LENARD-BALESCU CORRECTION TO MEAN-FIELD THEORY

MITTIA DUERINCKX AND LAURE SAINT-RAYMOND

ABSTRACT. In the mean-field regime, the evolution of a gas of N interacting particles is
governed in first approximation by a Vlasov type equation with a self-induced force field.
This equation is conservative and describes return to equilibrium only in the very weak
sense of Landau damping. However, the first correction to this approximation is given by
the Lenard-Balescu operator, which dissipates entropy on the very long timescale O(N).
In this paper, we show how one can derive rigorously this correction on intermediate
timescales (of order O(N") for r < 1), close to equilibrium.

1. INTRODUCTION

1.1. General overview. Consider the dynamics of a system of N classical particles in
the torus T? as given by Newton’s equations of motion,

d d 1 .
ZTN FUN, SN = > VV(rjn—mn), 1<j<N, (1.1)

where {(xj,N,vj,N)};V:l denotes the set of positions and velocities of the particles in the

phase space D := T% x R and where V : T¢ — R is a long-range interaction potential.
In the mean-field scaling that is considered here, the strength of each binary interaction
is O(=), so that the total force exerted on a particle by all the others is of order O(1). In
terms of a probability density Fiy on the N-particle phase space DYV = (T? x R)¥ | these
equations are equivalent to the following Liouville equation,

N

1
OFN +Y v Vo, Fy = v > VV(zj— ) Vo, F, (1.2)
j=1 1<j#I<N

where particles are assumed to be exchangeable, hence Fly is symmetric in its N variables
zj = (zj,v;) € D, 1 < j < N. In the large-N limit, rather than describing the whole
set of individual particle trajectories in this N-body problem, one looks for an “averaged”
description of the system: one may typically focus on the evolution of one “typical” particle
in the system, as described by the first marginal of Fy,

F#t(z) = /]D)N1 Fi(z,22...,2n)dz ... d2y.

Neglecting 2-particle correlations (the so-called Boltzmann’s chaos assumption) formally
leads to the following mean-field approximation: F ]{, is expected to remain close to the
solution H of the Vlasov equation,

OH +v-V,H = (VV*puy)-V,H, pm(zx) = H(z,v)dv. (1.3)
Rd
1
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We refer to [14] for a review of rigorous results on this well-travelled topic. Next, we may
investigate the next-order correction to this mean-field approximation. This is particularly
relevant in the case of spatially homogeneous systems: if the mean-field density is spatially
homogeneous, H = H(v), it remains constant over time in view of (1.3), hence the mean-
field regime is trivial and the next-order correction becomes the relevant leading order. In
that setting, we naturally focus on the velocity density of the typical particle,

Y (v) ::/ F]{;t(x,v)d:v.
Td

In agreement with Bogolyubov’s theory of non-equilibrium statistical mechanics [8], while
the mean-field approximation was obtained by neglecting particle correlations, the next-
order correction precisely amounts to taking into account those 2-particle correlations
(or “collisions”), only neglecting higher-order correlations. Correlations should lead to
irreversible effects and actually create a non-Markovian correction of order O(%) This
contribution is expected to become O(1) only on the relevant long timescale t ~ N, and
memory effects to vanish on this long timescale, hence giving rise to a simple collisional
operator. More precisely, the time-rescaled velocity density fjl\;Nt is predicted to remain
close to the solution f of the following so-called Lenard—Balescu kinetic equation,

0f = LB(f) = V- /RdB(v,v 0 V) (LY — FY.1.) du,, (1.4)

with the notation f = f(v), f« = f(v«), V = V,, and V, = V,,_, where the collision kernel
is given by

- O(k-(v—v4
B(v,v —v; V) i= Y (k@ k) 7V (k) Sigdh, (1.5)
ke2nZd

and the dispersion function is

ek, k-v;VF) =1+ V(kz)/ ol dv., (1.6)
Rd .

where henceforth the notation £¢0 means that we take the limit « | 0 of the same quantity
with 7. Note that this function & appears naturally when computing the resolvent
of the Vlasov operator linearized around the equilibrium f = f(v). In particular, the
equilibrium is linearly stable as long as ¢ does not vanish, which is referred to as the
Penrose criterion [25]; this is in particular the case for Maxwellian equilibria. In dimension
d = 1, the Lenard-Balescu operator vanishes identically: the system then undergoes a
kinetic blocking and is expected to evolve only on the longer timescale t ~ N2 under the
effect of 3-particle correlations, cf. [12, 13].

The Lenard-Balescu equation (1.4) was formally derived in the early 60s independently
by Guernsey [15, 16|, Lenard [21], and Balescu [2, 4]. The former two derivations rely
on the earlier work by Bogolyubov [8] and proceed by truncating the so-called BBGKY
hierarchy of equations for correlation functions and computing the Markovian limit. This
derivation, as presented e.g. in [24, Appendix A], is our main inspiration in the sequel.
Balescu’s derivation builds instead on Prigogine’s theory of irreversibility |28, 3] by means
of a diagrammatic approach. Another derivation was later proposed by Klimontovich [18|
(see also [22, Section 51]) based on fluctuations of the empirical measure associated with
the particle dynamics (1.1).
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At a formal level, the Lenard-Balescu equation (1.4) preserves mass, momentum, and
kinetic energy, and satisfies an H-theorem,

at/ flogfz—// (V= VOVFf)  Blo,w — v VE((V = VOVFf) <0,
R4 R2xRd

hence it should describe relaxation to Maxwellian equilibrium on the long timescale t > N.
For a thorough discussion of the relevance of this equation in plasma physics, we refer
e.g. to [19, Section 11.11], [22, Section 47], [24, Chapter 5], or [9, Part 1|. A key feature
of this equation is to take into account collective screening effects in form of the nonlocal
nonlinearity of the kernel (1.5) via the dispersion function €. As such, it can be viewed as
a corrected version of the celebrated (phenomenological) Landau equation, which indeed
amounts to neglecting collective effects, that is, setting ¢ = 1.

From the mathematical viewpoint, this dynamical screening in form of the full nonlinear-
ity of the kernel (1.5) makes the study of the Lenard-Balescu equation (1.4) reputedly dif-
ficult. Even local well-posedness remains an open problem, while the only rigorous results
concern the relaxation of the linearized evolution at the Maxwellian equilibrium [23, 33].

In this context, any rigorous derivation from particle dynamics (1.1) has remained elu-
sive, apart from some partial attempts in [20, 35| (see also [6, 36] for corresponding at-
tempts at the derivation of the Landau equation in the weak-coupling regime). On top of
well-posedness issues, the difficulty is mainly twofold:

e proving a priori estimates on correlation functions that are uniform up to the long
timescale t ~ N. A major problem here is that regularity is not uniformly propagated
by the Liouville equation (1.2).

e rigorously establishing the relaxation of the equation for the 2-particle correlation func-
tion in order to get a closed kinetic equation for the density f. The problem is that this
relaxation holds only in a weak sense corresponding to linear Landau damping for two
typical particles, and therefore it is not clear that the error term (which converges only
weakly to 0) would not contribute to the limiting dynamics.

In the present work, we proceed to a fully rigorous analysis under the following two key

simplifications:
(1) We focus on a linearized regime and consider two typical such settings:

— the evolution of a tagged particle in a thermal equilibrium background;

— the evolution of tiny fluctuations around thermal equilibrium (more precisely, fluc-

tuations of order O(+), thus much smaller than typical fluctuations O(ﬁ))
We mainly focus on the former setting, which is more relevant from a physical point of
view, while the latter can be treated similarly and is briefly addressed in Appendix A.

(2) We do not reach the relevant timescale t ~ N, but rather obtain the (suitably lin-
earized) Lenard-Balescu evolution as a O(ﬁ) correction on the intermediate timescale
t ~ N" for some small enough exponent r > 0.
The first simplification of course alleviates difficulties related to the nonlinear structure,
including the well-posedness issue for (1.4) and its rigorous derivation as a long-time limit.
In addition, this linearization allows us to rigorously establish as in [7] a weak version
of chaos and neglect many-particle correlations uniformly in time, cf. Section 2.1. The
second simplification is needed to avoid possibly delicate resonance questions related to
singularities of long-time propagators (filamentation), as pointed out in Section 3. Note
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that the first simplification is relaxed in the companion article [11], where a new approach
to correlation estimates is developed away from equilibrium, but it requires to restrict to
even shorter timescales t < log N.

1.2. Main result. We focus on a linearized setting and consider the motion of a tagged
particle in a bath of N classical particles in the torus T¢ at thermal equilibrium (total
number of particles is now N + 1). More precisely, we denote by zo x := (zo n,v0n) € D
the position and velocity of the tagged particle, and by {z; ny := (acj,N,ij)};-V:l the
positions and velocities of the IV background particles, the motion of which is governed by
Newton’s equations of motion,

d d 1 .
TN =N, N == >, V(N o), 0<<N, (1.7)
Oﬁl;ﬁjl\f

and we assume that the background particles are initially at thermal equilibrium, that is,
the initial positions and velocities {27 \ := (2§ y,v; N)}§V:0 are distributed according to the
following probability density on the (N + 1)-particle phase space DV*! = (T4 x R4)N+1,

F]%(Zo,...,ZN) = fo(Uo) MN,B(217-"72N)7 (18)

where f° : RY — R* denotes the initial velocity distribution of the tagged particle (assumed
to be spatially homogeneous), and where the equilibrium background density My g is given
by the Gibbs measure

My g(z1,--,28) = 2y e~ 3 Tita 0Py Tigyren Vizi—a) (1.9)

with normalization factor Zy g and with fixed inverse temperature 3 € (0,00). While the
mean-field force exerted by the equilibrium background vanishes for symmetry reasons,
the tagged particle is expected to display a Brownian trajectory in velocity space on the
timescale ¢ ~ N and to progressively acquire the Maxwellian velocity distribution as the

background itself,
d B2
Mg(v) = (£)ze 2l
More precisely, as first predicted in [34] (see also [26, 27]), its time-rescaled velocity distri-
bution f ]{}Nt is expected to remain close to the solution f of the following Fokker-Planck
equation, which is obtained by replacing the time-dependent distribution f, in the Lenard—

Balescu equation (1.4) by the velocity distribution Mg of the equilibrium background,

Oif =V - (Ds(Vf+ Bof)), (1.10)
in terms of the diffusion tensor
7V (k)2 1 _By. k2
Da(v)i= 3o (ko k) gt R)ie T
ke2nZd\ {0}
with
ek, v) = 1=V(k) | 2555 Mp(v,) do..
Rd

Equation (1.10) satisfies an H-theorem,

2
at/ Myl = =2 [ MyV() - D) < 0
]Rd

R4
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hence it describes relaxation of the tagged particle velocity distribution to the Maxwellian
Mpg. The following main result provides a fully rigorous derivation of (1.10) starting from
particle dynamics, although only on an intermediate timescale ¢ ~ N” with r < 1 small
enough. The reason for this limitation is that we do not manage to rule out possible
resonant effects as described in Section 3. As the velocity distribution does not evolve on
this intermediate timescale, we simply obtain the Fokker-Planck operator applied to the
initial data, instead of a genuine evolution equation. The case of tiny fluctuations around
thermal equilibrium is similarly addressed in Appendix A, while the nonlinear setting of
Section 1.1 is treated in the companion article [11]. A similar consistency result for the
Landau equation in the weak-coupling regime was obtained in [6].

Theorem 1 (Tagged particle in equilibrium bath). Let d > 1 and assume that
— the interaction potential V : T — R is even, positive definite (that is, V> 0), and
smooth enough (that is, V € W4>(T%));
— the temperature of the initial background (1.9) is large enough (that is, B||V L~ < CLO
for some large enough universal constant Cy);
— the initial velocity distribution has Mazwellian decay (that is, ]\];—; € L°°(RY)).

Then, for 0 < r < %8’ the velocity distribution fn of the tagged particle satisfies on the
timescale t ~ N,

Jim N (0, fienrs = V- (Dg(Vf° + Buf°)),

as a function of (1,v) in the weak sense of D'(RT x RY). O

Outline of the paper. The key tool that we use in this paper is the set of cumulants
of the probability density Fj, which encodes the correlations within clusters of particles
of different sizes. In the mean-field regime, these correlations are expected to be small,
all the more that the size of the cluster is large. Section 2 provides global-in-time a priori
estimates on these cumulants, as well as their evolution equations. Then Section 3 explains
the strategy to get asymptotically a closed equation on the first cumulant, which takes
form of the Fokker-Planck equation (1.10). The main difficulty at this stage is to establish
the stability of this equation under the uniform cumulant estimates, which have very low
regularity and do not prevent oscillations or resonances. We therefore separate the proof
of the convergence into two steps. The first one, in Section 4, shows how one can truncate
the cumulant hierarchy at order 3, controlling higher-order contributions by means of the
uniform cumulant estimates, combined with resolvent estimates for the linearized Vlasov
equation. Next, in Section 5, we identify the Lenard-Balescu operator, combining the first
two equations of the cumulant hierarchy and computing resolvents explicitly by complex
deformations.

Notation.

e We denote by C' > 1 any constant that only depends on d, on ||V|[yy4,00(1a), and on
12/ Mgl|1,00 (ray- We use the notation < (resp. 2) for < Cx (resp. > &) up to such a
multiplicative constant C'. We write ~ when both < and 2 hold. We add subscripts to
C, <, 2,~ in order to indicate dependence on other parameters. We denote by O(K) a
quantity that is bounded by C'K.

e For 0 < m < n, we set [m,n] :={m,...,n} and we use the abbreviation [m| := [1,m]| =
{1,...,m}. For an index set o = {i1,..., i} we write 2, := (2;;,..., 2,



6 M. DUERINCKX AND L. SAINT-RAYMOND

e For a,b € R we write a A b := min{a, b} and (a) := (1 + a?)'/2.
e We use the following shorthand notation for averaging with respect to the Maxwellian
distribution,

(G(0))y := y G(v) Mg(v) dv.

2. CUMULANT FORMALISM AND BBGKY HIERARCHY

This section is devoted to notation and basic results for the analysis of many-particle
correlations in the BBGKY formalism for a tagged particle in an equilibrium bath (1.7)—-
(1.9). The label 0 is reserved for the tagged particle, while the labels 1,..., N are used for
the (exchangeable) background particles. We denote here by Fj the probability density
on the (N + 1)-particle phase space DY+ which satisfies the following Liouville equation,

al 1

OFN + Y vj-Va Fiy = ~ > VV(xj— ) Vo, Fy. (2.1)

=0 0<jAI<N
Note that Fiy is symmetric in its N last entries as it is initally, cf. (1.8), embodying the
exchangeability of the IV background particles. In order to prove Theorem 1, we proceed
to a linear cumulant expansion of Fj, which nicely splits correlations between subsets
of particles. Cumulants satisfy a system of coupled equations, which is a variant of the
celebrated BBGKY hierarchy. As in [7], in the present linear setting, suboptimal a priori
estimates on cumulants can be deduced by symmetry and yield a weak version of chaos,
which allows a rigorous truncation of the hierarchy, cf. Section 4.

2.1. Cumulant expansion and estimates. Cumulants of a probability density are poly-
nomial combinations of marginals that encode many-particle correlations and allow to re-
cover the original distribution in form of a cluster expansion. In the present setting, as
the distribution of the N background particles is close to equilibrium My g, we naturally
linearize the definition of cumulants. While the equilibrium contains particle correlations
that are difficult to work with in practice, we rather choose to linearize the definition of
cumulants around the simpler Maxwellian proxy ME’N . Up to errors due to this simpli-

fication, the linear cumulant G"]’\}H below describes the correlation of the tagged particle
with m background particles. Since Fiy is symmetric in its V last entries, we note that the
marginal F]T\,rH'1 and cumulant GT]\'}H are similarly symmetric in their m last entries. The
proof of the following key result is straightforward and can be found in |7, Proposition 4.2].

Lemma 2.1 ([7]). For 0 <m < N, let the (m + 1)th-order marginal Fy™' : D1 — RF
of Fiy be defined as

Fﬁ"rl(z[um]) = /];)Nm FN(Z[QN}) dz[m—i—l,N]:

and define the corresponding cumulant GT]GH ;D™ 5 R as
m+1 = m—j R
GN (Z[O,m}) = Z(_l) / Z W(Zmzo)’ (22)
=0 oepm P
where ‘135” denotes the set of all subsets of [m] with j elements. Then, the following two
properties hold.
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(i) Cluster expansion: for all0 <m < N,
m m+1 “ ]
Ft (zom) = M3 Vo) Yo Y G (20, 20)
J=0 0Py

(i) Orthogonality: for all 1 < m < N there holds [ G%+1(Z[O7m])Mg(vl)dzl = 0 for
each | € [m], hence

N
_IFNE N / Gqmtl 2M®(m+1)
/]D)N M?(NH) Z (m) ]D)m+1| v g '

m=0

<

As the above shows, for 0 < m < N, the so-defined cumulant G%H is an element of the
following Hilbert space,

L3(D™1) = {G e L2, (D) /D L lepagt <o,

G symmetric in the last m entries},
endowed with the Hilbert norm

-7 m+1
||GHi%(Dm+1) = (G, G>L§(Dm+1), (H, G>L§(Dm+1) 1:/ HGME( )

Dm+1

and for 1 < p < oo we similarly define Lg (D™+1) with

1
L ®(m+1)\ p
Gllug sy = (/DWH G ),

As in |7], the use of symmetry in Lemma 2.1(ii) in form of combinatorial factors leads to
a priori estimates on cumulants, which describe some decorrelation between particles and
can thus be seen as a weak version of chaos. An important feature is that these estimates
further hold uniformly in time, therefore playing a key role for rigorous long-time analysis.
Note however that they are only suboptimal: G?V is for instance expected to be of order
O(+) instead of O(ﬁ), but these estimates serve as a starting point to be improved a
posteriori.

Lemma 2.2 (Time-uniform a priori estimates on cumulants). If for some ¢ > 1 there hold

o 2 4(q—1
el and BV < ST,

then for all 0 < m < N we have

+1;t - °
sup |G L2 @) Smas N2 |4
t>0

L3 (D)’ 0
Proof. Next to (1.9), define the full (N + 1)-particle Gibbs measure

MNB(ZO’Z[N]) = Z]?flﬁ e 5 0% |vj‘2_%20§j¢lng(xj—xz)a

which is a global equilibrium of the Liouville equation (2.1). Hence, we find for 1 < ¢ < oo,

|Fy |2

at —_—— —
DN |]\4N,6|2(171
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For 1 < q < oo, setting ¢/ := qiil, Lemma 2.1(ii), Holder’s inequality, and this equilibrium

—1
N |14 12
m DN M?(NH)
—1 1 — 1
N ( |FR )( \MN,B\Q’“y (2.3)
m pN+1 My g[2a-1 pn41 [MFEFDe ) AT

and it remains to estimate the two right-hand side factors. Factoring out Maxwellians, we
split

property lead to

+1;t
‘|G7]:]l Hi%(]])m+l)

IN

T N+1) 77
Myp = ME@NMJIV,,&» Myg = M?( )M]/V,ﬁv (2.4)
in terms of
Migg(ai) = (Zg) ™ em 3w Sasien Viesmen),
My gl zin) = (Zyg) e Dossan Vierme),
where Z}; 5 and Zﬁv 5 are the corresponding normalization factors on (TN and (TE)N+L,
respectively. The definition (1.8) of Fy, yields
o) = (., )
pN+1 My g|?a~! M 1L (D) (Td)N+1 M}, 5\2‘1 !
1
2BV llLoo zay || £ Zva\ "
< MV |, (o)
and similarly,
[Mysl? ' Zngins
DN+1 |M?(N+1)‘ql (ng,ﬁ)qurl'
Inserting these estimates into (2.3) leads to
mA1it )2 AN 21V oo pay | L2112, Z Zyp) /(Z§V,(q’+1)ﬂ)$
N,p

The problem is thus reduced to checking that the last factor is bounded uniformly in N for £
small enough. Rather than going through a direct tedious computation of the partition
functions, we appeal to standard large deviation theory for particle systems: it follows
from e.g. [5, Theorem B(ii)] that eNcﬁvaﬁ — Zj € (0,00) and eNCﬁZ’Vﬁ — Z’ﬁ € (0,00)
as N T 0o, where the constant cg is characterized by

cg = inf { /Td log pudp + g//wwd Viz —y)du(z)du(y) : p € P(Td)},

whenever this infimum is reached at some g and is non-degenerate in the sense that the
operator ¥ on L*(T%, po) defined by Sf(y) := 2 [ra f(2)V(z — y) duo(z) does not have 1
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as an eigenvalue. As de V= ‘7(0) > 0, the Csiszar-Kullback-Pinsker inequality yields

p
/Td log pdp + 5 //de V(z —y) dp(z)du(y)
= [ Jozndu+ : I V=0 Gnta) = o)) — ay) +

N | ™

vV (0)

B Bs
> [ ogudn = JIVlmgllu = 1By + 57(0)
Td
08~
> (2- *HVHLOO(W M =13y + §V(0)-
Hence, for ||Vl Td < 4, there holds cg = g (0) and the infimum is indeed nondegen-
erate, which entails e v )Z’ 5 — Zgand e N3V (0) Z\,ﬁ — Zg and implies that the last

factor in (2.5) is unlformly bounded as N 1 oo. O

Next, we compute the first three initial cumulants, based on the special form (1.8) of
the initial data Fy.

Lemma 2.3 (Initial cumulants). The initial first two cumulants are
150 ° JpNe) 20 _
G = f) = ), G =0,

and the initial third cumulant can be written as G?\;}O(Z[O’Q]) = %go(vo)Hj{,ﬁ(m — x2) for
some function HY 5 with |[HY glly2(ra) Sp 1- O

Proof. The computation of the first marginal Fy VO — fo of FY ¥ is obvious from (1.8). We
turn to the next marginals, and we split My 3 as in (2.4). By translation invariance of My, B
on the torus, we find

F2 o o
et = 000 [ M) dre = 67w

hence by definition (2.2),
2;0 10

‘0 F F
G (zj01]) = ﬁ(zo,zﬂ — 715 (20) =

Next, the third marginal takes the form
FS;O o
i tena) = 07 [ Mhaterag) o,
hence by definition (2.2),
3;0 o
Gy (2[0,2]) =g (UO)(/(W)N2 M],V,,B(J:[N})dfx[S,N] - 1)-

By translation invariance, we can indeed write G:]S\;[O(Z[O’Q]) = %QO(UQ)H}:{[’B(SCl — x9) for
some function Hy gt T¢ — R. Applying Lemma 2.2 in the form

o o 3;0 o
lg HL%(Rd)HHN,BHLQ(’H‘d) = [[NGy HL%(]D)?’) e g HLOO(]Rd)a

the conclusion follows. OJ
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2.2. BBGKY hierarchy. As is classical, the Liouville equation (2.1) for Fly is equivalent
to the following BBGKY hierarchy of equations for the marginals, for 0 < m < N,

m
1
AFFT 4D 0 Vo, FRT =5 D, V(e —a)- Vo IR
=0 0<j#I<m

+ L;[m Z /];) VV({L‘] — $*) : Vv].F]V””(zg, Z[m] s z*) dz*, (2,6)
7=0

with the convention F]Q”ﬂ := 0. Note that the first right-hand side term is of order O(mWQ)
and is precisely the one that creates correlations between initially independent particles
and deviates from the mean-field theory. This hierarchy (2.6) can alternatively be written
as a hierarchy of equations on the cumulants.

Lemma 2.4 (BBGKY hierarchy on cumulants). For 0 < m < N, the cumulant G
satisfies

OGR! LG = MIHGR 4 (SptiGn + SuHGR + Sptle™).

with the convention G5, G, GNT? = 0, where we have set L1 := > 1 LY and

7=0 “m+41
iLg)JrlG?GH = ;- ijG%H + 120 N+J{fmﬁvj . /DVV(xj — Ty)
XGT]GJFI(ZO, Zm\ {5} Z*) Mﬁ(v*) dzs,
MG = Nem§S /D TV (1 — ) - (T, — B0, G+ (20, s 20) Mp(04) dz,
=0
SWAGNT = Y V(g —m) - (—Bu) G (20, Zmp )
1<jAl<m
SEHGR = ) ) VV(xy — @) - (Ve — Buj + Bo)GR (20, 2pmp 1))
=0 1<i<m
J#l
= Ve ) (B0) G iy 20) My (02)
1<j#Al<m D
spHGutt = Z VV(zj — 1) - (Va, — Bv;)GRT
0<jA<m

— Z Z /va(x] — x*) . (Vv]. — ﬁ’Uj)GT]\r;Jrl (Zo, Z[m]\{l}a Z*) MB(U*) dZ*. <>

i
I=05E
For later purposes, we give without proof the expression of the different above-defined
operators in Fourier space: denoting by k; € 2774 the Fourier variable associated with
zj € T? and setting 2; := (k;,v;) € D := 27Z¢ x R,

LG = ik v (GRF 4 Lo M8V () (G, )
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Muh G = Z >, ik V()
=0 k,e2n74
{(Vo; = Bop)(GR 2 Glomp gy (k5 — ke 07), (ks 02)) ),
srient = - > 5(’fj+kz)ikj'vjﬁv( kDGR (20, 2 f.4}):
1<jAI<m
§z+1é?\} = - Z Z ikl‘/}(kl) . (ij - ij + Bvl) éTNn(ZA’[ij]\{jJ}, (kj + kl,vj))
=0T
+Y ik 0BV (ky) (G (20, Zmp iy (K ve))),
1<j#I<m

Seiantt = > Y ikV(k)

0<jAI<m k,c2nZd
(Vy, — Boj) G L Zompgiays (k5 — ki vg), (ki + ke, vy)

- Z Z Z ik*‘A/(k*) (Vu; = BUN G o giays (R — Koy v5), (Fiy v5)) )y

Jj=0 1Sjl;§lm k.e2nZd

where for shortness we abusively use the implicit correct ordering of variables according to
the labels in velocity.

Proof of Lemma 2.4. Combining the definition (2.2) of cumulants in terms of marginals
together with the equations of the BBGKY hierarchy (2.6) for marginals, we find

OGRT + v Vi, G = A+ B,

k=0
where we have set
n m—k 1 Fk+1
A= Z(_l) Z N Z VV(JJZ —.CC]‘) ( /BUZ) ®(k+1) (Z(),ZJ),
k=0 oEPP  ijeou{o}
£
and
N
Bi=Y ()" F(AF) Y Y
k=0 oeP icoU{0}
k+2
X /DVV(x,- —z4) - (Vy ﬁvz) (k+2) (20, 205 2+) Mg(v4) d2y.

We consider the two right-hand side terms separately and we start with the first one.
Reorganizing the sums yields

m k+1

= Z VV(z; — zj) — pu;) Z Z %(Zo,za). (2.7)

0<i,j<m k=0 UE(‘BZI
i#] i,j€aU{0}
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Inserting the cluster expansion for marginals in terms of cumulants (cf. Lemma 2.1(i)), we
get

m ol m k
mo.__ m—k F I+1
T%j = Z(_l) Z M®(k+1 (20, 25) Z Z Z Z GN (20, 27).
k=0 cEPT k=0 ceP  1=0 TP
©,j€cU{0} i,j€EcU{0}

First consider the case when m > 2 and ¢, j # 0. We may then decompose

= > Y G M0.2) > ()" Fi{o e Py T C o}
1=0 TPy k=1
1,jET
m—1 m
+3°0>T G (z0,2) Y () g{o € PP T U {5} C o}
I=0 repm k=l
TET,JET
+ Z Z G (20, 2r) z:(—l)m*"g Hoe Py :7U{i} Co}
=0 TeP k=l
JjeT, z€7’
+ Z Z GZH (20, 27) Z(—l)mfk Hoe Py :7U{i,j} Co}.
=0 TeP" k=l
ZJQT

Computing the cardinalities and using the identity > _ o(=1)P~ k(k) = 0p—0, we deduce

T} = G (20, 2m) + GR (20 2\ 5)) + GR (20, 2\ (i) + R (205 Zm]\ i))-

When i =0 or j = 0, two terms in the previous sum obviously disappear. We conclude for
all 0 <i,7 <m with i # j,

T = Gy (20, 24m)) + (GR (20, 2 iy) Lizto + G (20, 2] (5) Li0) Lm1
+ G (200 2\ fig1) Tig0 Lmz2.

Inserting this identity into (2.7), since VV is odd, we find

=% D VV(wi—aj) (Vo — Bu)GR™
0<zg<m
i#]

+ 1>ty Z VV (i — zj) - (Vo — Boi + Buj)GN (20, Zfm)\ (})

SismL,15)s

i#j
+ ]1m22 % Z VV(.CI?Z — l’j) . (—ﬁvi)GK}_l(Zo, Z[m]\{%]})

1<i,j<m
i#]
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We turn to the second term B. Noting that f]D) VV(zi — my1) Mg(vm+1) dzmyr = 0 and
reorganizing the sums, we can rewrite

B= Zz:% /D VV(z; — &mg1) - (Vo — Bu;)

m—+1
- - Fk+l
X D ()RR Y e (20, 20) Ma(vm) damsa,
k=0 cepmtl s
icoU{0}
which we decompose as B = By + By in terms of
m
Bo = Y [ TV(@wi— o) (Vo — )
i=0 7D
m—+1
)ik (N+lk Pyt
X Z - N ) Z IVElGEY) (205 20) Mp(Vm+1) dzm1,
O'GmZH_l 7
m
Bl = Z/(—BUZ) . VV(J,‘l _xm—i-l)
=1 /D
N+1 k Bt
X Z ) D) et (205 20) Mg (V1) dzmy1.
€‘I3m+1 B
L&o‘

First, using the cluster expansion for marginals in terms of cumulants (cf. Lemma 2.1(ii)),
we find after straightforward combinatorial computations,

m—+1 . .
Z(—l)m-‘rl— (Ntlok) Z — ey (20, 20)
k=0 UemmJﬁl B
m+1
k +1
- Sy ¥ Y 6
k=0 Uesp””rlj 07'6‘33"
m+1 ,m+1 m+1 7], 4
= Z (Z(—l)erlk(NJr]\l[k)( b >> Z GJ]\?Ll(Zo,ZT)
7=0 k=j J Tem;”“
= N;]m GTNnJrQ(ZOaZ[m—H]) - ]{[ Z GYNnJrl(ZOaZT)y
repmtl

which leads to the identity
By =gy /D VV (2 = Zmi1) - (Vo = i) G2 (20, 2pmg1) M (V1) dzmi

/DVV(%‘ — Zmi1) - (Vo, — B0d) GR (20, 2pma (53) Ma(vmt1) dzmsr-
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Second, for 1 < ¢ < m, we similarly compute

m

ke _ Jan
Z(_l)m (N+]\1[ k) Z M®A{k+l) (ZOaZU)
k=0 0'633}:7'-‘—1 A
i¢o
= M G (20, ) — % Y GR(z002),
revnt)
iET

which leads to
By = Migmm Y- /D VV (@i = 2m41) - (=Bvi) G (20, s ay) Mp(Umey1) dzmey
i=1

-5 > /va(xi_fUerl)'(_ﬁvi)GT]\’}('ZOaZ[m+1}\{i,j})M,B(Uerl)dzm+1~

1<i,j<m
i#]

The conclusion follows. ([l

3. FORMAL ARGUMENT AND MAIN DIFFICULTIES

In this section, we describe at a formal level the string of arguments that lead to the
expected Fokker-Planck equation (1.10) for the tagged particle velocity density, and we
emphasize the main difficulties that arise. Since the mean-field force exerted by the equi-
librium bath vanishes, the phase-space probability density F 1{, = MBG}V of the tagged
particle satisfies the following equation (cf. Lemma 2.4),

(O +v- V)G = MG, = (Vy — Bu) - / VV (@ — 22)G3 (2, 2.) My(o,) e,
D

where the correction to pure transport is thus dictated by the correlation G%\, of the
tagged particle with the background. As we expect this correction to play a role on
long timescale, it is natural to filter out the oscillations created by the spatial transport
on smaller timescales. We will therefore focus on the projection onto the kernel of the
transport, that is, on the velocity distribution,

1
) = [ F@ode b =120 = [ Gho)ds,

MB ’I[‘d
drgl = /T (MG, ) da

As we expect G = O(%), we may either look for the correction O(%) on the mean-field
timescale t ~ 1, or describe the leading behavior on the relevant long timescale t ~ N. As
emphasized below, although the two questions are often confused in the physics literature,
they are mathematically not equivalent. On the one hand, characterizing corrections of
order O(%) on the mean-field timescale requires a refined multiscale analysis and a strong
control on error terms. In particular, oscillations need to be described precisely. In this
respect, looking at the long timescale t ~ N may seem easier as the effect of correlations
becomes macroscopic and can be caught with a weaker notion of convergence. The draw-
back is that we then need to establish long-time a priori estimates and make sure that they
are strong enough to control resonances.
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3.1. Formal analysis of correlations. We proceed to a formal examination of the
BBGKY hierarchy to capture the effects of correlations on the tagged particle dynam-
ics. A quick observation of the equations for successive cumulants in Lemma 2.4, starting
with the particular initial data (1.8), leads us to actually expect the following optimal
decay of correlations,

Gy=0(), G¥ G =0(Z) fok>1 (3.1)
Starting with the suboptimal a priori decay stated in Lemma 2.2 and using the equations
for cumulants, we can easily prove that these orders of magnitude indeed hold true in
weak topology on the mean-field timescale ¢t ~ 1 as a particular case of Lemma 4.5 be-
low. Surprisingly, the above scaling (3.1) entails that the second and third cumulants G%V
and G‘;’V are expected to be of the same order O(%): as opposed to the nonlinear setting
described in Section 1.1 where it has higher order and can be neglected (cf. [11]), the
three-particle correlation G:]SV can thus no longer be neglected here and indeed leads to a
nontrivial contribution of the same order as G?V. This is due to the fact that linear cumu-
lants are conveniently defined in Lemma 2.1 by linearizing at the Maxwellian distribution
ME’N without taking into account the spatial correlations of the correct Gibbs measure
My g initially describing the equilibrium background. Due to this error, the corresponding
BBGKY hierarchy of equations for cumulants in Lemma 2.4 can only be truncated at Gjl\,
rather than G3%;, and it takes the form of the following Bogolyubov type equations [8],

(0 +iL1)Gy = {xMy(NGY),
(0 +iL2)(NGY) = SiGy + M3(NGY) +O0(%),
(0 +iL3)(NGY) = SiGl+O0(%), (3.2)

which can be solved by means of Duhamel’s formula, with G?\}O =0,

t
(815 + ’LLl)G]lV = ]{[/ leefilq(tft’)S%G}\;[t dt’
0

t pt!
+ % / / M21€—1L2(t—t/)Mge—ZLg(t/—t//)SiﬂG}\;[t dt//dt/
0J0

t
4 /O My e~ MR G ) (NGRY) + Ol3), (3.3)

where the spatial transport operator ¢L; := v-V, drops when turning to the velocity distri-
bution g]l\,. As shown in Proposition 4.1 below, this first-order correction to pure transport
can be rigorously justified on the mean-field timescale t ~ 1. Viewed as an equation on g]lv,
this is however not very illuminating as the correction takes a complicated non-Markovian
form. Complicated memory effects are typically expected to become negligible on long
timescales ¢t > 1 (e.g. [32]), and the above equation on g would take the simpler form of
a diffusive equation on the relevant timescale ¢t ~ N, showing in particular that the tagged
particle trajectory becomes Brownian under the effect of the background. By means of
complex deformation computations, we show in Section 5 below that the long-time limit of
the O(3) correction in (3.3) precisely leads to the predicted Fokker-Planck operator (1.10).
To complete the argument, it remains to justify that (3.3) also holds with essentially the
same error estimate uniformly on longer timescales ¢t > 1.
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3.2. Justifying the Markovian limit: a question of timescales. While the problem
is reduced as above to propagating (3.3) on longer timescales t > 1, two main difficulties
show up:

e The expected decay G2, G%“H = O(ﬁ), cf. (3.1), can only be proved on the mean-field
timescale t ~ 1. On longer timescales, rather appealing to the suboptimal time-uniform
estimate G = O( W), cf. Lemma 2.2, additional spurious terms involving G%;, G
have therefore to be taken into account in (3.3).

e The uniform estimate Gﬁ“ = O( Ni 75) holds only in weak spaces, typically in L%,
cf. Lemma 2.2. Since the operators M’s and S’s in Lemma 2.4 involve v-derivatives,
the error terms in the truncated equations (3.2) involve v-derivatives of higher-order
cumulants, and the resulting lack of regularity of the errors may come in resonance
with the singularity of the long-time propagators for the linearized Vlasov operators L’s,

leading to possibly diverging contributions.

In order to illustrate the difficulty, let us consider a typical error term from (3.2), that is,
t
Ry = /O Mye 2= SH(NGRY ) dt,

which we aim to analyze on the long timescale t = N"7, 7 ~ 1, for some r > 0. This
is equivalently reformulated in terms of Laplace transform: with the notation R%; :=
fooo R%TTG_QTCZT, Ra > 0, we compute

RY = w M3 (ils + &) 'S3(NGR™). (3.4)

In order to be negligible as desired in (3.3), this term needs to be shown of order o(4).
Assuming for simplicity that the linearized Vlasov operator iLs is replaced by the pure
transport operator iL} := vg- Vg, +v1 - V4, , the long-time propagator is explicitly checked
to display violent oscillations in phase space, which is known as filamentation: indeed, the
evolution

e AN TR (29, 21) = h((zo — N"Tvo,v0), (z1 — N"Tv1,01)) (3.5)

exhibits oscillations at the scale O(ﬁ) and converges in the long-time limit ¢t ~ N 1 oo

towards the average in position but only in the weak sense. Correspondingly, the resolvent
(iLh + 5% )~! takes on the following form in Fourier space,

(iLh + )G = (iko - vo +ik1- v+ %) G
N . N
oo, <775(k‘0 ~vg + k1 -v1) —ip.v. m)@ﬂ (3.6)

where by the Sokhotski-Plemelj formula the distributional limit does not correspond to a

bounded operator on L%(]D)Q). Provided that G%; is of order o(1) in the smooth topology

on the timescale ¢ ~ N", we would deduce that the error Ry has negligible size 0(%) when

averaged with respect to velocity against a smooth test function. However, the only a priori
estimates at hand for G%; hold in L% (D?), cf. Lemma 2.2: even if G%; was known to be of

the optimal order O(%) in that space uniformly in time, since the operator S% contains

N3r/2
N2
averaged with a smooth test function. On the intermediate timescale ¢t ~ N” with r < %,

a v-derivative, we easily check that Ry would a priori be at best of order O(

) when

Ry is thus of order 0(%), hence negligible as desired. In contrast, on longer timescales,
more information is required on possible singularities of G?V to ensure that those do not
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create resonances with oscillations of the long-time propagator. Suitably unravelling such
finer information is left as an open question.

3.3. A full series expansion. We provide a formal argument suggesting that violent
oscillations of the long-time propagators in phase space never come in resonance with the
corresponding oscillations of cumulants. For that purpose, instead of aiming to truncate
the BBGKY hierarchy as in (3.3), we rather iteratively replace higher-order cumulants in
terms of the Duhamel formula for the full corresponding equations as given in Lemma 2.4.
This leads to the following closed equation for G}V in form of an infinite series expansion,

(0 +iL1) G,

00 3n y4
1 o1 —it1L go op_1 —itp_1L poe 1t
= = g (5(15—5 t)(g A%teTME A2 | ATE-1gT 1R AT
N™ / J N
nzjl f=n+1 (R+)E

j=1 oeJr

. . 04 1.0
+ Y Amemhl g | Avtem it (NG ))dtl...dtz, (3.7)

ocEK}

where the index sets J;'’s and K}'’s are given by
Jp o= {0 €{-2,-1,0,1}*: ot =0, 0{ >0V1<j</¥ ~(o) :n},
K} = {UG (-2,-1,0,1}: 0! > 1, o] >0V1<j < ¥, 7(a)+a{:n+1},

with the shorthand notation a{ =14 Z{Zl o; and (o) := #{j : 0; < 0}, and where the
operators A’s and L’s are given by

A2 e {smta o ATt e {smtly, AV e (ST, Ale (M™Y., Le{Ln}tm,

while for notational simplicity we omit subscripts m’s, which are indeed anyway uniquely
determined for each term. Note that elements in the index sets J;'’s and Kj'’s can be
viewed as subsets of walks with steps —2, —1, 0, or 1, starting at site 0. The terms of
formal order O(3;) obtained for n = 1 in (3.7) are checked to coincide with the right-hand
side terms in (3.3). If G} is controlled in the smooth topology and if for all m > 2 the
initial data GX,H'I;O are similarly controlled by O(57=r), then each term in the series (3.7)
can be checked to admit a well-defined long-time limit ¢ 1 co when tested with a smooth
test function. While the direct analysis of error terms such as (3.4) was hindered by
possible resonances between G?V and oscillations of the long-time propagator, the present
full expansion suggests that such resonances should not create diverging contributions,
at least term by term. However, although the index sets J;'’s and K'’s have moderate
(exponential) size, the following two issues prevent the summability of the series in the
long-time limit and obstruct any rigorous analysis:

e Each occurrence of an operator A contains a v-derivative. Summability of the series then
requires to restrict to an analytic setting.

e The v-derivatives stemming from the operators A’s do not commute with the linearized
propagators e ~#’s, cf. (3.5). In order to compute the long-time limit in each term, we
must then first proceed to multiple integrations by parts, which generates a factorial
number of terms that do not seem to recombine nicely in the limit.
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For those reasons, we do not know how to make this perturbative approach rigorous. Still,
it suggests that a compensation mechanism is hidden in the BBGKY hierarchy, which
would systematically avoid divergences. A diagrammatic approach to take advantage of
such compensations has been proposed by Prigogine and Balescu [29, 30|, but the loss of
derivatives and the convergence issues are not addressed.

In the next sections, we rather focus on intermediate timescales ¢t ~ N” with » > 0 small
enough, for which propagators have tamer oscillations.

4. TRUNCATION OF THE BBGKY HIERARCHY ON INTERMEDIATE TIMESCALE

This section is devoted to the rigorous truncation of the BBGKY hierarchy for cumulants
on intermediate timescales ¢ ~ N" with » > 0 small enough. More precisely, on such
timescales, we prove the following rigorous version of the integrated form (3.3) of the non-
Markovian Bogolyubov equations. Note that for ¢+ < N all occurrences of G} in the
right-hand side of (3.3) can indeed be replaced by the initial data ¢° to leading order.

Proposition 4.1. Let the assumptions of Theorem 1 hold for V, 3, f°. Given 0 < r < %8,
there holds for all T > 0,

N"T
HN(&gg}v)h:N” — A /Td (M2167@L2(N T—t )S%go)(m7 ) dr dt'
N"r pt ) . , ' .,
_/ / / (MZIG*’LLQ(N T—t )Mgef’LLg(t —t )S%go) (:1:,7 ) dx dt//dt/
0 0 Td

N'T . r ’ . ’ .
- /0 /T (MmN TN (NGAE)) () dr

Hy*(RY)
<p (TPNTTE Q)
While the above is quantified in H g 4(R?), we define the whole string of Sobolev spaces

with respect to the Maxwellian distribution. For s > 0, we first define H E(Dmﬂ) as the
Hilbert subspace of L%(Dm“) with the norm

Gy = [ (T, V) GIEMEY,
8 Hj)m+1

where we use the shorthand notation (z,v) = (Z[g,m]: Vjo,m)) € D" and where we recall
the notation (V) = (1 — A)/2. We denote by Hy*(D™ ') the dual of Hj(D™*!) with
respect to the scalar product of L%(]D)m“), which is again a Hilbert space with the dual
norm

—s m+1
G ey = [ (72,9 = o)) GIME ™

Note that V,— v and V,, are actually equivalent in the definition of these weighted spaces.
We similarly write H g((Rd)m“) for the subspace of H E(Dmﬂ) of functions that do not
depend on x.
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4.1. Linearized Vlasov operators. We start with a spectral description of the linearized
Vlasov operator L,,;1 as defined in Lemma 2.4. We include an explicit computation of
the resolvent, although this is only needed in Section 5. The positivity property for the
(approximate) dispersion function €3, in (ii) is related to the stability of the Maxwellian
equilibrium (e.g. [19, Section 9.2|) and is further refined in Lemma 5.3. Note that a more
general situation is discussed in [10, Sections 1.1-1.2|, where linearization is performed
around a non-Maxwellian equilibrium.

Lemma 4.2 (Linearized Vlasov operator). Given V€ W1 (T%) with V > 0, the following
hold for all 0 < j <m < N and (8 € (0,00),

(i) The operator L(j)Jrl S a bounded perturbation of a self-adjoint operator, hence it gen-
th 1
s }er-

(ii) The resolvent of L%)H takes on the following explicit form, for w € C\ R and j # 0,
in Fourier space,

erates a Cy-group {e

A(]) 1A _ é\ N+1—m ,3‘7(]?]) kj-vj G
(Lm+1 - W) G = kjvj—w - N Eg,m(kjvw) ]gj.vj_w<kj UJ>'U ;

<(E7(7J"L)+1 - w)_la>v]~ = 5/‘;7m(1k]-,w)<kj~vcj—w >vj’

in terms of

Shan (o) 1= 1+ LBV (R) (£525),,
which satisfies for all w € C\ R and k € Z¢,

(iii) The spectrum of L%’Ll coincides with R, and is absolutely continuous with an eigen-
value embedded at 0 (with eigenspace {1y € L%(]D)mﬂ) Ve, =0}).

o7 (9)
(iv) The Cy-group {e”LﬂiH}teR 1s uniformly bounded, that is,

sup He”Lm+1G||L2 Dm+1) S ||G||L%(]D)m+1) for all G € L%(]D)"H'l).
teR

In addition, the operator Ly, 11 = Z}n:o Lfﬂ;)ﬂ is the sum of m + 1 commuting operators,

hence it also generates a uniformly bounded Cy-group. %

Proof. Let 0 < j < m be fixed. We start with the proof of (i). The essentially self-adjoint

operator L%)Jrl = vj - %ij generates a Cpy-group of isometries on L%(]D)m“), which is

explicitly given by

itLG):0 Vi V.
th“G(Z[o m]) =Y jG(Z[O,m}) = G(Z[o i—1] (fL’j + tvj, vj), Z[j+1,m})-

Since the operator L(])_H takes the form L( 7) = L(])_H + Lgn)—i-h where the perturbation

;i is obviously bounded on L2 (Dm+1), it follows from standard perturbation theory

e.g. |17, Theorem I1X.2.1|) that the perturbed operator L(J ) also generates a Cp-group
+1
on L3 3(D ntly,
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We turn to the resolvent computation (ii). Letting w € C\ R, j # 0, and G € L%(]D)mﬂ),

we aim to compute H,, := (L%)Jrl — w)~!G. By definition of L%)H in Lemma 2.4, the
identity (Lfﬂ;)Jrl —w)H,, = G takes on the following form in Fourier variables,

G = (kj - vj — w)Hy + M5BV (kj)kj - 05 (oo,
or equivalently, dividing by k; - v; — w,

G = H,+ Ntl=mgy ) B (F (4.1)

kj”U]' —w kj'l)j —w

Averaging with respect to v; yields
€ _ .o 7
(hro; =)y = Epm (K @) (o)

with 5% ., defined in the statement. Since V is real-valued by assumption, we compute

~ 2

k) = |1+ =BT ) (A2,
> v—Rw)? —m 917 Ww—Rw 2

= (1 2 BV () gttty o+ OR) X2 6V () it ).

R 2
+ ((%)Wﬁ‘/(kﬂwmﬁ)%%) , (42)

and hence, in view of the inequality

(a+ bRw)? + (bSw)? > (a® + b |w]?) (1 - %) for all a,b € R,

and recalling that Vis nonnegative by assumption, we deduce

€5 (k,w)[2 > 1 — el 5 g,

|l
As in particular €3.m does not vanish, the above becomes
9

~

_ 1 G
<Hw>vj - 5%7m(kj,w)<kj-vjfw >’Uj’

which yields, once combined with (4.1),

g - G Ntl-m BV(k) kivi ¢ Gy
w k]-~vj—w N E%,m(kj’w) k]-mj—w kj-v]-—w ’Uj.

Examining carefully this resolvent computation leads to the characterization (iii) of the
spectrum.

Finally, property (iv) follows from the general characterization of the growth bound of Cp-
groups in e.g. [1, Corollary A-II1.7.11], together with the above resolvent computation. We
also provide a more direct argument based on energy conservation. Define the following
modified scalar product on L%(]D)mﬂ) (recall that V > 0),

<H7 G>EZ = <I’I7 G>L%(Dm+1)

SO
m T m+2
o+ Mg /D V@ = 2) Hp ) Gl 7) M5 (2o, 24) dzpo mp e
note that the corresponding norm is Lipschitz-equivalent to the norm of L% (Dm+1),

1
IGlz @y < NGl guiry S (LH IVII=(a) ? 1C iz @),
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~2
and denote by Lﬁvj(DmH) the Hilbert space L%(Dmﬂ) endowed with this new struc-
€)

ture. Since a straightforward computation shows that L.’ ; is essentially self-adjoint

~2
on L ;(D™1), Stone’s theorem yields

LW LY
e’ +1G||L2(]D>m+1 < e’ ’”“GH” Somity T = 1161l L5 (Dmt1) ~ HGHLQ (D)

and the conclusion follows. O

Next, we establish the following estimate for the Cyp-group generated by the linearized
Vlasov operator L,,+1 in weak norms.

Lemma 4.3 (Weak bounds on linearized Vlasov evolution). Given V € W1h(T4) with
V >0, there holds for all 8 € (0,00), 0 <m < N, s >0, and G € C°(D™H!),

Lo 1t
[ Fmt G||HB—S(]D)m+1) SBm,s <t>5||GHHB—S(Dm+1). O
Proof. By duality, it suffices to prove
He_iL:n“tGHHg(DmH) Sem,s NG sy @mry, (4.3)

where the adjoint operator is given by

LG = 3 (0 Va, G4 Lpo 52 [ o 9V(a; - a)
D

§=0
X G20, 2\ (3} ) Ma(0) d2, )
The propagation of regularity (4.3) relies crucially on the following two observations:
Va,ily, 4] =0, (4.4)
and
(Vorrilina] = Vo + Riy, (45)
where Rg} 41 is the bounded operator on L%(Dm"’l) defined by

Rgn)-i—lG = 111750 N+1 —n /(5 Id —,B’U* X ,BU*)VV(IBZ — iL‘*) G(Z(], Z[m]\{l}, Z*) Mg(v*) dz*.

We argue by induction: since the result (4.3) with s = 0 follows from Lemma 4.2(iv), we
may assume that it holds for some s = sg > 0, and we shall deduce that it also holds for
s = so + 1. Since in view of (4.4) the operator V,, obviously commutes with the group
{e"m+1tY, it remains to prove

”Vf);}+1e—iLfn+1tG||L%(Dm+l) SB,m,s0 <t>50+1”G”H;0+1 (4.6)

(Dmtt)
Writing
(O + Z'L;knJrl)(vf;?JrlefiL:@“tG) [VSOJrl iLy,q)e” Pt G,

Duhamel’s formula yields

t
_iT* _iT* _iT* 4/ . _iT* !
ViotlemibnnlG — emilinatytla = —/ e~ L =gt L e Ennt Gt
0
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and we deduce in view of Lemma 4.2(iv),
1 1
Ve tte™ ’"“tGHL2 om+y S IV T Gllez @m)
t
+ [T AL e Gl i .

Expanding the commutator as

S0
[Vt Ly, 1) =) VoI [Vy,, Ly, 1]V,
7=0

appealing to (4.5), using that V,, commutes with V,, and with the group {e~“Fm+1},
and noting that for all s > 0 the operator R’En)—&-l is bounded by CfB on HE}(DmH)
(ef. [(B)*2ll3m) < ). we are led to

”Vso—I—l m+1tG||L2 (Dm+1) NSO HGH 30+1(Dm+1)
t
+/ ||€_1Lm+1tlvxlG||H50(Dm+1) dt/—|—5/ ||6_1Lm+1t/G||HSO(Dm+1) dt/.
0 A 0 A

After combination with the induction assumption (cf. (4.3) with s = sp), the conclu-
sion (4.6) follows. O

Finally, we show that the operators M’s and S’s as defined in Lemma 2.4 amount to
the loss of (at most) one v-derivative.

Lemma 4.4 (Bounds on operators M’s and S’s). Given V € C®(T%), there holds for all
B € (0,00),0<m<N,s>0, and G € CX (D7) with r € {—1,0,1,2},

IIM&”IQIG””Q\IH*l(DmH) Sm.s ||Gm+2||H—S(Dm+2>’
1gm-1 -1
+1
||Snﬂ,z GmHHﬁ_S—l(Dm+1) Sm,s ||GN||H§S(]D>7")’

HS%LIGWHHHB—S—I(DmH) Sns ||G’A'}+1||H§S(Dm+1),

where the multiplicative constants Cg s further depend on |[VV ||y s,00 (pay - O
Proof. By duality, it suffices to show

||(M$++21) Gm+1HHs(Dm+2) Sm.s ||G%+1||H;+1(Dm+1),

ISmED G s m-1) Sms VBIGK ™ s @me),

||(S:nn+1) Gm+1||H§(]D>m) SJm,s ||G%+1||H;+1(Dm+l)7

IS G iy msny Smo 1GE gz oy
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Integrations by parts lead to the following explicit forms of the adjoint operators,

m+1
(M) G = G Y. Y Vi —2) - Vo, G (20, sy,
j=0 1<I<m+1
J#l
(SmHhyrGutt = —m(";_l)/D DVV(ZE* — ) - (Bux — BVl) G (20, 2m—2)s 20 )
X
x Mg (vi) Mg(v),) dzed2L,
m—1
(S GRT = —m Y /Dvwxj—x*)‘(w—WG%“(zo,Z[muazﬁMa(v*)dZ*
7=0
m—1
+m ) /D va(w* — ;) - Vo, G (20, 2Zim—1)\(j}» 20 22) M (vs) Mg (vs) dzadzl,
j=1 "X
(Sphreptt = = > VV(zj—x) -V, G
0<jAI<m
+Z Z VV(xj—CCZ)'/VUjGK,L—H(ZQ,Z[m]\{Z},Z*)Mg(v*) dzy.
j=0 1<i=m v
J

Direct estimates together with the bound || ﬁ’UHL% (D) < /B then yield the conclusion. [J

Lemma 4.3 implies that, for fixed NV, marginals and cumulants are smooth globally in
time. Then, by Lemma 4.4, all terms in the cumulant equations make sense, although it
is not yet clear at this stage whether they are uniformly bounded or not.

4.2. Truncation of the BBGKY hierarchy. This section is devoted to the proof of
Proposition 4.1. We start by rigorously truncating the BBGKY hierarchy of Lemma 2.4,
leading to a closed system of equations on G} ,G?\,, G}O’V. This is based on the uniform a
priori estimates of Lemma 2.2, and constitutes a rigorous version of (3.2). In addition,
this justifies the optimal orders of magnitude in (3.1). Although we focus here on the first
three cumulants, the estimates are easily pursued to higher order.

Lemma 4.5. Let the assumptions of Theorem 1 hold for V, 3, f°. Given 0 <r < i, there
holds for all T > 0,

N@glines0) = [ (NG ) (w.0)da. ()
T
and
i N . T / Y )

|vag - [T e say agvei ) ar| g e,

’ H' (D)

N"T

HNG?\}NTT _ e*iNTLgf(NG?\;fo) _ / eiiLs(NrTit/)S%G}\;t/ dt/ gﬁ <T>2N21“7%.

0 HEl(]D)B)

In particular, this implies

IGR" Tl ooy + IGR" Tls1p2y S (N> 48
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Proof. Averaging in space the equation for G}V in Lemma 2.4 directly yields (4.7). We turn
to the description of N G?V. The corresponding equation in Lemma 2.4 takes the form

B(NGY) +iLla(NGY) = STG + M5 (NGY) + 553 (NGR),
and thus, by Duhamel’s formula, with G?\}O =0 (cf. Lemma 2.3),

N"T
NG = /0 e 2T (SRGET + MF(NGR!)) dt!

N"T1
+x /0 e 2T GNGR ) .

Successively applying Lemmas 4.3 and 4.4, we deduce

T

T / o
HNG?V;N = /0 e PN (RGN + MF(NGY)) dt!

H'(D?)

dt’

IN

N"T ) - , »
]{7/ He—zL2(N T—t )S%(NG?\’Tt )HH—I(D2)
0 B

N"t
Sﬂ Nr—1<T>A HS%(NG?\;& )“H/;l(]])z) dt,

N"t
S NN [ INGE T .

and the stated estimate then follows from the a priori estimate of Lemma 2.2 in the form
2 1
HNGNHL%(]D)Q) Sp Nz

We turn to the corresponding description of NG%.. In view of Duhamel’s formula, the
equation for N G?V in Lemma 2.4 yields

N"T ,
NGV = e VBT (NG) + / e st g8 G dt!
0

N"T
—3 L T/ 4;t/ 2;t/ 3;t/
+/O e N (MI(NGY ) + £S5 (NG ) + £S3(NGR )t (4.9)
Appealing again to Lemmas 4.3 and 4.4, and to the a priori estimate of Lemma 2.2 in
1 1
the forms NGy |lzme) Sp N2, INGRllzpe) Sp N2, and [NGRlligpz) Sp 1, the
corresponding result follows.

Finally, similar arguments show that

NTT
H/o e N (TGN + MF(NGY')) dif Ss (NP

H'(D?)

N"T
He_iNTL?’T(NG:]))\}O)"f’/ 6_iL3(NTT_t,)S%G:]L\}t, dt/ 5,3 <7‘>2]\721ﬂ7
0

H'(D3)
and the last estimate (4.8) then follows from the previous descriptions of G?V, G?V. ([

Solving the expressions for NGA and NG%; in terms of g}, and inserting them into the
equation for 911\7’ we are led to a closed equation on g]lv as claimed in Proposition 4.1.
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Proof of Proposition 4.1. Since Lemmas 4.3 and 4.4 yield for all H € L>°(R*; C>(D?)),

|

we may insert the approximate expression for N G?’V inside that for NV G?V in Lemma 4.5,
to the effect of

N'T i Lo (N t 217t
i T 4! / 1
/0 e 2N N2 Y

Sp (TN sup [[HY | o sy,
H§2(D2) 0<t'<NTr B

N"t N"r
HNG?\;[NTT _/ efiLg(NTTft’)MgefiLgt’(NG?\;[O) dt _/ efiLQ(NTTft/)S%G}\;t/ dt’
0 0

NT‘T t/ 1
_ /0 /0 e_zLQ(N’"T—t )M32€—2L3(t —t )S%Gjl\}t dt" dt’ §16, <T>5N5r—%'

H*(D?)
Next, we argue that we can replace G} by its initial condition ¢° (cf. Lemma 2.3) in the

last two left-hand side terms. For that purpose, we appeal to (4.7) in the time-integrated
form of

N"T
GEN'T = o ¢ ]{[/0 eIV MANGT!) dt (4.10)

which yields, in view of Lemmas 4.3 and 4.4 and of the a priori estimate of Lemma 2.2 in
the form HNG?VHL%(]D)Q) s Nz,

LNT o _1
Gy " =g HHgl(]D)) S (7)PNFTa. (4.11)

Since Lemmas 4.3 and 4.4 yield for all H € L>°(R™; C2°(D)),

|

and similarly,

|

we may insert (4.11) into the above approximate expression for NG3;, to the effect of

Sp ()N sup || H! HHEl(]D))’

NTT 5 T / /
/ eszg(N T—t )S%Ht dt’
0 HE2(D2) 0<t'<N"r

N"r pt
/ / efiLQ (NTTft/)MgefiL;g(t/ft//)Sith“ dt//dtl
0 0

H?(D?)

7TArT /
<o (ONTT sup [ HY | o,
0<t'<NTr B

r

e[
N 0

Nt pt' )
— / / et (N“r—t’)M??e—ng(t’—t”)Si’)go dt" dt’
0 0

N"T
e_iL2(NTT_t/)M32€_iL3t/ (NG?\}O) dtl o / €_iL2(NTT_t/)S%gO dt/
0

<p ()N,

H*(D?)

Finally inserting this into the equation (4.7) for g]lv, and using Lemma 4.4 once again, the
conclusion follows. 0
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5. MARKOVIAN LIMIT OF THE TRUNCATED HIERARCHY

The present section is devoted to the computation of the long-time limit of the different
terms in the integrated truncated BBGKY hierarchy of Proposition 4.1, showing that
it coincides with the expected linearized Lenard-Balescu operator (1.10). The proof of
Theorem 1 is concluded in Section 5.6.

5.1. Laplace transform. The long-time propagators in Proposition 4.1 are best com-
puted formally by means of Laplace transforms. In such terms, we reformulate as follows
the result of Proposition 4.1.

Corollary 5.1. Let the assumptions of Theorem 1 hold for V, 3, f°. Given 0 < r < %8,
there holds for all ¢ € C°(RT),

H /oOO O(7) (NOgy )|e=nrr dT

i [ ot s

+/ <M (il + ) T M3 (iLg + ToL) T leg°>(x7.)d:c
Td

) . ; -1 . ; -1 3;0
+ datl /Td (le (iLy + 9HL) " M3 (iLs + ) T (NG )) (x,) dﬂf) dex

Hy* (RY)

_1
Spe N7z,

where gy(@) = 5= I e(;;j_llh ¢(7) dr belongs to Cp°(R) and satisfies

195(0)] S (@) / 65 = / . 0

Integrating the result of Proposition 4.1 with a test function ¢ in time, this corollary
directly follows from applying the Laplace transform in form of the following product
formula.

Lemma 5.2 (Product formula for Laplace transform). For all ¢ € C°(R™), there holds
for all n > 1 and all generators Ry, ..., R, of uniformly bounded Cy-groups on a Hilbert
space H,

/ 6(7) / Ly <tyanr e BrV=t0) @ @ mifilt=tgy, dt, dr
0 R+
_ /g¢(a) (iR + 25) o @ (iR + 1) " da,
R

where the transformation gy is as in the statement of Corollary 5.1 above. O

Proof. Consider the increments 7; :=t;41 —t; for 1 < j <n —1, and set 7, := N7 — t,
and 79 := t;. Using the uniform boundedness of the Cyp-groups, we can write

/ ¢(7)/ - Tty <..<t,<nre TnWNT=t) o @ealte=t)qy  at, dr
(R+)

/ (T / o(ro+...+71— NT) e~ @ @ e Tidn L dr, dT,
R+ n+1
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or equivalently,

/ o(T) / 1 <. <th<Nr e Hin(NT—tn) XR...Q0 e_iRl(tQ_tl)dtl Loodt, dr
0 (R+)n

:/ €T¢(7‘)/ o+ ...+7 — NT)
0 (R+)n+1

. 1 . 1 1
x e Wnt )T @ @ e BRI o= N0 gry . dr, dT.

Then inserting the formula 6(1o + ... +7, — NT) = 5= [& e~te(mot A =NT) oy we find

/ </>(T)/ . Ly <..<t,<nr e TnWNT=t) o gefalte=t)gy  dt, dr
0 (RT)™

< g L[ e [

X (/ e’("R"+m%)T”dTn) R...® (/ e*(iRlerz\Tl)Tldﬁ) do
0 0

oo (ia+1)T i ‘
= (T gy i) o+ ) 0 iR+ ) o
0

21 Jr i+ 1
It remains to analyze the integral in bracket, that is, gs() == 5= [ e(;;fl)r (1) dr. Note
that
0o e(iaJrl)T 0 0 .
(1+a?) / : ¢(r)dr = 2 / et g(r)dr + / (=07 )@t g(7)dr
0 1o+ 1 0 0

_ > (fa4+1)T > (fat1)T 41
2/0 e ¢(T)d7—|—/ e ¢ (T)dr + ¢(0),

0
where the right-hand side is uniformly bounded in « for ¢ € C°(R"), hence gy(a) is
bounded by Cy(1 + a?)~!. Moreover, a straightforward computation by means of Fourier
transforms yields the identity f]R 9p = fooo ¢. O

5.2. Preliminary estimates. We establish the following uniform estimates, which are
useful for application of Lebesgue’s dominated convergence theorem when computing the
limit of the different terms appearing in Corollary 5.1. In particular, the bound on the
dispersion function 52,7m improves on the positivity statement of Lemma 4.2(ii).

Lemma 5.3. The following hold for all B € (0,00) and k € 27Z%\ {0},

(i) Decay estimate: for all Sw > 0,
[z ol + il (ee2) | <6 oy

(it) Lower bound on €3 .: given V € L>°(T4) with V >0 and BV L= < Cio for some
large enough constant Cy >~ 1, there holds for 1 <m < N and Sw > 0,

g m(k W)l 2 15

(#) Uniform bounds: for all Sw,Jn > 0,
(el + mletsh, Ss 1+1og1+55),
K mmmmo=ay ol + o=y )| Sp 1 O
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Proof. We start with the proof of (i). Setting k := k/|k| and splitting the v-integral over
kR and over (kR)*, we can write

1 __B_.2
(), = ()t [ e ™

Decomposing the real and imaginary parts, an elementary computation yields for all ,¢ > 0
and yp € R,

1 1 fcyz 1 Y—Yo fcyQ 1 r fcy2
c2 /R pTe—re dy‘ < ez /R (=Tt dy‘ +c2 . Tl Uy
1 1 _c,2 1
S (W+626 2y0)A(1+C2)
1 1

and we deduce

1
(om0l S ma AL+ p)? S8 1w

Similarly noting that

N[

C

3 1 —cy? < 1 3
“ /R y—yo—irJ° dy‘ S Tl M (1 T 62)’

the corresponding bound on <klsz

) follows.

We turn to the lower bound (ii) for €3 . Since V is nonnegative, we deduce from (4.2)
that
) —m{; k-v—Rw
B (k)| = 1= XY () | oy e o
hence, in view of (5.1),
e (Row)| = 1= CBV (k) 2 1= CEm BV lliera),
and the claim follows.

It remains to establish the bounds in (iii) and we start with the first one. Writing

L __B .2
(sl 5 (i) | ok € 77 ao

and separately estimating the contribution of the y-integral for |y — Rw| < Sw, for Sw <
ly — Rw| < L, and for |y — Rw| > L, we deduce for all L > Sw,

1 1
(risl), s 84+ g+ [
Sw<|y—Rw|<L

Choosing L = 1 + Sw, this yields the claim
{|z2=]), Sp 1+1log(l+ o).

kv—w

1 1
mdy S BZ+ 1+ B2log .

Multiplying the integrand by |k - v| only changes the estimate by a factor |k|, and the first
part of (iii) follows.

We turn to the second part of (iii). Writing

1 _ (B \3 1 — s
(T ey )o = (2w|k|2)2/R<y—n)<y—w>€ E dy,
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and slightly deforming the integration path for y close to 1 and to Rw in order to ensure
that |y — 7| and |y — w| are uniformly bounded below by 1 (note that n and w are on the
same complex half-plane), the result follows. O

5.3. Contribution from 2-particle correlations. This section is devoted to the explicit
computation of the contribution of 2-particle correlations in the formula of Corollary 5.1,
which formally takes the form MJ(iLy + 0)~1S%¢°.

Proposition 5.4. Given V€ W1°(T%) and € (0,00), the following convergence holds
n Hgl(Rd), uniformly for N > 1,

lim (M21(iL2 - iw)_lS%go)(x,v) dz
w—> Td
Sw>0

nA 2 (Vx—V))) vy o
= oo (3 (e nI R g o)

ke2nzd
= 7V (k)2 (5(k-(vs—2))) v, o
Va0 ( S A7) (ke AT )%, - o),
ke2nZ

where in addition the argument of the limit can be written as (V, — Bv) - G§; 5(v) where
GRr 5(v) is bounded pointwise by Cg|(Vy — Bv)g°(v)| uniformly for Sw > 0. O

We first need to find a way to explicitly compute the resolvent of Lo = Lgo) + Lél). As
the resolvents of both summands are explicitly given in Lemma 4.2(ii), the resolvent of
their sum can be deduced from the following useful general identity (see e.g. [31, p.120]).

Lemma 5.5 (Resolvent of sums of commuting operators). Let iH; and iHy denote two
generators of uniformly bounded commuting Co-groups on a Hilbert space H. Then, for all
0 < Sn < Sw,
_ 1 _ _

(Hy + Hy — w) 1:% R(I—h—i—a—w—&—n) YHy —a—n)"tda. O
Proof. As the two generators commute, their sum also generate a Cp-group, and its resol-
vent is given as the Laplace transform of the generated group,

(tHy +iHy — iw) = /OO e~ WHhtiH)t giwt gy /00 et gmiHat giwt gy
0 0

hence, for all 7,

(iH) + iHy — iw) ' = / " o GHy—iwin)t ,~(iHa—in)t gy
0

Inserting the formula 6(¢t — ') = % Iz e~ (=")dq and invoking the uniform boundedness
of the Cy-groups, we can write for 0 < S < Sw,

1 o o
(iHl 4 iHy — iw)_l _ = (/ e—(zH1+za—zw+m)t dt) (/ e—(sz—wz—m)t dt/) da,
2m Jr N\ Jo 0

and the conclusion follows. O

With this useful trick at hand, we may explicitly compute the resolvent of Lo as required
for the proof of Proposition 5.4.
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Proof of Proposition 5.4. By definition of M, in Lemma 2.4, we can write in Fourier vari-
ables,

/ (M (iLy — iw) ' S3¢°) (2, v) de = (M3 (iLy —iw) ' 539°) (0, )
Td

- ¥ z’k:‘A/(k:)-(VU—BU)<((Z'E2—iw)’lg’fgo)((—k,v),(k:,v*))> :

v
ke2nzd *

hence, by symmetry,

/ (M21 (1Ly — iw)_lS%go) (z,v)dx
Td

= —% > kV(K) - (Vo= B0)( (612 — i) T §26°) (=K, v), (k)

ke2rnzd
= ((iLy — i)' §26°) ((k,0), (—h,0.))) - (5.2)

VU

In view of Lemma 5.5 with Lo = Lgo) + Lgl), we can write

. 1 N R o
(ily —iw)~'S7g° = —2/ I +a—-9) IV - a—9) '8¢ da.
T JR
Inserting formulas for resolvents as given in Lemma 4.2(ii), we deduce
(6L = ) ' 829°) (=R ), (k0)))

1 1 1[50 (k). (b))
= o /R egq(k,5—a) k~v+a+%< . kvita—3 >U* de. (5.3)
As Sw > 0, we note that the integrand

1 <§%g°<(7k,v>,(k,v*»>v*

A= (2N =) ET———

is analytic on the lower complex half-plane Sa < %%w. In addition, in view of Lemma 5.3
and in view of the definition of S% in Lemma 2.4 in the form

S29°((=k,v), (kyv.)) = —~ikV (k) - (Vo = Bo + Bus) g°(v),
the integrand is bounded by
1 529° ((=h.0),(kv4))
( ).

ez (k5 —0a) kvit+a—3

S5 ez (I(Vo = Bv)g°(0)] + |g° ()]).-

Complex deformation can then be applied to (5.3) in the lower complex half-plane and we
are led to the residue at a = —k-v — 3,

~ -~ . T2 00(_ v Va
(L= i)' S7g") (k). (k0)) = ity g ) o (5.4)

VUx

Using the definition of €3 ; in Lemma 4.2(ii) in the form

1 _ 1 % kv
eg 1 (kkvtw) — [eg | (kkvtw)|? (1 + Bv(k)<k~(v*—v)—w >v*)’ (55)
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inserting the above definition of S?, and reorganizing the term, we find

<((iE2 — iw)*ls’\%gO)((—k,v), (k:,v*))>v
— ‘7(’“) k-vs
- leG , (k,k-vtw)|? (]‘ + ﬁV( < (v —v) w>v*)
% <<k‘(v*iv)—W>v*k -Vg©(v) + < v:}:vv >v*5g )
We note that Lemma 5.3 yields the following bound, uniformly for Sw > 0,

(L2 = i) 820°) ((—h0), (k,0))) | S5 V(Y = Bu)g°@)] +19°(0)]),

which implies the stated estimate. Letting w — 0 with Sw > 0, we find
lim ( (L2~ i)~ 52g°) ((~k,v), (k)

w—0
Sw>0

- e o (kK ( ) v+10)[? <1 + BV( )< (vf;v;)+i0>v*> (<k~(v*—1v)—i0>v*k ’ vgo(v) + Bgo(v))a

VUx

where all terms indeed make sense. Noting that 3, (—k, =k - v +1i0) = €3, (k, k - v 4 10),
we can write by symmetry

timy & ( (L — )™ 87°) (k. 0). (k1)) = (L2 - i) 567 (.0, (~k.v.)))

w—0 2
Sw>0

— — et S| (14 BV 0 e, ) (et o B+ T9°0) + B9°(@) ).

Decomposing

Vx

(es),, = B+ Bk v (e o

and using the Sokhotski-Plemelj formula in the form

o0t = 0k (0= 0)),

we find after straightforward simplifications,

timg 5-{ (22 — ) 82¢°) (k). (5, 0)) — (1T — i) 5367 (K ), (k)

v.
Sw>0 *

TR [k V" (0) + BV () - (Y, — Bo)g”(v)]-

Inserting this into (5.2) yields the conclusion. O
5.4. Contribution from 3-particle correlations. We turn to the explicit computation

of the contribution of 3-particle correlations in the formula of Corollary 5.1, which formally
takes the form M3 (iLy + 0)"1M2(iLs + 0)~1S3¢°.
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Proposition 5.6. Given V € W1°(T?) and § € (0,00), the following convergence holds
in Hgl(Rd), uniformly for N > 1,

lim (M3 (iLy — iw) ' M3 (iLs — iw) 1 S79°) (z,v) dz

o A 5 TV (k)2 (0(k-(vx—0)))ve (N—1 148V (k)
= —(Vo = Bv) ( Zdﬁv(’“)(m k) e o) ("~ 1+NN1W<k)>>
ke2nZ
x (Vy = Bu)g°(v),
where in addition the argument of the limit can be written as (Vy — Bv)GY; 5(v) where

G 5(v) is bounded pointwise by Cg|(V, — Bv)g°(v)| uniformly for Sw > 0. O

Proof. By definition of MJ in Lemma 2.4, we can write in Fourier variables,

/ (MA(iLy — iw) " M2(iLs — i)' S3¢°) (2, v) da (5.6)
Td
= (M} (iLy — iw) " M3(iL3 — iw) ' 53¢°) (0,v)

= X V) (Ve = B0) (L2 — i) M (L5 — i) §707) (=, 0), (k) )
ke2nZd i

while the definition of M2 yields

(MF(Ls — iw)~' S}g") (. v). (k. v.) (5.7
= XL ST WV - (V- 50) (((6Ls — i) ' ST9°) ((—k = K, 0), (R, v.), (K w.))),,,
k'e2rZd

+ (s — i) 8Y°) (—h,0), (k= K, 0), (K w)),, ).

In view of the prefactors k, k’, we can restrict the sums to k, k' # 0. We start with the

evaluation of the resolvent (Zig —4w)~L. For that purpose, we note that the definitions of
S% and L3 in Lemma 2.4 yield for k, k" # 0,

(S39°) (= = K 0), (B, ve), (K wn)) = =3(k+ k) ik - (v, — wa) BV (k)g° (v),
(S\?go)((_ka U): (k - klv v*)? (k/7w*)) - 5(k) ik’ - (U* - w*)BXA/(k')go(v) - 07

and for G = é((O,v), (k,vs), (—k,wy)),
L3G = kv, (G + Y2 BV (R)(C)v.) — k- w0 (G + ML BV (£)(G),).

Hence, for

8/ ~
773 —_ 5(V(k)+V(k2)) o
H ((kOa/UO)) (klvvl)a (k;271)2)) L 1+1\721\71§(‘7(k1)+‘7(k2))g (’UO),

comparing the above formulas for S§ and Lg yields
(Z3ﬁ3)((07 U)v (kv U*), (_ka w*)) =k- (U* - w*)ﬁ‘/}(k)go(v)
= i(Slgo)((O, v), (k,vs), (—k, w*))
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Inserting these computations into (5.7), we obtain for k # 0,

(M2(iL3 — iw) 1 53¢°) ((—k, ), (k, v.))

= NELikV (k) - (Vo — B0){((iLs — iw) MLz H?) ((0,0), (k,0.), (—k,w.))), . (5.8)

Wy
We now turn back to (5.6): repeating the computation of the resolvent of Lo as in (5.4),
we find
/ (M3 (iLy — iw) ' M3 (iL3 — iw) "' S7¢°) (z,v) dx
Td

EV (k (M2 (iL3—iw)~153g°) ((—k,v),(k,v4))
= (vv - ﬁ'U) ) Z 5;’1(k,lg-3+w)< S k-(u*ig))fw >U*7

ke2nzd

hence, inserting (5.8),

/ (M3 (iLy — iw) ' M3 (iL3 — iw) "' S7¢°) (z,v) d
Td

_ N—1 i(k®k)V (k)? 1
= (Vo = pu) - N &g, (kEvtw) <k-(v*7v)*w(v” - Bv)
ke2nZd
x ((iL3 — iw) " MLsH) ((0,0), (k, v.), (—k,w*))> . (5.9)
Decomposing
(iLs — iw) YiLsH® = H® +iw(iLs — iw) " H?, (5.10)

spectral calculus ensures that (iLs—iw) YiLsH? converges to H® — H3 in L% (D3) asw — 0
with Sw > 0, where

H? := §(ko)b(k1)8 (ko) H?

is the orthogonal projection of H3 onto Ker Lz = {v € L%(]D)?’) : Vg1 = 0Vj}, and we note
that the contribution of ffg’ in (5.9) vanishes. The singularity of the prefactor m
in (5.9) however forces us to proceed to a more careful analysis. Explicitly computing the
resolvent of L3 based on Lemmas 4.2(ii) and 5.5, and inserting the definition of H3, we

find

<m(v0 - ﬁv)((lii’) - iw)ilﬁg) ((O,U), (k7 U*)v (_k7 w*))>

_ BV _ Bl [ — 1 1 1
- 1+N]\71 8V (k) (V”U B,U)g (’U) < Z< €3 o (—kw—kv.) k-(vi—v)—w < k(s —wsx—w) >w* >v*
N—1 1, 1 1 k-vs
+ N ﬁv(k)ﬁ /R 6g,2(—k,£—a)ag,2(k,%+a) < (kvi—a—%) (k- (ve—v)—w) >v*

2
X <k~v* ja—% >v* < —k-w*l—&—a—% >w* da) )
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hence, in view of Lemma 5.3,

(et (Vo = Bu)((GLs — i) " B2 ((0,0), (b, 0., (—k, w.)) )

Vs, Wx

S5 (PN, - 60)° )] (log(2+ o) + [ rraborg rrabrg o)

Sp log(2+ 55) () V(R)|(Vo — Bu)g°(v)], (5.11)

where we note that the right-hand side tends to 0 when multiplied by Sw in the limit w — 0
with Sw > 0. Inserting this bound into (5.9) together with the decomposition (5.10), the
stated estimate easily follows, and passing to the limit yields in Hj LRY),

lim (M21(iL2 —iw) Y M2(iLs — iw)_lSi’gO) (x,v)dz
w0 I T

_ N— B8V (k i(k@k)V (k)2 o
= (Vo= 80) X B o ke b (), (Vo — B0)6° ()
ke2nzZd

1

Rewriting as in (5.5), using the symmetries in k, and appealing to the Sokhotski-

€51
Plemelj formula as at the end of the proof of Proposition 5.4, the conclusion follows after
straightforward simplifications. O

5.5. Contribution from initial correlations. We finally show by a direct computation
that thanks to the prefactor iw = —“?‘V—";l the contribution of initial correlations N G‘;’\}O
vanishes in the formula of Corollary 5.1.

Proposition 5.7. Given V€ W2>(T9) and 8 € (0,00), the following convergence holds
in Hﬁ_l(Rd), uniformly for N > 1,

lim iw/ (My(iLy — iw) ™' M3 (iLs —iw)*l(NG‘;’\}o))(x,v) dx = 0,
Swoo T

where in addition the argument of the limit can be written as (V, — Bv)G% 5(v) where
GR 5(v) is bounded pointwise by Cg|(Vy — Bv)g°(v)| uniformly for Sw > 0. O

Proof. In view of Lemma. 2.3, we can write NG?\;TO(Z[OQ]) = 9°(vo)HR g(x1 — 22) with
12X glli2(ray Sp 1, hence

NG (20.9) = 8(k1 + ka) ¢°(v0) Hy (k1) (5.12)

Combining this with the definitions of Mj and M:,? in Lemma 2.4, and repeating the
computation of the resolvent of Ls as in (5.4), we find

/1r (MJ(La — i)™ MR Ls — i)™ (NGS)) (2, ) d

= (V=B Y i (s (B La—iw) (NG (—h,0), (k)
kearzd ”
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and for k # 0,
(M3(iLs — iw) " (NGF)) (k. v), (k, 1))
= —NZLikV (k) - (Vo — Bu){((iLs — iw)  (NGF)) ((0,0), (k, va), (—k,w.))),, -

Explicitly computing the resolvent of Ls based on Lemmas 4.2(ii) and 5.5, and insert-
ing (5.12), a direct estimate based on Lemma 5.3 yields as in (5.11),

(ot (Vo = B0) (s — iw) " (NGE)) (0, ), (,va), (=, w*))>v*7w*

g log(2 + <o) (R)HR 5 (k)| (Vo — B)g° (v).

Inserting this into the above, we deduce

|

/T (MJGEa — i)™ MRGLs — i) (NGS)) (2, ) d

H'(RY)
Splog(2+ o) Y (RPV(R)HR (k)| [(Vy — Bv)g°(v)|
ke2nzd
g log(2 4+ 55)|(Ve — Bu)g°(v)],
and the conclusion follows. OJ

5.6. Proof of Theorem 1. Propositions 5.4, 5.6, and 5.7 allow to pass to the limit in the
different terms in Corollary 5.1 with iw = w‘“ .For0<r< 18, for all ¢ € C°(RT), we

deduce that the following convergence holds in H YR,

lim / O(7) (NOgA s dr

Ntoo Jo
vV (k- (vs—v o
—([a6) @00 ( X o n T )V, 0)

ke2nzd
In view of the following identities,
/ 9o = / é,
R
ega(k,k-v—i0) = eg(k,k-v),
1 By k2

6k - (v — V), = (ﬁ)ie 3 (U Tep) ’

this yields the conclusion. O

APPENDIX A. FLUCTUATIONS AROUND THERMAL EQUILIBRIUM

In this appendix, we briefly explain how the techniques developed in this work can be
adapted for a rigorous derivation of the linearized Lenard—Balescu equation for fluctua-
tions around the mean-field approximation in a linearized regime at thermal equilibrium.
More precisely, for the system (1.1), we start from a global equilibrium for the Liouville
equation (1.2), as given by the Gibbs measure

MNﬁ(Z[N]) = Z&lﬁ e_% Zgﬁj v(xi_mf)_g i ‘”i|2’
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with normalization factor Zy g and with fixed inverse temperature 3 € (0,00). We consider
chaotic initial data for (1.2) of the form

FRs = Myg(1+06¢")%", (A1)
for some given ¢° : R* — R, in the tiny perturbation regime
§ < %,

and we consider its time evolution Fj s under the Liouville flow (1.2). Note that the
assumption [pq g°(v)Mg(v) dv = 0 ensures that Fy 5 has mass 1 for all §. In the present

perturbative regime § < %, the initial data FYy, ;5 is expanded as follows,

FRs=Myg+0H} +O(*N*) My, Hy(z) == Myg(z Zg (v3). (A.2)

We are thus reduced to analyzing the time evolution Hy of the linearized initial data H7y;
under the Liouville flow (1.2), and we focus on the velocity distribution of a typical particle,

hyt(v) = N Hy (x,0) de, (A.3)
where H}V denotes the first marginal of Hy. Note that the linearized initial data Hy; is
no longer a probability density: in particular there holds fD ~ Hy = 0 and this property is
preserved along the flow. In this context, we expect the time-rescaled linearized velocity
density hjl\}Nt to remain close to the solution of the linearization of the Lenard—Balescu
equation (1.4) at the Maxwellian equilibrium Mg. Writing the Lenard-Balescu collision
operator as

LB(f) :=Q(f, f; /),

in terms of

Q(f,g;h) =V - B(v,v—v*;Vh)(f*Vg—gV*f*) dvy

R4
B(v,v — vy; Vh) := Z(k®k‘)‘7(kz) %
kezd
el k- v; VR) = 1+x7(k)/ ETH) gy,
R -

and noting that Q(Mg, Ma; h) = 0 for any h, the linearized Lenard-Balescu operator at Mg
takes on the following guise (cf. [23, 33]),

LLBgh := Q(h, Mg; Mg) + Q(Mg, h; Mp),
that is, more explicitly, after some simplifications,
LLBgh =V - ( B(v,v — v0; VMg) (Mg)«(V + Bo)h — Mg(V, + Bv,)h.) dv*).
R4

Note that the Fokker-Planck operator in (1.10) coincides with this full linearized Lenard—
Balescu operator without loss term. Proceeding to a similar cumulant analysis as for
Theorem 1, we are led to the following.
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Theorem A.l. Let the same assumptions hold as in Theorem 1 with h° := Mgg®. Then,
for0<r< 1—18, the velocity distribution hY; of a typical particle (cf. (A.3)) satisfies on the
timescale t ~ N, in the above linearized regime,

lim N(9;hy)|=nrr = LLBgh®,
Ntoo

as a function of (,v) in the weak sense of D'(RT x RY). O

Idea of the proof. We only indicate the main differences with the proof of Theorem 1 and
we omit the detail. We split the proof into three main steps.

Step 1. Cumulant expansion.
Forall1 <m < N, denoting by H}} the mth-order marginal of Hy, its mth-order cumulant
is naturally defined as follows,

which indeed corresponds to the definition in Lemma 2.1 once the tagged particle is re-
moved. The a priori estimates of Lemma 2.2 then take the following form, for 1 <m < N,

m—1

IGN ||L2 @my Spm N7 72
Next, similarly as in Lemma 2.4, the caumulant G’y satisfies
G + LGl = Myt G+ § (Sh_oGR 2+ S G+ SGR),

o, Sy_1, and S] act similarly as the corresponding

operators Ly, 11, M™ L Sm+1 S+l and Sm+1 in Lemma 2.4 when restricted to the last

m—+2
m exchangeable variables. In particular, we now define L,,, = Zm LY )+1 with LY )+1 as in

Lemma 2.4. This new hierarchy of equations can be truncated on intermediate timescale
similarly as in Section 4, and it remains to compute its Markovian limit.

where the operators L, M 1, S| 5, S)

Step 2. Contribution from 2-particle correlations.

The contribution of 2-particle correlations to N(9igk)|t=nrr as N 1 oo with 0 < r < %8
takes the form M (iLs+0)~15%?¢° with the new notation for the operators M3, Lo, and S7,
and we prove in Hy L(RY) that

NTE%AO » (M (iLs — iw)_IS%go)(x,v) dx
Sw>0
_ ] 7V (k)2 ) B oy °
= (Vo — Bv) kg;Zd(k@k)6%72(,67,“_”“0)'2 <<(5(k (v =) (Vog®(v) = Vg (U*))>v*

+ BXA/(k:)<6(k (Ve =) (Vo = Bv)g°(v) = (Vo — Bv*)g°(v*))>v*> :
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By definition of MJ, we can write in Fourier variables, as in (5.2),

/W (]\421 (iLg — iw)*lego)(a;,v) dx
5 D KV (Vo = Bo){ (L2 — iw) ™ §36°) ((—h, ), (K, v.))

k€2WZd

~ (L2 = i)~ 57°) (k). (<K, 0)))

Vx

while the resolvent of Ly now takes on the following guise,
S~ . \—1382 o i 524°((—k,w),(k,vx
(((iL2 — iw) "' S7g°) (=K, v), (K, v.))), = E%’Q(k’k.v+w)< 1gk§gv*_v))£w ) >U* (A.4)

/BV( ) 1 k-v S?go((_kvv)v(k’v*)) dOé
2w REE’Q(k,%*a)Egyz(*k,aJr%) kvtat+g \ (kBvtats)(kvita—5%) 0. ’

which is obtained from Lemmas 4.2(ii) and 5.5 together with a complex deformation ar-
gument as in (5.4). The first right-hand side term has the same structure as in (5.4),
while the second one is new and cannot be computed by complex deformation due to the
presence of poles in both complex half-planes. Formally passing to the limit and noting
that €3 5(—k,a +i0) = €3 ,(k, —a +i0) and €3 ,(k,w) — €5 (k,w), we are led to

—i §2g0 —k,),(k,vx
NTliHLo« iLy — iw) ' S2g N (=k,v), (K, 00))), = 5?371(k7k.v+7;0)< 1gk.(((v*—u%£i0 ))>v*

Sw>0

kv 529°((=k.0),(k.v4))
/ e, 1(k oz—‘rz() [? k-v+a+i0 < (k- v+a+10)(k Vs ta— 10)> dav, (A5)
The definition of S? yields

St9°((—k,v), (k,v.)) = =iV (k) (Sk (v, 02) = S(vs,v))

with Sk (v,vs) := k- (Vy— Bv+ Bvi)g°(v). The main difference with the case of the tagged
particle is that now v and v, play a symmetric role. In particular, we deduce from this
symmetry that

S529°(—k ), (kyv)) _ of Sie(v,v+)
< (k-vl-i-a—i-io)(k-v*—i-a—io) >v7v* = 2V(k) %< (k-v—i—a—i-i%)(k'v*—&-a—io) >w*

is purely real. Also noting that exchanging k& and —k in the right-hand side of (A.5)
amounts to taking the complex conjugate, the above computations yield

ol %:( (L2 = i)' 82°) ((—h, ), (k. 0.) = (Lo — i)™ 536°) ((k,v), (—k,v.))

VUx

= lim  S(((iL2 — iw) ' S6°) (=K, ), (k,v.))),

= (mirr (S, )

_1 BV (k)? Cx kv o Sk (v,0x)
T Jo A, a+zo)\2\5(k.v+a+io)\f (k-vta+i0) (kvta—i0) /, dav.
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Now appealing to the Sokhotski-Plemelj identity in the form Sm =—70(k-v+a),
this becomes

lim 1Z<((2er) lg’%go)((—k,v),(k:,v*))—((ifg—iw)_lgfgo)((k,v),(—k:,v*))>

Ux

V (k) S (v,04) — S (V4,0) BV (k)2 (k-v) S (Vs ,ws)
- _\9<5%71(k,k~v+i0) < : k- (vs —v)k—iO > >+ e 4 (k- v+i0)[? S< (k- (v« —v)+120)(k~(w* —v)—1i0) >v*,w* :

Expanding

o (14 BV (k) + BV (R) (k- o) oo ).

5%’1(k,k-v+20) e 1 (k, k: v+i0)[2 k-(vs—v)+i0 /v, /)
and appealing to the definition of Sy and to the choice (g°(v)), = 0 in form of
Sk (v,04)—Sk (Vs ,v) o Vug°(v) =V, g°(vs) o
< k(k-(’u*)—v)k—(io >v* = k- < gk-((v*—v)—g()( >v + By (U)’
Sk(v*aw*) — . V’U*g ( go(v*)

< (k- (vs—v)+10) (k- (ws —v)—170) >v*,w* = k < k-(vs—v)+i0 > <k (vs—v)—1i0 >fu* < k-(vs—v)+10 >v* )
we find after straightforward simplifications,

ol (=)™ 82°) (k) (ks va)) = (L2 i) ™1 S9°) (K v): (ki 0)

VUx

V (k) 148V (k) «/ k-(Vug® () =V, g°(vs)) B2V (k)2 (kv) o/ 9°(v)=g° (vs)
_\a%,l(k,k~v+i0)|2%< k-(vi—v)—i0 >v o |a[°3,1(k,k~v+i0)|2%< E-(vs— v)+20> ’

and the claim follows from the Sokhotski-Plemelj identity.

Step 3. Contribution from 3-particle correlations.
The contribution of 3-particle correlations takes the form MJ (iLa+0)"1 M2 (iL3+0)~153¢°,
and we prove in Hy L(RY) that

lim / (M3 (iLy + 0) "' M3 (iLs + 0) ' S3¢°) (z,v) dx
Vi e
7V (k)2
—(Vy = fv) - Z BV (k k®k>\ag,1(k,k~v+i0)|2
ke2nzd

x (3(k - (00 =) (Vo = B)g°(v) = (Vo = Bua)g° (1)) )

The explicit computation of (iLs + 0)71S7¢° is performed similarly as in the proof of
Proposition 5.6, while the resolvent of Ly is computed as in Step 2, and the claim easily
follows. O

VU
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