 < r <1,

V) (Vo) " flie S I1Le * flige + (1 fll 2
Hence, we can bound
(Vi)™ (V) T LB ((FE™) O K G [Cn o)) 22
S LN KON o))z + €1 (F5™) K [Crvmaalll 2 (44)

On the one hand, for the first right-hand side term, recalling the definition of the oper-
ator K;[], cf. (2.14), and using the Sobolev embedding H? C L?¥(4=27) gimilarly as in
Step 1 of the proof of Proposition 3.3, we can bound

IZE (™) P K f[Covmesa)) 12
< (HKHL?d/(d"'?W)(B)Hf(SHLgoHS/? + (1K | oo ey + | K = f||Loo)||f6||L3H3/2>
<N 1°V0108 £l 5 a2 IV g1 ) Vot s )2 LE((FER)ION o) 12
and thus, by the assumptions on K, f, and using the symmetry of C_’N7m+2,
IZE (O™ P K g [Cvmal) e S (Vi) (Vg ) ™2 LEmHA((pOmE2) 100y o) o,
On the other hand, for the second term in (4.4), we can simply bound
(=™ K s [Cn el 2
< (11 ariaran 1 ez + (S Lzoe ey + 1K+ Fllzee) 11 £z )
X (| 2V log f| 1 (H(f®m+1)1_6éN,m+2HLz(D;Lgdﬂd—“)Lg(D;Lz(Dm)))
+ 1) sz )
and thus, by the assumptions on K, f, using Jensen’s inequality with weight f,

1™ KONl 2 S ICNmev2ll 2asta-2 o2, 12 (pmy) -

The mixed a priori estimates of Lemma 2.2 then yields
=, 2
1™ K f[Cnmealll e S Na

Combining these estimates into (4.4), and arguing similarly for the second term in (4.3),
the claim (4.2) follows.

Step 3: Control of the remainder term A}n: forall v <r <1,

2y _

(Vo)™ (Vo) T LB AL 2 S m? (14 N73e71 77 4 N8 L N ) (45)

Recall AL = ( f®m)1_5RN7m, where Ry, is the remainder term defined in Lemma 2.3.
The claim (4.5) follows from a careful examination of all the terms in the definition of Ry,
using the assumptions on K, f, and the a priori estimates of Lemma 2.2. For shortness, we
focus again our attention to the three typical terms R}V’m, R?V,m, R?\/,m considered in (3.6).



20 M. DUERINCKX AND P.-E. JABIN

For the first one, R}Vm, distinguishing the four cases 7,5 < 2,7 < 2 < j, j < 2 < 1,
and 4,5 > 2, and commuting the velocity derivative with the weight, we get by symmetry

4
IV ap0)) ™ (V) T LE (™) P R )2 S D T,

in terms of

1 L1, 1
T, = m 2N 2

(V) (10K (21 = 22)C o )|

L2

+mTENTE|[(V,, )" (K(l“l — 22)CN 2,m) 'sz(f@)m)l_é)‘ L2’
T2 = miN“3|L [3m]<(f®m)1 6K($1—$3)CN[m]\{3}>
+md N7 LB (K (1 = 23)Co 3y Ve (f ®m)1_5)‘m’
T = miN-E <vm>*’“LE”m1divv3(<f®m>”f<<x1—x3>@N7[m1\{1})\Lz
+mEN"3 (V) LB ]< (21 = 23) O, (1} - sz(fm)l_a)‘m’
T = miNTE| LB div,, (2 0K 3—$4)CN[ml\{3})
+m2 N~z || LBm (K(SU?, — 24)CN fm)\ {3} * VU4(f®m)l_5>‘ L2’

Note that the convolution with L. can be bounded as follows by Young’s convolution
inequality, for all 0 < ¢ < %

e * hllze < IZellparog, [l poressn y S €Ml parasan - (46)
Using this with ¢ = ~, appealing to the Sobolev embedding L2d/ (d+2r) H_", using the
assumptions on K, f and the a priori estimates of Lemma 2.2, we get for all r > ~,

-Tr - m m — 3 -1 -
(V)™ (Voy) ILB l((rem 6R}v,m)HL2 S maNT2e

We turn to the second typical term, R?V,m‘ Distinguishing again the cases,j < 2,7 <2 < j,
J <2<, and i,j > 2, we get by symmetry

4
MV ™ (V) ZE((FE™) P R )l S D S

in terms of

shoe= N[ () K (e

+N71H (V)" (K(Jvl — 29)Cm - v”2(f®m)176) ‘

)

2
$2, = mNTH LB () K (@~ ag) O )| L
+mN | £ (K (21— 23)Cvn - Vi (50|
83 = mN (70 EB dive, ()R (1 — 1) )|

)

+mN~! H<vx1>_TL([537m] (K(l“l — 23)CNym - Vvs(f®m)1_§>

L2
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m

Sh = mQN_lHL[E?”m] div,, ((f®m)1_5K(933 — :c4)C_7N,m) ‘

2

L2

Using again (4.6)
r>~vand 0 <¢q<

(V) ™ (V) LB P R ) 2
S N |y K

and the Sobolev embedding L2d/ (d+2r) H_ 7", we can bound for all
d
2

2d/(d+2r) 2
L#u z3

+ mN—IHK(l'l — 22)CNm - Vw(f@m)l_&‘

2 2d/(d+27‘) 2
Layla Ly

N e (FEITOR (2 — ) C,

2d/(d+2q) 2
Lzl L;éx‘l , T

+ mZN’ls’qHK(ml — 29)Cm - Vi f®m)1*5’

2, 2d/(d+2q)L2 ’
#x1,T9

and thus, using the assumptions on K, f, Jensen’s inequality with weight f, and the mixed
a priori estimates of Lemma 2.2, for all r > v and v < ¢ < %,

(V) ™ (V) T LEM (P O R ) 2

< mNTHCNmllpoo@2;2(pem-2)) + m*N™'e ™ 7 Cnmll pasta po2,2 (pom-2)
< 14+ m2elmay—ia),
Choosing ¢ = %, this reads
2
(V)™ (V)T L™ R )2 S 14 mPe TN
Finally, we turn to the third typical term, R?\/,m' By definition, we can simply bound
{Va1a) " (T LB R ) 22

(fEm-° /D K§(2e,21) ON ot f(2) dzs

and thus, using the assumptions on K, f, Jensen’s inequality with weight f, and the mixed
a priori estimates of Lemma 2.2,

(V) ™ (T ) LB (2 0 R

3,1
§m2N 2

2’

M\»ﬁ

31~ 3 2y
S m2N72|On || p2asa-2v) (poz,p2(pom-1y) S m2N e
Arguing similarly for all the other terms in the definition of Ry ,,, the claim (4.5) follows.

Step 4: Conclusion.
Inserting the estimates of Steps 1, 2, and 3 into (4.1), we deduce for all v < r <1,

T 1—7r 3 %
( / ||\vx|4<vv>—zDN,m||%z)

< (T +1)(m + 1)2 (1 FENT 4 N-3e7 177 4 NG 11

vl
&y

+N

o=
~
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T
-3 m m =Ta.
+(m+1)/0 (V) (V) "2 LEHA((fE ) 00N ) | 12

T
tm /0 (V) (T )~ F LB (F2)0C ) o

Provided v < % A1 and

2 1 1-2v/d
< PIEE= A 1+c7/2’ (4.7)

we can choose ¢ = N9 for some ¢ > 0 such that the first right-hand side term is uniformly
bounded by (T + 1)(m + 1)? as N 1 occ. In addition, by definition of Dy, the left-hand
side can be bounded below by a norm of Cl,,, to the effect of

1
3

! lr -3 m my1l—o ~ 2
( RN S 60N,m>u‘zz)

T
3 _
S(T+1)(m+1)%+(m+1) /0 [V [ (V) 2 LEmF2((FEM 200 o) e
T
-3 m my1l—o
[V LB O ) 1
Recalling L. = M, * M., we can bound L. by M. in the right-hand side. Provided
v < (4.8)

we can then appeal to Young’s inequality to absorb the last right-hand side term and to
put an arbitrarily small prefactor in front of the second term, which leads us to

N

T lor -3 m m\1—§ ~
( I 5 () S0t oy 5cN,m>HiQ)

N|=

3 1 r 1r _3 m mA2y1—8 A
< C<T+1>2<m+l>2+2< /0 Vo) | 5 (T} ™2 M H2((£Em2)1 5ON,m+z>\‘i2)

From here, the conclusion follows by a direct iteration. Choosing s := % > 7, the
conditions (4.7) and (4.8) with v < r < 1 reduce precisely to the restriction on 7 in the
statement. U

5. MEAN-FIELD LIMIT

The kinetic regularity estimates established in the previous two sections allow us to pass
to the limit in the hierarchy for dual correlations. To conclude the mean-field limit, it then
remains to show that the resulting limiting hierarchy uniquely determines the extracted
subsequential limit.

5.1. Weak compactness. We start by passing to the limit in the hierarchy for dual
correlations, using the kinetic regularity estimates established in Propositions 3.3 and 4.3.

For K € L2442V (R%), we emphasize that the interaction term K ;[Cp,42] in the limiting

loc

hierarchy (5.3) is not a priori well-defined: it only makes sense thanks to (5.2).
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Lemma 5.1. Assume the hypotheses of Proposition 3.3 if a > 0, those of Proposition 4.3
if a = 0, and further assume that the Viasov solution f satisfies the positivity condi-
tion (1.6). Up to a subsequence, as N 1 0o, we have for all m >0,

Oxn ™ Con - weakly-" in L (0, T L(£"))
for some limit (Cy,)m that satisfies the following estimates:

sup [|Con | p2(pemy < C, (5.1)
(0,7]

as well as
STV P((FE™C)|2, < CT+1)(m+1)°,  ifa>0,
_3 A T—6 A .
SNV (V)72 (™00 2. < T +1P(m+1)%  ifa=0.

(5.2)

Moreover, the limit satisfies the following limiting hierarchy in the weak sense on [0,T]:
for allm >0,

0 Cr + L' Cr = /(m + 1)(m + 2) Kf[Croa], (5.3)
where L', K¢['] are defined in Lemma 2.3, with final data
C_vm‘t:T - ]lm:0- (54)

Proof. From the a priori L2-estimates of Lemma 2.2, weak compactness ensures that, up
to a subsequence as N 1 0o, we indeed have for all m > 0,

C7’N,m RN Cim in LOO(O>T7 Lg(f®m))7 (55)

for some limit (Cy,)pm. As all our estimates hold with weight f, we shall first show that
the limit satisfies the limiting hierarchy (5.3)—(5.4) in the following weighted weak sense:
for all m > 0 and Hy,, € C°((0,T] x D™),

T
/ ConfE™ (0, + L) H,,
0 Dm

T _
+ \/(TTL + 1)(m + 2)A /Dm+2 Hme[Cm+2]f®m = Ho(T)]lm:[), (56)

where f)’}"‘ stands for the following adjoint operator on the m-particle space,

Ly = ) ¥ '®L;1d¥" 7,
j=1
Lih = v-Vih—alh+ (K * f)(z) - Voh — 2aV, log f(z) - V,h
+ /D K (2 2 )h(z) f (22)de. (5.7)

Using that f satisfies the Vlasov equation and using the positivity requirement (1.6) for f,
this easily implies that (Cp,),, satisfies (5.3)-(5.4) in the usual weak sense.

We split the proof of (5.6) into three steps: we start by showing that the remainder
term Ry, in the hierarchy of equations for dual correlations derived in Lemma 2.3 tends
to 0 in the sense of distributions, and then we conclude the proof, separately considering

the cases a > 0 and o = 0.
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Step 1: Remainder estimate: for all m > 0,
fE"Rym — 0 in D'([0,T] x D™). (5.8)

For shortness, we focus again on the three typical terms R}Vm,R?Vm,Rﬁ)’Vm considered
in (3.6). Integrating by parts and using the assumptions on K, f, we easily find for any
smooth symmetric test function H,, € C°([0,T] x D™),

T T
_1 =
/ HmR]lV,mf®m Sm N2 / HCNym—1HL2(f®m*1)7
0 D™ 0

T T
/ HmR?V,mf@)m <m N1 / ||CN7m||L2d/(d72'y)(f®2;L2(f®7n72))7
0 Dm 0

T T
_1 =
/ HmR?V’mf@)m <m N7z / |CNm+1 HL2d/(d—2'y)(f®2;L2(f®m—1))~
0 Dm 0

By the mixed a priori estimates of Lemma 2.2, all three right-hand sides tend to 0 as v < %,
thus proving (5.8).

Step 2: Case a > 0.
Proposition 3.3 further implies, along the extracted subsequence (5.5), for all m > 0,

(f&™) 2 Cnm = (f&™)7°C in L*(0, T Hy Ly (D; L2 (D™ 1))).
By definition of the operator K[|, cf. (2.14), and by the assumptions on K, f, this entails
for all m > 0,

(fE™ K [Cnmya] = (f¥")' T2 Kf[Crnya]  in L*(0,T; L*(D™)). (5.9)

This allows us to pass to the limit in the hierarchy of equations for dual correlations.
Indeed, as f satisfies the Vlasov equation, the weak formulation of the hierarchy derived
in Lemma 2.3 can be written as follows, for all 0 < m < N and H,, € C°((0,T] x D™),

T B . T
/ CN,mf®m<at + L}n)Hm + / HmRN,mf®m
0 Dm 0 Dm
N —m)(N —m — 3 (7 ~
+\/(m+1)(m+2)<( (]27(—1)2 1)> /U o Hme[CN,m+2]f®m

- / Hon(T)CE , f(T)E™. (5.10)
Using (5.5), (5.8), (5.9), and recalling that the choice (2.2) of final data ensures

Clm = Lm=o in L*(D™),

we conclude that the limit (Ci,)n, satisfies the weighted weak formulation (5.6) of the
limiting dual hierarchy (5.3)-(5.4). Finally, the kinetic regularity estimate (5.2) follows
from Proposition 4.3 by lower semicontinuity.

Step 3: Case a = 0.
As M. — Id in the strong operator topology on L?(D) as ¢ | 0, it follows from (5.5) and
from the boundedness of f that, along the extracted subsequence,

MEB™((fEm™)I=0CN ) = (FE™)10C,, i L(0,T; L*(D™)),
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and Proposition 4.3 then further implies
ME((f™) 0 Cnn) = (f™)'C in N0, T3 HYH, (D% L2(D™2))). (5.11)

By definition of the operator K[|, cf. (2.14), and by the assumptions on K, f, this entails
for all m > 0,

ME(FE R [Cnma]) = (F5™)' K f[Crna] i LHO, T3 LP(F5™)). (5.12)
Together with (5.5), (5.8), and with the choice (2.2) of final data, this allows to pass to the
limit in (5.10) with test function H,, replaced by Me[m]Hm, which then implies that the

limit (C,,), satisfies the weighted weak formulation (5.6) of the limiting hierarchy (5.3)—
(5.4). Finally, the kinetic regularity estimate (5.2) follows from Proposition 4.3 together

with (5.11) by lower semicontinuity. O

5.2. Uniqueness for the limiting dual hierarchy. A direct uniqueness argument for
the limiting dual hierarchy (5.3) would be straightforward if C,,, were controlled in the space
L24/(d=27)( f®m)  The kinetic regularity estimate (5.2), however, only yields a fixed gain of
spatial regularity in one particle variable at a time. Combining these one-particle estimates
into an isotropic Sobolev estimate in the m-particle space would only give an O(%) gain
of spatial integrability for C,,, which degenerates as m 1" co and is thus a priori insufficient
to control the singular interaction operator uniformly along the hierarchy.

This is reminiscent of the hierarchical derivation of the quantum mean-field limit for
bosons with Coulomb interactions in |2, 13|. The central ingredient in [13| is the prop-
agation of an iterative Sobolev norm controlling one derivative in every particle variable
simultaneously. Such tensorized regularity can be derived from energy estimates based
on the conservation of the many-body Hamiltonian and is strong enough to close a direct
uniqueness argument for the limiting quantum hierarchy. No analogous tensorized estimate
appears to be available in the present classical kinetic setting, where regularity is produced
by hypoellipticity or velocity averaging.

We instead exploit the explicit triangular structure of the limiting hierarchy through its
Duhamel expansion. In each iterated term, every occurrence of the singular interaction
kernel appears to be integrated in time along the linearized mean-field propagator. Kinetic
regularization can therefore be applied to this integrated kernel, while all remaining particle
variables are propagated merely in L?. This replaces the tensorized regularity that is
unavailable for the classical hierarchy. Note that for this uniqueness result the restriction
on v, cf. (5.13), is much weaker than for the uniform-in-N regularity estimates of the
previous sections; see also Remark 5.3 below.

Proposition 5.2. Let a > 0, and let

K e L2/ (rdy, sup 1K (2)] < oo,
z|>
for some
1/3 : a>0,
OS73{1/4 . a=0. (5:13)

Also assume that the mean-field solution f satisfies the reqularity conditions (1.5), (1.6),
together with (1.7)~(1.8) if o > 0, and with (1.9) if a = 0, for some & € (0,3]. Let
then (C)m satisfy the limiting dual hierarchy (5.3) in the weak sense on [0,T],

O Cr + L' Cry = /(m + 1)(m + 2) Kf[Crn2], (5.14)
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with trivial final data
Cpli=r =0 for allm > 0,

with Cy, symmetric, and with the following a priori estimates: for some L > 1,

SOHYI“)} |CrllL2(pemy < L, (5.15)
as well as
SNV P(FE0C)|2, < L™, ifa >0, a6
3 . .
SN, ()2 (FE™0C)|, < L™ ifa=0.
Then

Crnn=0 onl0,T], forallm>0.

Remark 5.3. Using sharper kinetic regularity estimates in the proof of Lemma 5.5 below
would extend the admissible range of + in this uniqueness result to

5/6 : a>0,
0573{1?2 . a=0, (5.17)

up to strengthening the regularity requirements on f. We do not pursue this refinement
here, since the regularity estimates of Propositions 3.3 and 4.3 impose substantially stronger
restrictions on v in any case.

Before we proceed to the proof, we start with two preliminary results. First, we con-
struct the (non-autonomous) propagator (By )o<s<i<7 generated by the operator L dual
to Ly, cf. (5.7). Some care is needed to get estimates for this propagator in L%(f%) in-
stead of L?(f), which will indeed be needed later on to allow pairing with the regularity
estimates (5.16) carrying the weight f179.

Lemma 5.4. Assume the hypotheses of Proposition 5.2. For all 0 < s <t < T, there is a
bounded operator By : L?(f20) — L2(f2%) with

I Busll 220y, 02 (s20y) < 9, (5.18)
with the semigroup property
BB, s = By, 0<s<r<t<T, (5.19)
such that in the weak sense
(0 +Ly)Bis =0, 0<s<t<T,
{ By, —1d. (5.20)
Proof. By definition (5.7), we can decompose the operator as
Ly =LY+ Ay, (5.21)

in terms of

IA/(J)ch = v-Vih—alyh+ (K * f)(x) Voh —2aVy, log f(2) - Vyh,

Ash = /H)Kf(z,z*)h(z*)f(z*)dz*.

We argue by a perturbation argument, starting from the propagator (P s)o<s<t<7 gener-
ated by LS)C. We split the proof into three steps.
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Step 1: Construction of (P s)o<s<t<T-

To construct this propagator, we appeal to the underlying Markov process. Since by
assumption K * f € LY(0,T; WhH>(T9)), the time-inhomogeneous stochastic differential
equation

dX; =Vidt,  dV, = (K * f;)(X;) dt + V2o dB; (5.22)

is well-posed. We take initial data Zy = (Xo, Vo) with law f,. Since f solves the corre-
sponding Vlasov equation, uniqueness ensures that Z; has law f; for all 0 < ¢ < T. We
then define the backward transition operator, for all 0 < s <t < T,

(Prs0)(2) := E[p(Z,)[ 2, = 2], (5.23)
which is defined fi;-almost everywhere. The Markov property gives
Pt,rPr,s:Pt,Su 0<s<r<t<T. (524)

Moreover, Jensen’s inequality yields
”Pt,SHE(L2(fS),L2(ft)) < 1, 0 <s<t< T. (525)

By duality with the forward transition kernel, (P s)o<s<t<7 satisfies in the weak sense

(B 4+ LY)Ps =0, 0<s<t<T,
{ o 1?1 (5.26)
Step 2: Proof that
1 Besll 2er2(p20),02(526)) < =), 0<s<t<T. (5.27)

Since the boundedness of f ensures L2(f?°) C L%(f), the operator P, is well-defined
on L2(f2°), and it remains to estimate its norm. Given 0 < s < T and hs € L?(fs),
let hy := Py shs for s <t <T.

We start with the diffusive case o > 0. Smuggling the weight f¢ and using the Vlasov
equation for f, the equation (5.26) for hy = P, shs yields

(at Vg — aly + (K % f)(z) - vv)fﬁh
=2a(1 = 0)Vylog f - Vo (f°h) — ad(1 = )|V log f*fh,
from which we can deduce the energy identity
KIS hlITz + 200V (£ R)F2 + 201 = ) /D (A log f+0[Vylog f?)[f°h* = 0. (5.28)
By the assumption (1.8) on f and by Gronwall’s inequality, we deduce for all s <t < T,

[ fohe)l 2 < eCUm| Fohg]| e,

thus proving (5.27).
We turn to the non-diffusive case &« = 0. As in this setting the characteristic flow
associated with (5.22),
Xe=V,  Vi=(Kxf)(Xy),

is volume-preserving and also transports f, we deduce for all 0 < s <t < T,

”ft(sPt,ShSHL2 = ||f§hSHL27
which again proves (5.27).
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Step 3: Conclusion.
It remains to construct the propagator (B s)o<s<t<r by perturbation. To this aim, first
note that the operator As in (5.21) is bounded: indeed,

1Al ey < (1 2y a2 £ Tog fllpgera
+ (1K || oo ey + 1K * fllzoo) 1 £ 7021 £V log f”L2> IRl L2 (g20),  (5.29)
hence, by the assumptions on K, f, on [0, 7],
We can now construct the full propagator by the convergent Dyson series
o0
Bis=Pis+ 2(1)"/ Py Af, Pryy .- Ag,, Prysdry--dry.
n=1 s<rp<..<ri1<t
Indeed, by (5.27) and (5.30), the norm of the nth term is bounded by
c(t-s) (C(t = 5))"

e
n!

)

thus proving (5.18) after summation. The semigroup property (5.19) is easily checked from
the above series using (5.24). The series also implies the Duhamel formula

t
Bt,s = Pt75 — / Pt,’V‘AfTBT‘,S dr.
S
Since P, s satisfies (5.26), this entails that By s satisfies (5.20) in the weak sense. O

Next, we appeal to kinetic regularization effects to establish the following key estimate
on the time integral of the singular interaction along the linearized mean-field propagator.

Lemma 5.5. Assume the hypotheses of Proposition 5.2. For all0 < s <t <T,
¢
H/ Bf?fKﬁ,dr‘ < CeCt=9) . (5.31)
S

L2((F7%)%) —
Proof. Since K needs not belong to the weighted space L?(( ©2)29) we first regularize
the singular part of Ky and then show that the estimate is uniform in the regularization.
Applying the same argument to the difference of two regularizations gives convergence and
defines the left-hand side. Let s = 0 without loss of generality, and set for abbreviation

t
Si(z1, z2) ::/ BE?TQKfT(zl,zg) dr,
0

viewed as an element of Cy,(0,T; L*((f®2)%)) under regularization of K, cf. Lemma 5.4.
By definition of the propagator, it satisfies in the weak sense,

O+ LS =Ks,  Sl=o=0. (5.32)
Applying the energy inequality (5.28) in each variable, we obtain

2
TSI +2001=0) 3 [ (8108 £2) + 019108 (2 (772) 'SP
j=1
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®2\20 2 ©2\20
<2 swp(r -2 [ A
in terms of
A?(S) ::/Kf(zl,z*)S(z*,zg)f(z*)dz*+/Kf(zg,z*)S(zl,z*)f(z*)dz*.
D D

By the assumption (1.8) on f in case o > 0, and by the operator bound (5.30) on Ay, we
deduce

o SIE <2 [ SKAF + Y S

and thus, by Gronwall’s inequality,

t
G sl <2 | [ sire®] (5.33)

In order to estimate the right-hand side, we appeal to kinetic regularization. We split the
proof into two steps, separately considering the cases a > 0 and o = 0.

Step 1: Diffusive case o > 0.

We do not apply hypoelliptic regularity directly to ( f®2)58 : instead, we use a slightly
stronger velocity weight (f®2)% with 8 = 36 > §. Smuggling this weight and using the
equation for f, a direct computation allows to rewrite the equation (5.32) for S as

2
D((FZ)P8) + Y (vj - Vay — aly))(f#2)7S) = E—i—ZleU] (5.34)
7=1
with
B o= (f) K - (£ 45()
2
—a(l = B) ()78 Y (200108 £(25) + BIV. log £(2)?)
j=1
F = —(Kx f(a;) —2a(1 = )V, log f(z) ) (/52)s

Since f? = f9/2f9 we can take advantage of the additional factor f%/2 to bound the terms
in the last two lines. By the assumptions on K, f, and recalling the bound (5.30) on Ay,
we get

(V) "Bl + [ Fillz S 1+ 1(F5%)° S 2,

where we set for abbreviation Z = (X, V) = (21, 22). Hence, by the refined hypoelliptic
estimate of Remark 3.2,

t 1
/0 (V) G5 ((£92)29) 3. <t+(t+1)s[up” (f2%)° S|

)

By the assumptions on K, f, decomposing (f®2)20 = (f®2)8(f®2)%/2 and noting that the

restriction vy < % ensures (% —5) A % > v, we thus obtain

L1 srs2] < [ I00m (208l S ¢+ ViVE+ s [(72)°S e
0 'Jp2 0 [0,¢]
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Combined with the energy estimate (5.33), this leads us to
81l 5 € (2 + Vesup [(£%)°Sl|z2 ),

t
and the conclusion (5.31) follows.

Step 2: Non-diffusive case a = 0.
In this case, we can directly apply the averaging lemma to (f®2)°S, without needing to
modify the weight. Equation (5.34) for a = 0, with S replaced by ¢, reads

2
H((f2)°S +Zv] 5 ((f%2)°8) = E 4 _div,, F},
j=1

with
B = (%) K; - (f*)°A3(9),
Fj = —Kx f(z))(f**)°S
By the assumptions on K, f, we find
(Vx) T Ell g2 + 1Fjll 2 S 1+ 1(£%)° S| 2
Hence, by the refined averaging lemma of Remark 4.2,
t 1—y A1 _3
) I )9 s 5 4 (24 1) sup 5P S
*
By the assumptions on K, f, noting that the restriction v < % yields 1777 A i > 7y, we

deduce
t
/ ‘ SKf <f®2 ) 20 ‘
o !'Jp2

N

/0 IV x) (V)72 ((f52)08)] 2

+5 + \/i(t + 1) sup ||(f®2)55||L2'
[0,¢]

AN

Combined with (5.33), this leads us to
IS S VA (t+sup | (F52)°S 12,

[0,1]
and the conclusion (5.31) follows. O

We are now in position to conclude the proof of Proposition 5.2. We proceed by an
explicit examination of the Duhamel expansion.

Proof of Proposition 5.2. By the regularity estimate (5.16) and the assumptions on K, f,
we find that the interaction term in the dual hierarchy (5.14) is well-defined, with

- Vo [1((FE™)0C0) |l 2 if o >0
P , >0
”(f ) f[ ]HL2 = { |||Vx1|’Y<vv[2]>_g((f@m)l—&cm)HLQ’ if a =0,

and thus, by (5.16),

T _ s rim+1)
s l— T —1t)2L> , if a>0,
| IR e g{ A o (5.35)
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which is bounded by CTL%(m'H) in both cases as L > 1. In terms of the propagator
(Bt,s)o<s<t<t constructed in Lemma 5.5, with C}g = 0, Duhamel’s formula for the weak
solution of (5.14) yields for all m > 0,

T
Ch =~ D(m+2) [ (BEY K [Chriolds.
¢
Iterating this identity, we find for all m > 0 and ¢ > 1,

Ol = (=) (m+1)...(m+20)

T
<[ ([ @ (B K,)) K1 Cosa] ) is
t 1<s1<...<8¢p_1<8 LQ(f;X’Q(éfl))

that is, by symmetry,

+20! [T s ®¢-1
o P L VAYA Ui a0l = / B®2K, d K. [C® ds.
m ( ) (ﬂ—l)'m ] ( st ) < ] s,r D fr T) ) fs[ m+2K] L2(fs®2(@*1)) S

Taking the norm, decomposing the weight as f = f°f179 and noting that, by dual-
ity, (5.18) yields

HBstH (209 [2(p20-9)y) < eC(s—t)’ 0<t<s<T,
t
we obtain
(m + 26) Cm (s—t) ®2 -t
1l L2 ey < W\ﬁ H / B, L2((f®2)25)

X H( ®m+2 = 1 )1 5Kfs [Cm+2€]||L2 ®m+2(£ 1)) ds

Hence, by (5.31) and (5.35),

(m + 2¢)!
||CanL2((ft®m)2(175)) <Crp

, W(CLeC(T_”\/T —5)" (5.36)

Using the elementary bound

V(m+20)! < ( E)

=Dy L+

we find that there is some 7, > 0 such that for any fixed m > 0 the right-hand side in (5.36)
tends to 0 as ¢ T oo provided T'—t < 7. Hence C,,, =0 on [T — 7, T] for all m > 0. By
iteration, the conclusion follows on the whole interval [0, T7]. u

5.3. Proof of Theorem 1.1. We are now in position to conclude the proof of Theo-
rem 1.1. By Lemma 5.1, up to a subsequence, dual correlations converge to a solution of
the limiting dual hierarchy (5.3)-(5.4) satisfying (5.2). This problem has a unique solu-
tion by Proposition 5.2. Since a trivial solution of this hierarchy is given by Cp, = 1,,—0

n [0, 77, this is necessarily the unique solution. In particular, we can get rid of the ex-
traction of a subsequence and conclude O, — 0 in L®(0,T; L2(f®™)) for all m > 0.
In addition, by (5.9) and (5.12) in the proof of Lemma 5.1, for m = 0, we further obtain
K¢[Cna] — 0 weakly in L'(0,T). By definition of rescaled correlations, cf. (2.12), this
proves (2.11), and the conclusion then follows from Lemma 2.1. 0
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APPENDIX A. KINETIC REGULARITY

For completeness, in this appendix, we include short self-contained proofs of the specific
kinetic regularity statements of Lemmas 3.1 and 4.1.

A.1l. Proof of Lemma 3.1. The result essentially follows from [5]. Yet, to account for
non-zero initial data and to emphasize that multiplicative constants are uniform in m, we
include for completeness a direct proof based on explicit Fourier calculation. Denote by
&= (&,...,&n) and n = (n1,...,nm) the Fourier variables associated with (z1,..., %)
and (v1,...,vn), respectively. Let P denote the Fourier projection onto || > 1. The
low-frequency contribution is simply bounded by

T

T
/0 1 (1 = P)gm(B)]22 dt < /0 lgm@®2:  forr >0,

It remains to prove the following for the high-frequency part, for 0 < r < %,

T - T N -
/0 11V |37 Pgin 72 SCI!gm(O)!%2+C/O IV 210) ™ (Vo) emll 725

for some constant C' only depending on «. Applying (VZ[m] )~ to both sides of the equation
for g, we find that it suffices to prove the above with » = 0. By Duhamel’s formula, the
solution g,, reads

¢
gm(t) = S{"gm(0) —i—/o S sem(s) ds,

where (S§")¢>0 is the semigroup generated by > 0%, (vj - Vo, — alhy;). We split the proof
into two steps, separately estimating the contribution of initial data and the contribution
of the source term.

Step 1: Contribution of initial data.
We claim that for all » > 0,

1

T
/0 1y PSF GOz dt < OV )5 900 (0) 22 omy- (A1)
Taking Fourier transform, a classical calculation of the semigroup S;"* yields explicitly

SPF(€m) = e o e e 1), (A.2)
with the shorthand notation |¢|? = POy &;|*. Changing variables ¢ = 1+ t£, we then get

r m r_—2a [ |C—s€|2ds | A
11V, " P ST gm (0)][72 = /D ygsalgfFrem ol € 1g,, (0., ¢ dgdc.
Since

t 2 3 3
[ 16— st as =t 56"+ T = e

Wiews and opinions expressed are however those of the authors only and do not necessarily reflect
those of the European Union or the European Research Council Executive Agency. Neither the European
Union nor the granting authority can be held responsible for them.
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we obtain
T rQm 2 2r T flat3|§\2 ~ 2
| Ve SOt < [t ([ 8 ) (0.6, OF dec

o1
< OlIVapy I Pon0) |22 gm).
for some constant C' only depending on a.. The claim (A.1) follows.

Step 2: Contribution of the source term.
We claim that

2 T
/ V.. 5P /st en(s) ds) thgc/o (Vap) Tem®l2dt,  (A3)
L

for some constant C' only depending on «. Taking Fourier transform, inserting the explicit
form (A.2) of the semigroup, and again changing variables ( = n + t£, it suffices to prove

/ / 1|§,>1‘/ Keo(t,s) E(s,€,0) ds‘dfd(dt<0/ / (8, €, 0)[2dedc dt.

where we have set for abbreviation
Em(sugaC) = <C_8§>_1ém(57£’<_8£)’
1 t
Kec(t,s) = Tocacicr|é]3(C — sg)emolslemueldu

Hence, it suffices to show that, uniformly for all £, ¢ with |{| > 1, the kernel K¢ ((¢,s)
defines an operator that is bounded on L?(0,7"), with norm bounded by a constant C' only
depending on «. To this aim, by Schur’s test, it suffices to show

t
sup / Kee(t,s)dt < C, sup / Kec(t,s)ds < C. (A.4)
s€[0,T] te[0, 7] /0

We focus on the first bound, while the second one can be checked similarly. Let &, be
fixed with |£| > 1. Using that

[ ¢ uetau=—s)

and bounding

1 1
+E(t_8)3‘£|2a Ct,s 3:C_S€—§(t—8)§,

(€= 88) <1+ [Cus| + (t = s)[E],

we get

(¢C— S§>/ e_af; ¢ —ug|? du dt < / (1 + Kt,s’ + (t — 8)‘5‘) e_o‘(t—s)Kt,s|2—%(t—s)3\§|2 &t

Using the elementary bound |(; s|e™ alt—=s)|Gsl* < C(t—s)~ 3 and estimating the integrals,

we obtain
o0 t 2 oo 1 o 3 2
<<sg>/ gm0 o lC-uPdu gy < / (1+C(t—s)_5 + ]§|(t—s)>e_ﬁ(t_s) €% q¢
0 s

< (€75 + |€[79).

For |£| > 1, this is controlled by |£ \ , and the first bound in (A.4) follows. This concludes
the proof of (A.3). O
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A.2. Proof of Lemma 4.1. We follow the commutator approach of [19]. Denote again
by £ = (&1,...,&m) and n = (11, ..., Ny) the Fourier variables associated with (z1,...,zy)
and (v1,...,vy), respectively. We shall show for any r € [0, 1],

T 1—1r
/ / €5 ()3 &, m) 2y
0 Dm

<o+ Dmplanlie+ o ([ @0 enen i)' a9

First note that we can focus on estimating the high-frequency part in physical space. More
precisely, given a cut-off function y € C°(R™) with x(a) = 1 for a < 1, x(a) = 0 for
a>2,and 0 < x <1, the low-frequency part of the norm is simply controlled by

T 1—7r
/ / XUEDIEIE (1)~ Gm (&, m) [2ddn

T
< / / (G (€, ) dédn < T sup [lgl2e. (A6)
0 m [0,T

Next, let us regularize in velocity at the scale <§>71%. More precisely, consider the cut-off
function v(&,n) := X((£>_1%T|77|). Noting that

1—r 1—r
(L= (€))Ll ()™ < 1617 () ™1 s gya-nre < ()2 < 1,
we find

T 1—r
/ / (1= (& )11 'Z (1) gon (6, ) Py < T sup g 2.
0 Dm [0,7]

From this together with (A.6), we deduce that it remains to prove the following estimate,
instead of (A.5), for any r € [0, 1],

T
1—r g
[ L= xUe F ol P
T % 2
<cnmplalie+o( [ ([ @0 b)) . @0
Taking Fourier transform, the equation for g,, reads
a1£gm - g : Vngm = ém7
and thus, smuggling the cut-off ~,
(Vgm) — & V(¥dm) = vem — (€ - V7).

As in [19], consider the Fourier multiplier

£
M S0
)= Telty
which satisfies |M (£, )| <1 and
)2 2
v e < € el _ s

m = 3 )
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Multiplying the above equation for g, with (1—x(|£]))|¢] 1%_1M(§, 1) (vgm) (&, n), taking
the real part, integrating by parts, and using |M| < 1, we get

4 1—r
[ [ a=xemie’s € e mltan) € n Py
<2sup [ (1= xEDIE'E 0 € P

[0,7]

r 1—r
w2 [ [ @I s gl € nldsdn

T 1—r
1o / / (1= x(EMIELT ™ (vm) (€ MIICE - Vo) (€, m)lddn.
0 Dm

Using (A.8) to bound the left-hand side from below, noting that [{] > 1 on the support

of 1— x([€]), that |n| < 2(€)"2" on the support of y(&,7), and that [¢ - V7] < (€)F we
deduce

r 1—r
L L= xUehe F g s

T
<o+ nsw [ P+ [ [ €70 g mlenc

(0,7
and the claim (A.7) follows. O
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