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ON THE DERIVATION OF THE HARTREE EQUATION
FROM THE N-BODY SCHRODINGER EQUATION:
UNIFORMITY IN THE PLANCK CONSTANT

FRANCOIS GOLSE, THIERRY PAUL, AND MARIO PULVIRENTI

ABSTRACT. In this paper the Hartree equation is derived from the N-body
Schrédinger equation in the mean-field limit, with convergence rate estimates
that are uniform in the Planck constant h. Specifically, we consider the two
following cases: (a) Toplitz initial data and Lipschitz interaction forces, and
(b) analytic initial data and interaction potential, over short time intervals in-
dependent of . The convergence rates in these two cases are 1/1/loglog N and
1/N respectively. The treatment of the second case is entirely self-contained
and all the constants appearing in the final estimate are explicit. It provides
a derivation of the Vlasov equation from the N-body classical dynamics using
BBGKY hierarchies instead of empirical measures.
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1. INTRODUCTION

We consider the evolution of a system of N quantum particles interacting through
a (real-valued) two-body, even potential ®, described for any value of the Planck
constant i > 0 by the Schrédinger equation

ihop = Hy,  Y|,_y = Yin € Hn = PRV,

where
ol 1
12 _ _
HN .—7271 ZAzk+2N Z q)(l'k :L'l)
k=1 1<k,I<N
is the N-body Hamiltonian. With the notation

zy = (z1,...,2x5) € (RDHY,
the N-body Hamiltonian is recast as

Hy = 7éﬁ2AXN + Vn(zy),
where Vi is the N-body potential in the mean-field scaling, i.e. with 1/N coupling
constant:

VN(EN) = % Z @(ack — xl).

1<k,I<N

Instead of the Schrédinger equation written in terms of wave functions, we shall
rather consider the quantum evolution of density matrices. An N-body density
matrix is an operator Dy such that

OSDN:D*NEE(.V)N), tI‘aCGyJN(DN):l.
(We denote by L($x) the set of bounded linear operators on $y.)

The evolution of the density matrix of a N-particle system is governed for any

value of the Planck constant 2 > 0 by the von Neumann equation
1 .
N N

(1) 0D :EL[HN’D ], DN]t:():D}\’,’.
The density matrix Dy for a N-particle system described in terms of the N-particle
wave function Uy = Uyn(t,2,y) is the orthogonal projection in $x on the one-
dimensional subspace CUy. In other words, Dy(t) is the integral operator on
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$Hn with integral kernel Wy (¢, zy)¥n(t,y,,). Up to multiplying the N-body wave
function by a global phase factor, both formulations of the quantum dynamics of
an NN-particle system are equivalent.

If DY is factorized, that is of the form
DN = p®N

where D;, is a density matrix on $ := L?(R%), then D™ (¢) is in general not
factorized for ¢t > 0. However, it is known that Dy (¢) has a “tendency to become
factorized” for all t > 0 as N — oo, i.e. in the mean-field limit, for each h > 0.

The precise formulation of the “tendency to become factorized” involves the
notion of marginal of a density operator. For each j = 1,..., N, the j-particle
marginal D} (t) of Dy(t) is the unique operator on $); such that

traces, v [DY (1) (41 ® -+ © 4; @ Iy, _,)] = traces, [D} ()(A1 © - @ A4;)] .

for all Ay,...,A; € L£($H). In terms of this notion of j-particle marginal, the
“tendency of Dy (t) to become factorized” is expressed as follows. For each h > 0
and each t > 0, one has

N H ()\®j -
D (t) — (D7 (t))®? forall j>1as N — oo

(in some appropriate topology on the algebra of operators on §);), where D¥ is the
solution of the Hartree equation

(2) ihd, DY (t) = [~3R*ARa + @ 4y, DY (1)] DM|,_ = Din.
Here
D,y =P xpM (L),
denoting by * the convolution on R%, where
pH(t,x) .= DH(t,x, x).

In this formula, and throughout this paper, we abuse the notation and designate
by D (t,z,y) the integral kernel of the operator D (¢) on § := L?(R%).

This program has been carried out in a sequence of papers: see [20, 1] for bounded
interaction potentials ®, and in [7, 17] for interaction potentials that have a singu-
larity at the origin, such as the Coulomb potential (see also [2]). See [3] for a more
detailed discussion of this subject, supplemented with an extensive bibliography.
In all these results the convergence rate as N — oo deteriorates as i — 0.

The analogous result in the classical setting, where (1) and (2) are replaced
respectively by the Liouville and the Vlasov equations, has been known for a long
time: see [15, 4, 6], where this limit has been established by different methods.

Since the Liouville and Vlasov equations are the classical limits of the Schrédinger
and the Hartree equations respectively (see e.g. [13] for precise statements), this
suggests that the mean-field limit in quantum dynamics might hold uniformly in £,
at least for some appropriate class of solutions.

This problem has been addressed in [16], where the mean-field limit is established
by means of a semiclassical expansion for which the term-by-term convergence can
be established rigorously. The limit of the N-body quantum dynamics as N — oo
and h — 0 jointly, leading to the Vlasov equation, has been discussed in [14] (in
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the case of fermions and with an effective Planck constant i ~ N~1/3 after some
convenient rescaling of the time variable, and in [12]. (See also [8] for a uniform
in A estimate of some appropriate distance between the N-body and the Hartree
dynamics, which applies to velocity dependent interaction potentials only.)

More recently, a new approach based on the quantization of the quadratic Monge-
Kantorovich (or Wasserstein) distance, analogous to the one used in [6], has been
introduced in [9, 11]. It provides an estimate of the convergence rate in the mean-
field limit (N — o0) of the N-body quantum dynamics that is uniform in & as
h— 0.

In the present paper, we complete the results recalled above on the mean-field
limit of the N-body quantum dynamics leading to the Hartree equation with two
different theorems. Both statements estimate some distance between the solutions
of (1) and of (2) as N — oo uniformly in 7 € [0, 1], without assuming that i — 0.

First, by some kind of interpolation between the convergence rate obtained in
[9] and the “standard” convergence rate from [20, 1] for & > 0 fixed, we prove a
O(1/+/loglog N) convergence rate for the mean-field (N — oo) limit of the quantum
N-body problem leading to the Hartree equation, uniformly in 4 € [0, 1] (Theorem
3.1). This estimate is formulated in terms of a Monge-Kantorovich type distance
analogous to Dobrushin’s in [6], and holds for initial data that are Toplitz operators.
(The notion of Toplitz operator is recalled in the next section).

Our second result (Theorem 3.2) will establish the same convergence in a much
stronger topology using analytic norms together with the formalism of Wigner
functions, a tool particularly well adapted to the transition from the quantum to
the classical dynamics. Using this approach requires strong analytic assumptions
on both the potential and the initial data. The advantage of this result over the
previous one is a faster convergence rate, of order O(1/N), which is much more
satisfying than O(1/y/loglog N) from the physical point of view. Indeed, keeping
in mind that the total number of nucleons in the universe is estimated to be of
the order of 10%°, an O(1/y/loglog N) convergence rate may be satisfying from the
mathematical point of view, but is of little practical interest. Finally, as a by-
product of our second result, we obtain a derivation of the Vlasov equation from
the N-body Liouville equation exclusively based on hierarchy techniques (Theorem
3.5).

The paper is organized as follows. The main results of this article, Theorems 3.1,
3.2 and 3.5 are presented in section 3. Section 2 recalls some of the fundamental
notions used in this paper (such as the BBGKY hierarchy, the notions of Wigner and
Husimi transforms and To6plitz quantization). The proofs are self-contained (with
the exception of the main result of [9] used in the proof of Theorem 3.1). More
precisely, the proofs of Theorem 3.1 is given in Part 2, while the proofs of Theorems
3.2 and 3.5 are given in Part 1. We have chosen this order of presentation since
part of the material in the proof of Theorem 3.2 is used in the proof of Theorem
3.1.



FROM N-BODY SCHRODINGER TO HARTREE: UNIFORMITY IN h 5

2. QUANTUM HIERARCHIES, TOPLITZ OPERATORS,
AND WIGNER AND HUSIMI FUNCTIONS

2.1. The BBGKY hierarchy. First we recall the formalism of BBGKY hierar-
chies in the quantum setting.

Let Gy be the group of permutations of the set {1,..., N}. For each 0 € Gy
and each z = (z1,...,zy) € (RN, we denote

UsUn(zy) =T (o-2y), witho-zy = (Te-101),--To-1())-

Everywhere in this paper, it is assumed that the /N particles under consideration
are indistinguishable, meaning that, for each ¢ > 0, one has

(3) U,DN(t)Ur =DV (t), foralloecGy.
A straightforward computation shows that this condition is verified provided that

U,DNU*=DN . forallo € Gy.

wm

Multiplying both sides of (1) by B; ® Is,_;, with B; € L($;) such that
[Arayi; Bj] € L(H;), one arrives at the following system of coupled equations
satisfied by the sequence of marginals DY (t) of the N-particle density D (¢):

1 N —j
(4) ihdy D} = [~ 3h*Aways, DY) + =T DY + TJCJHDJH,

where

J
(5) ézq)zlfxr jv ,

l#r=1

(6) Cj+1D§Y+1 = (

j
N
Z (T — @jt1), D+1]> )
J

and where the subscript j on the right hand side of the last equality designates the
jth marginal as in Section 1. Everywhere in this paper, we set

DY =0 forallj>N.

In the limit as N — oo and for each j kept fixed, one expects that D;V converges
in some sense to D; satisfying the infinite sequence of equations

(7) ihO0yDj = [~ 3h°Aray, D] + Cjy1Djer, j>1.

This inifinite hierarchy of equations is the “formal limit” of (4), for each j > 1 fixed
in the limit as N — co.

An elementary, but fundamental observation is the following fact:

F(t) is a solution of (2) = {F(t)®/},>; is a solution of (7).
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2.2. The Wigner function. To each trace-class operator F' defined on $Hy =
L?((RY)N) with integral kernel F(z, Y, ), we associate its Wigner function Wy [F]

defined on the underlying phase space (T*R%)Y = (R? x R%)" by the formula
(8) WalFl(zyizy) = oo /( I

Notice that Wj[F] is well defined for each trace-class operator F' and for each i > 0,
since

Wh(Fl(zy;oN) = g trace[F'M (zy, vy )],

o
(mh)
where M (x,,vy) is the unitary operator on L2((R%)Y) defined by
M(zy,vy): (X)) ¢(2zy — X)e>on (Xmex)/h,
By Fourier inversion theorem, one has
Flzy,yy) = /(Rd)N Wi[F)(3(zn + gN);yN)einv(zN—yN)/hdyN

fora.e. 2,y provided that Wi[F](3(zx+y, ), ) € L' (RY)N). If this condition
is not satisfied, the right hand side in the identity above should be understood as
the (inverse) Fourier transform of a tempered distribution. In particular

Flay,zy) = / WilFl(zn;vn)duy
(RE)N
so that
trace(F) = | WilFl(@y; oy)duydzy
(RAxRA)N

More generally, one can check that

trace(FuFz) = (2n) [ WalFi] s o) Wil s v )du ez

(RAXRA)N

From this identity, one easily deduces that
WhilEj)(z;;0;) = / WilF)(zy; vy )drji1dvjir ... dendoy
(RAXRA)N i

= (WalF1)j(z;50;)
where z; = (21,...,2;) and v; = (v1,...,v;), and denoting by f; the jth marginal
of the probability density or measure f.
A straightforward computation shows that ¢ — D (¢) is a solution of (1) if and
only if t — W,[DN](t,-,-) =: fN(t) is a solution of the following equation, referred

to as the “Wigner equation”
(@ + - Vo, ) fY (t 2y y)

9) :/ ‘//J\V(Z Jeizn-zy fN(t,EN;QN‘f‘%héN)_fN(taEN;QN—%héN)dz
(RN =N ih =N

where ‘7]\\/’ designates the Fourier transform of Vv, normalized as follows

i 1 —1U T
Talen) = gagaw [, V@) avdey.
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In the limit as A — 0, the Wigner equation reduces (formally) to the Liouville
equation, since

—~ ) Nt zryivn + 2hzn) — Nz oy — 2h2
/(Rd)N VN(gN)elEN!Nf (t,zn;on + 3 _N)mf (t,zn;uN — 5 _N)dgN

- 71‘/ V;V(gN)eiéN'gN ZN - VnyN(tviN&N)d&N
(RN
=VVn(zy)- VnyN(ta£N3QN) .

See Proposition II.1 in [13] for a complete proof.

2.3. The Husimi function. The Husimi transform of a density matrix F' on $ :=
L*(R%) is defined by the formula

WilF](q:p) == (2mh)~*(p,q|F|p,q) > 0,
where
[p.a) (@) := ()~ dem () 2heip e/t

Here and in the sequel, we use the Dirac bra-ket notation whenever convenient:
(p.alFlp,a) = (Ip, )| Flp, @) > gay »

and |p, ¢)(p, ¢| is the orthogonal projector on |p, q).

At variance with the Wigner function, there is no explicit “reconstruction” for-

4
mula for F' out of Wy[F]. Observe that the Husimi function captures only the
diagonal part of the matrix elements of F' on the (over)complete generating system

{Ip.q) | (p,q) € R*}.

Yet fV\V/h[F] determines all the numbers (p’, ¢'|F|p, q) as p,q,p’, ¢’ run through R,
and therefore F' itself. Indeed, denoting z := ¢+ ip and 2’ = ¢’ + ip/, a straightfor-
ward computation shows that

a1 /20 o\ Flp, q) = F(L(z + 2); 2i(2 — 2))

where f is an entire function on C?¢. Knowing ,V\VJE[F](q,p) for all ¢,p € R is
equivalent to knowing f(4(z+2/); 1i(2' — 2)) for z = 2/, which is in turn equivalent
to knowing the restriction of f to R?¢ ¢ C2?. Since f is holomorphic on C?¢,
knowing the restriction of f to R?? determines f uniquely. In other words, knowing
of Wi [F] determines F uniquely.

The Husimi function is sometime referred to as a mollified Wigner function,
because of the following straightforward formula:

WhlF(g;p) = " or/* Wi [F(g; p)

In particular, both the Wigner and the Husimi function of a h-dependent family of
density matrices have the same limit (if any) in the sense of distributions as h — 0
(see Theorem ITI.1 in [13]).
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2.4. Toplitz quantization. Finally, we recall the definition of T6plitz operators
used in [9]. For each positive Borel measure  on R? x R, the Téplitz operator
with symbol p is

(10) OPF [u] == (g,r;h)d/ Ip, a){p, q| n(dpdq) .
RIxRA

For instance

(11) OP;[1] = I,

where 1 designates the Lebesgue measure on R% x R?. Elementary computations
show that

(12) WilOPE [u]] = "o/, WhOPE ] = €"Son/2p.
In particular

trace(OPT ) = | uldpda).

Thus, the Téplitz operator with symbol (27h)%u where p is a Borel probability
measure on R? x R? is a density matrix (i.e. a nonnegative self-adjoint opera-
tor of trace 1) on $ := L?(R%). In other words, the Toplitz quantization maps
Borel probability measures on the phase space to density matrices on $ (up to
multiplication by the factor (27h)?).

3. THE RESULTS

3.1. The case of a Lipschitz continuous interaction force field. Our first
uniform convergence result puts little regularity constraint on the interaction po-
tential V. As a result, we obtain a convergence rate in some weak topology, which
is most conveniently expressed in terms of a Monge-Kantorovich, or Wasserstein
distance, associated to the cost function (z,2’) — min(1, |z — 2’|) on (R? x R4)J
for j > 1, where |z — 2’| designates the Euclidean distance from z to z’.

Specifically, let u, v be Borel probability measures on (R? x R%)7 and let TI(y, v)
be the set of probability measures on (R? x R%)7 x (R? x R%)7 whose first and
second marginals are p and v respectively. In other words II(u,v) is the set of
positive Borel measure on (R% x R%)7 such that

[ (@@ +v@)rldedy) = | sl@)pdz) + | (@)v(d)

(RAxRA) R%Y R%Y
for all ¢, € Cp((R%)7). Define
(13) disty (g, v) :==  inf Ij min(1, |z — 2'|)7(dzdz").
mell(p,v) .
(RIxR4)7)?

for each pair of Borel probability measures y, v on (R? x R%)7.

Theorem 3.1. Assume that the interaction potential ® is a real-valued, even C*!
function defined on R?, and let A := 3 + 4 Lip(V®)2.

Let '™ be a Téplitz operator, and let F be the solution of the Hartree equation
(2) with initial data F™. On the other hand, for each N > 1, let FN be the
solution of (1) with initial data (F"™)®N, and let FJN be its j-particle marginal for
each j=1,...,N.
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Then, for each fized integer j > 1 and each T > 0, one has'

= ~ : 64(log 2)dT||®|| L (1 + jerT)
14)  sup sup disty (Wx[FN ()], Wx[F(t)®])? <
(14) h>13‘t|§pT L(WR[E (O], WalF(#)])” < log log N

in the limit as N — oo.

Notice that dist; is the distance used by Dobrushin in [6]. For each ¢ €
Cy((RY x R%)7), denote by Li(¢) the Lipschitz constant of ¢ for the distance
(z,2") = min(1, |z — 2']), i.e.

z) — ¢(2
Li¢) = sup 2 —9CE
z#2' €RY mln(l, |Z —Z |)

By Monge-Kantorovich duality one has

/ S()uldz) - / Hew(d)
(RAXRA)J (RIxR4)J

Hence the distance dist; induces on the set of Borel probability measures on R? xR
a topology that is equivalent to the restriction of the Sobolev W~1L1(R? x R?)
metric. Since density matrices on $ := L?(R?) are determined uniquely by their
Husimi functions as recalled in the previous section, the expression

(D1, Ds) v disty (Wy[D1], Wa[Da)])

defines a distance on the set of density matrices on $; = L?(R%¥). This distance
obviously depends on & through the Husimi functions. However, if D and D} are
h-dependent density operators such that

WD — p1 and Wi[Dh] — ps  in S'((R? x RY))
in the limit as i — 0, then
disty (W [DF), W[DE)) — disty (1, po) -

For that reason (14) provides a convergence rate for the mean-field limit of the
quantum N-body dynamics that is uniform in .

dist1(u,v) = sup
Li(¢)<1

3.2. The case of an analytic interaction potential. Our second uniform con-
vergence is based on Cauchy-Kowalevsky type estimates on the BBGKY hierarchy.
It gives a much better convergence rate over finite time intervals only, and at the
expense of much more stringent conditions on the interaction potential ®. These
time intervals depend on the size of the potential and Ai-dependent initial data in
convenient topologies, but have no other dependence on the Planck constant .
The convergence rate obtained in this second result is formulated in terms of the
following family of norms. For each 8 > 0 and each f € L*(R" x R"™), we set

£l = su |}(§,n)|ep(\£\+lnl),

p
&meRn
s
where f is the symplectic Fourier transform of f

~N

(15) f(&n) = / @ E=v ) £ (g ) ddo .
R xR™

IThe statement an, < by in the limit as n — oo means that an < bp(1 + €) with €, — 0 as
n — oo.
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We slightly abuse the notation, and set
(16) I = IWalEl, -
for each trace-class operator F on $); := L*(R%Y).

Observe that, if F' is a density operator on L*(R™), one has ||F||, > 1 for all
p > 0. Indeed

1 = trace(F) = W, [F](0,0) < S (WRIENEmI < IF],
;nER™

for each p > 0.

Theorem 3.2. Assume that, for some ' > 0, one has both
|F"||g < o0 and /|h||&>(h>|eﬁ’\hldh <o0.

Let 0 < B < 8 and let T = T[log || F™| g +log2, 3, 3, ®] be defined by (36) below.

Let F(t) be the solution of the Hartree equation (2) with initial condition F™,
and let FN(t) be the solution of the N-body (Schridinger) von Neumann equation
(1) with initial condition (F™)®N

Then for all t such that |t| <T and N > j > 1,
C@,1t/T)
N

For all T € [0,1), the constant C(j,7) > 0 is defined by formula (47) below, depends
only on j and 7, and satisfies

(17) IEY (1) = F()* |5 < Tl

, j2 (j+1)log(1/7) +3 ,
~nN —m—m— 1 .
0~ 25 (1o BT ) o
Moreover one has
(18) ||FjN(t) — F(t)®j||g —0 as N = o0

uniformly as % runs through compact subsets of (—1,1) and for j < N satisfying

. log N + log (7/ )
7 7 log||F™|| g 4+ 21log 2+ 1/(elog (T/|t]))

(19) 1

Remark 3.3. The choice of log | F™"| s +1og2, in the definition of T in Theorem
3.2 and of log ||[F™|| g + 2log 2 in (19) was made for sake of simplicity. |F™| g +
log 2 could be replaced by any o > || F™™|| 3 in the definition of T and | F™| g +log 2
by any o > «, as can be seen from the end of the proof of Theorem 3.2 in Section
5.3 — see in particular both formulas (46) and (48). The same remark holds true
for Theorem 3.5 below.

Remark 3.4 (Uniformity in the Planck constant). Observe that Theorem 3.2
is valid for any value of h > 0. More precisely, the dependence in h of the right hand
sides of (17) and (19) is contained in the initial data F'™ and its norm ||F™| s
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(both explicitly and implicitly in the definition of T'). Therefore, if we assume that
F™ has a semiclassical behavior, for instance if

(20) there exists /> 0 such that sup |[F™| g < oo,
he(0,1]

the conclusions of Theorem 3.2 hold uniformly in h € (0,1].

More precisely, the estimate (17) implies that, under assumption (20), the N -
particle quantum dynamics converges to the Hartree dynamics uniformly in h €
(0,1], in F™ running through bounded sets of density operators in the norm || - g,
for some ' > 0, and in t running over compact subsets of (—T*,T*), where

T*:= T[ sup |F™|s +log2,8,53,®] >0.
he(0,1]

This last observation follows from the fact that T'(c, B, 5, @] is a decreasing function
of a.

Examples of initial data satisfying (20) are the Toplitz operators of the form

(21) F" = OP{[(2nh)df™n] = / fi(x;0) |2, v) (2, v| dedv

RXRd
where £ runs through the set of probability densities on R% x R? satisfying the
condition [|f||s < Const. for some 8/ > 0. Indeed, the first formula in (12)

implies that
- ~——

WalF™ (&) = e~ €7+ Fin (e )
so that
[E* g = IWR[E™ ][5 < [/ [5"-

Notice that Theorem 3.2, when restricted to, say, i = 1, reduces to the mean-field
limit of the quantum N-body problem with A fixed.

3.3. A derivation of the Vlasov equation. Let ™ be a probability density on
R? x R such that ||f|g < oo, and let F* = OPL[(2wh)?f™"] as in (21). Let F
be the solution of the Hartree equation with initial data F* and let F'N be the
solution of (1) with initial data (F*)®V. Observe that

IEY (8) = F(6) || g =|WalF} ()] = WalF(6)]||s
=[WalFN (1)]; = WalF@)] % |ls -
Applying (for instance) Theorem IV.2 in [13], we see that
Wi[FN(6)] = fY(t)  and Wa[F(6)] — f(2)

as h — 0, where f(t) is the solution of the Vlasov equation with initial condition £,
while fV(t) is the solution of the N-body Liouville equation with initial condition
(fim)®N . Therefore, passing to the limit as 4 — 0 in (17), we arrive at the following
result, which bears on the derivation of the Vlasov equation from the classical N-
body dynamics.
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Theorem 3.5. Assume that

£l <00 and / |h||®(h)|e® M dh < o,
Rd

for some B > 0. Let 0 < 3 < /', and let T = T[log|| f™™| s + log2, 3,5, ®] > 0
and C(j,7) be given by (36) and by (47) respectively.

Let f(t) be the solution of the Vlasov equation with initial condition ™, and
let fN(t) be the solution of the N-body Liouville equation with initial condition

()N
Then, for all t such that |t| < T, all j € N* and all N > j, one has

C(, [t/T)

15t = FO s < =5

|t| in||J
Iy
In particular,
1£7() = )% ]ls >0 as N — o0
uniformly in t over compact subsets of (=T, T) and in 1 < j < N satisfying

j<— log N + log(T/|t|) '
~f s+ 2log2 + 1/ (elog(T/[t]))

Of course, there exist other derivations of the Vlasov equation from the classical
N-body problem (see [15, 4, 6], or section 3 in [9]) — see also [11] for a derivation
of the Vlasov equation from the quantum N-body problem, by a joint mean-field
and semiclassical limit. These derivations put less requirements on the interaction
potential — but they do not use the formalism of hierarchies. It is interesting to
observe that using exclusively the formalism of hierarchies for this derivation seems
to require more regularity on the interaction potential than the approach based
on empirical measures used in [15, 4, 6]. The approach in section 3 of [9] uses
neither empirical measures nor hierarchies, but requires the same regularity on the
interaction potential as the approach based on the empirical measure, i.e. Ch!
potentials. Notice however Spohn’s interesting result [21] on the uniqueness for the
Vlasov hierarchy (see also the appendix of [10]) which also requires C!! regularity
on the interaction potential.

Part 1. Results with analytic data
4. BOUNDS ON THE SOLUTIONS OF THE HIERARCHIES

Integrating the Wigner equation (9), over the N — j last variables, with

1

Vnizy) = 55 > -,
1<I#r<N

leads to the following finite hierarchy, henceforth referred to as the “Wigner hier-

archy”. Tt is of course equivalent to (4),

j .
1 N —7
(22) oS+ v Vo f = ST + = Cim i,
1=1
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where
f]N(xl,...,gj;Ql,...,yj) = /fN(EN;QN)dwj-i-ld'Uj-i-l ...d.TNd’UN fOI‘j < N,
fY:=0 forj>N.

In view of the definition of the norm ||-||s, it is more convenient for our purpose
to express T and Cj4; through their action on the Fourier transforms of fJN and
fi%1 as defined by (15): this is achieved by Lemma 4.4 below.

Passing to the limit as N — oo, one arrives at the infinite hierarchy

J
Oufj+ > vi-Va £y = Cipafirn, >1,
i=1
henceforth referred to as the “Hartree hierarchy”. This is a formal statement so
far, and one of the goals in our study is to turn this formal statement into a precise
convergence statement with an estimate of the convergence rate.

From now on, we regard both the Wigner and the Hartree hierarchies as gov-
erning the evolution of infinite sequences of Wigner distributions. It is therefore
natural to seek controls on these hierarchies in appropriate functional spaces of se-
quences f = {fj};>1. These functional spaces are metrized by the following family

of norms:
oo

wp =Y e flls, B>0.

J=1

1]

For § > 0 we set
Cit) = [ WIBMIE MO Dan, g = [ jpldman.
Rd R4

Theorem 4.1. Assume that ||f™||z < oo for some 3 > 0. Let iN(t) be the
solution of the N-body Wigner hierarchy with initial data f" = {f;"}jzl defined
by

fr= (M, j<N,

fir=0, j>N.
Then for each o > log||f"™| s and each B such that 0 < B < (', there emists
T=T[a, 5,0, ®] > 0 given by (36) below such that, for each t € [0,T)

(23) £ (O)ap < L0
L=7

Proof. Our proof of Theorem 3.2 is based on the estimates in the next lemma,
whose proof is deferred until the end of the present section.

Lemma 4.2 (Propagation estimates). Let S;(t) denote the group generated by the
free transport operator in the j first phase-space variables

J

k=1
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In other words,

Sj(f)fjo : (:Cl,...,gj;fl,...,fj) I—>fj0($1 —tfl,...,gj —ffj;fl,...,fj)
is the value at time t of the solution of the Cauchy problem

J
atfj+z€i'v$ifj:05 fj‘t:():fjo'

k=1

Then,

) g =5
(24) 1,155l < 15l provided that 2 >
while

1 t

(25) 1:(-0Cs18p1 Ol < S 7
and

1 ) (¢
(26) 15 (—0)T585(t) £ 15 < %nmﬂ ,

whenever 8 > 3.
Define

N
(27) TV f = {N‘fj}j>1 and C’Ni = {T]Cj+1fj+1} )

j>1

so that (22) reads

N
athjszi.vmiN = (TN + NN

and let

SN = {S;(t)f Y j>1 -

As a straightforward consequence of Lemma 4.2, we arrive at the following esti-
mates.

Corollary 4.3. Under the same assumptions as in Lemma 4.2 and for ' > f3,
one has

0 o
(28) ISOC S0 lap < P 5
: B
(29 IS0 500511 < Fre Dy,
and
B
(30) ST S0 s < LDy

e(8 = p)
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We shall compute the norm of the solution of the Wigner hierarchy expressed
by a Dyson expansion.

For 0 <t; <ty--- <t, <t consider the string of distribution functions indexed
by n > 0, and defined as follows: for n > 0,
(31)
N (tt1, . tn) == SE)S(—t ) (TN + CN)S(ty) ... S(=t1) (TN + CM)S(t) f

while
g0 () == S(t)f™,
where f" = {f;"}jzlmoo is the initial data.

For each K > 1, set

K t tn to
QN’K(t) = Z/ dtn/ dtn—l---/ dhgﬁl(t,tl,...,tn).
n=0"0 0 0

We immediately see that
N
ath,K 4 Zvi ) vxigN,K — (TN + CN)QN,K—I, gN,K|t:O = fm
i=1

The Dyson expansion is
lim g™ (t) = g™ (t),

K—o00=—

and, if

lim (TN + CN)gNK=1 = (TN 4 V)¢V,

K—o0 - -
the Dyson expansion gives the solution iN of the N-body Wigner hierarchy with
initial data f™. The uniqueness of the solution of the N-Wigner hierarchy is
obvious for each finite N, since that hierarchy is equivalent to the N-body quantum
problem. (Indeed, the N-Wigner hierarchy is derived from the quantum N-body
problem, and conversely, the N-th equation in the N-Wigner hierarchy is precisely
the N-body Wigner equation.)

For 8 < By < &, let us define

[
Br 5:ﬁo+kiﬂ nﬂo k=0,...,n,

so that

Brlyeo = Pos Bn=10", andﬁk-ﬁ-l_ﬁk:ﬁ_ﬁoa 0<k<n.

n

Set
EN(tk) = S(*tk)(TN + CN)S(tk) .

Observe that C9 < C2(t) for all t € R and all 8 > 0, and that ¢ — C5(t) is an
increasing function of |¢| for each 5 > 0. Applying Corollary 4.3 (28)-(30) shows
that, for all |tx] <t and 0 < v </, one has

2(1+[t)CY (tr)e” 2(1+]t))C (t)e”
e(,y/ _ ’Y) Hi”aﬁ S 6(’}// o ’Y) ”i”aﬂ .

(32)  IENnt)fllaqy <
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Therefore, applying Lemma 4.2 (24) with |¢| < ﬁoﬁ;ﬁ shows that
(33)
lga(tstrs - ta)lays =NSOEN E)EN (tn1) - - En (81) " |ap
IS () S () - S ) "
2(1+t))Cy' (t)e

[N (1) - En (1) f ™ oy

e(B1 = Bo)
_2014|)Cy (e
T

21+ H)Cy (e )
S( (5 — Bo) ”) IBx(ta-2) - En(t0) 1" oo

B e "
S( (1+|t|) <I>(> n) ||izn||a,ﬂ’-

e(B — Bo)
Hence
K t t1 b1
> /odtl/o dtz.../o dtpgn(t,te, ... tn) ;
n=0 a,
(2004 t)Ch (e |t|" in
(34) S%( @) ") arl e

(B — Bo)

Z( (1+]t) |t|go)<> ) T

(20 4 DCE (e \ " nrem
= = A
n=0 :

where (34) follows from the fact® that n! > n"e™", for each positive integer n.
Hence the Dyson expansion converges uniformly in NV as K — oo, provided that

Bo— B 2(1 + [t])tCa ()e”
5, B — o)

By construction, the function ¢ +— Cg,( t) is continuous and increasing on R,
that there exists a unique Sy = fola, 8, 5/, ®] satisfying

(35)  B<fo<f and 21+ 22)f=fol (B = 5 g

<1.

It <

2Since log is an increasing function, one has

n n
logn!:Zlong/ log(z)dz = [a:loga:—a:] =nlogn—n+1>log(n"e ™).
; 1
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Defining
4 o /Bo[avﬂvﬂlvq)]*ﬂ
(36> T[Oé;/ga/g 7(1)] = Bo[a,ﬁ,ﬁ/,@] )
we see that
B’ a
t] < Tla, 8,8, @] = |t] < 57—5 g 20 +(';'/)'t'§§3 (e _ |

Hence the Dyson expansion converges uniformly in N and [t] < 7 as K — oo if
0<7<Te,p,0,P].

Observe that the map s — (1 4+ s)ng(s) is increasing on (0,+o0) for each
B > B, so that a — Tlo, 8, 5, ®] is decreasing on (0, +00).

Applying Corollary 4.3 with ¢ = 0, and using the geometric series estimates in
(34) shows that the term (T +C™N)g™N-5 =1 converges to (T + CN)g" as K — oc.

Therefore, by uniqueness of the solution of the Cauchy problem for the N-Wigner
hierarchy, QN = iN, SO thatngN’K converges to iN as K — oo. In other words,

f is given by the Dyson expansion. In particular, the estimate (23) follows from

(34), after noticing that

2(1 + [¢])|t|Cy (£)e”
(8" — Bo)

. 204T)TCE (T)e”
since % =1 by (36) and (35). O

B’ a
[t 201+ T)TCy (D) _ |t

(37) T (B = Bo) = o

<

We conclude this section with the proof of Lemma 4.2.

Proof of Lemma 4.2. We shall write (9) in Fourier variables, henceforth denoted
€3 Nl N). More generally, we recall the notation

(€5m,) = (s s Gsmeomy) € R/

In other words, éj is the Fourier variable corresponding to z; while n; is the Fourier

variable corresponding to v;. For h € Réand j=1,...,N, we set
(38) ﬁ; = (Or—lahaoj—’r)a
where

0,_1:=(0,...,0) e R""D4,

Lemma 4.4. The N-Schrodinger hierarchy (4) is equivalent to the N-Wigner hi-
erarchy

J .
1 N —j
8tij + E vy - VzlfJN = NTJfJN + Tc‘j+1fﬁl 5
i=1
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where fN is the Wigner function of D , while T; and Cj1 are defined by the
formulas

N

~— J 251n (nr —m)-h -
TN in) =3 Y /Rddh@ - Y€ + By — b ),
l#r=1

T~ 28111( ne-h) TN
Cirr [t €55m) Z/Rd Ah®(h) ——2=— 1 (1., + b, ~h;,,0)
where * is the Fourier transform defined by (15) with n = jd or (j 4+ 1)d.

The proof of this lemma is given in Appendix A.

Remark. One recovers the classical BBGKY hierarchy as the formal limit of the
above hierarchy of Wigner equations in the limit as i — 0.

One has obviously

—_—

Sj(t)fj(gj;ﬂj) = E(ﬁp% - téj) :

Therefore
S,'(W(éj;ﬂj)
Ly /dh(I) 28111( (nr — m;t(f —&))-h)
t g
X FI(E, + by — Bys, — b))
and

—_—

Si(=t)Cjr1 8541 (1) fN1 (€ im,)

| o 2sin (B, +t&)  h) T
:Z/ an®(ny e £ 16) - h) N (€~ hy, b, + thy, —th).
R h = =i

r=1
For 8’ > 3, one has

j j
155 fills < I fills sup exp (—B’Z(I&I + |np = t&il) + B (& + Imi + t&l))
i=1

§;°0; i=1

J
< [I£5llp exp < B) Y (&l + ml) + 5 Itlz |€z> <fills
i=1 i=1

provide , which proves (24).
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Moreover, still with 5" > 3,

185(=t)Cjr1Si+1(t) fisalls < I fj41llp sup e Zima(&iltinD)

25 ’Ej

J v
X Z dh|®(R)||h|(|ne| + |t&,])e =P Bima €= 0nihltInittorih]) =5 (|l +]th])
r=1 R¢

J )
< Wyl (14 DG sup S (1] + )7~ Sl
,j’ﬂ]‘ k=1
(1+[t)Cg
<l gt
H ]+1||B 6(/3/ - ﬂ)

The second inequality above uses the triangle inequalities |7, +th| > |n.| — [th| and
|€&- — h| > |&:| — |h|. This establishes (25).

To prove (26) we use the same type of argument:

IISj(—t)Tij(t)ijIBSHfjllﬁfgsup652321(‘&'*‘“‘)% > /Rdhlfb(h)llhl
n . J R4

25045 1<r#l<j
Xl —nr + (& — §r>|€7ﬁ/ ST (1€i+6:,1h—8s wh|+|ni—t8; 1 h-+td; D)

O A
< £l Esup e(B=8") Zizy (&l +Inil)
n

550
<41 S (el + el + 6]+ 64]) / dh|B (h)|hfe2 I+
1<r<1<j R4
1+ thel @
< 15157 2D )

e(f’ —p)

5. COMPARISON WITH HARTREE

We want now to compare the solution of the N-body Wigner hierarchy to the
solution of the infinite, Hartree hierarchy.

The solution of the Hartree hierarchy, namely the sequence { f(t)®7};>1 can also
be constructed exactly as in the previous section, starting from the string g,, given
by the formula

gnltits, .. tn) = S()S(—tn)CS(tn) ... S(—=t1)CS(t) ™, n>0,
{go(t) = S(t) "
where
Cf=A{Cim i1}tz
Let g be the string leading to the N-body Wigner hierarchy, that is
gl (ttr, . tn) == SE)S(—tn ) (TN + CN)S(t,) ... S(—t1) (TN + CN)S(t1) 7,
{gév(t) =St ™,

where we recall that 7% and CV are given by (27).
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Finally we define g2/~ by

{gHHN (tt1, ... ty) = SE)S(—t,)CNS(tn) ... S(—t1)CNS(t) f™,  n>0,
g N (t) = S [

Notice that go = g/~ = gV.
5.1. Comparing g to g~ For each ng > 1, one has

t [ 2}
dt,, dtn_l.../ dty (g5 —g{j’HN).(t,tl,...,tn)
0 0

70 t tn to
Z/ dtn/ dtn,l.../ diy (g5 — gi™™) (8t )
=170 0 0

where R(ng) is the sum of the norms of the two remainders of the (convergent)
Dyson expansions of g& and gH#n~.

B

+ R(no)j ,

B

Proceeding as in (34), one finds that the remainder for gl' is estimated by

t1 tn—1
/ dtl / dt2 / dt’ngfzv(tv tla s 7tn>

n>ng a,B
1+u|mc ‘e
<2 ( ) ) i
n T no+1
-EZ'”|MWH = D) o,
n>ng 1- T
HHN

while the remainder of g, is estimated by

t1 tn—1
/ dtl / dt2 / dtngn(tv tlv s 7tn)

n>ng a,B
L+ i)lICSe ) — (L+DIIC e\ iy
<Y (“rH |i|mﬁfig%( P ) s
n oT )0+l
< % gl =
n>n0 — oT

The slight difference between both estimates comes from the term TV in the defi-
nition of 22[: see the discussion before (32), together with (28) and (30). Using the
elementary inequality

(39) lg;lls < e*llg

we arrive at the following estimate for the remainder:

209 (J\"
(40) Ry < 25 (B) 187
T
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In order to estimate the sum up to ng, we expand the string gV (¢, t1,...,t,) as

(41) gty t) =S()) > Og, (tn) ... Ogy (t1) f™

k=0  o1,...,0,€{0,1},
o1+..+op=n—k

where
Oo(t) := S(—t)TNS(t) and O (t) = S(—t)CNS(t).
Each occurence of 0 = 0 in the inner sum contributes to the number of operators

TVs in the expansion, which is precisely k. Notice that the term corresponding to
k = 0 is precisely gZ7H~ .

For 8 < (', we set

b

p—p
n

, k=0,....n,

so that

fo=B. Bu=f andfn = 2L

One has
(gN g'rIL{HN) (tatla"'atn)

=5() Z Z (O, (t"))j"l‘o'n (Og,_y (tn-1) - Oq, (11 )im)j-i-an :
k=1 o1,..., 0,€{0,1}
o1+...4+op=n—k
(Indeed, as observed above, the contribution of k =0 is g,,
and iterating as in Section 5.1 shows that

= 5
oY =gyt t)ls <SS Y < L+ 1) )n>

k=1 o1,..., G'ne{ovl}
o1+...4+op=n—k

X[[(Og,y (tn-1) - Og, (t1) f* )J+0n||g1

n .\ 1—op . 1—0p_1 8 2
J J T on (1+t)Cy (t)
> Y (5 () (_
k=1 o1,...,0,€{0,1} N N €(ﬁ/ - ﬁ)
o1+...4+op=n—k

HHN ) Using Lemma 4.2

X[[(Og,,_5(tn—2) - .. Oc, (tl)f )]“l’dn“l’anfl”BQ

n ik 1+t0§/t)
S [

k=1 o1,...,0n€{0,1}
o1+...+op,=n—k

k=1

= o (%Q ((+52) 1)1 e

Here we have used the obvious inequalities (39) and oy, + 0yp—1 + -+ 01 < n, and
the binomial formula for the last equality.
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For 0 < n < ng, the mean value inequality implies that

. n . . no—1
(1+j+n> _1§nj+n(1+j+no) ;

N N N
besides
. no—1 .
(1—}—]—;\7”0) = exp ((no—l)log(l—l—J—i]_Vno))
(42) o
S exp <(n0 — ])\(7.] + TLO)> =!Cngy-

Therefore, using again (37),

70 t tn ta
Z/ dtn/ dtn_l.../ div (g5 — g™ (8t t)
00 0 0 8

< Cng€ Z 1 (l |(1 + |E|) é))ean> j]—’\—]nnuiinlla,ﬂ’

n= 1
co (1+[ehCs e \" n
QMN;QFj—?fJ(ﬁWMHW
e (G+DE 2082 | e
Scno N <( |t\) + (17%) ”f ||C¥7ﬂ
= o (eny ) £ o
with
(43) o 1 2/t]/T

CE S Ok

and ¢, defined by (42). Eventually, we arrive at the bound

t [ to
dty, dtn,l.../ dty (g2 fngN) (t,t1, ... tn))
0 0

B
[t as [, o, 20/

< 2 (6%} _ -Nrvr=7 m ,

<7 (o T ) 1"

5.2. Comparing g, and gZf~. We first notice that

(g'rIL{HN (t tlv s 7tn))J

= 5(t)S(=t1) O S(t1)S(—t2) O oS (t2) - . S(—t)CPL, S () £

(44)

and that the same holds for g,:

= S(t)S(~t1)Cj4+15(t1)S(~t2)Cj128(t2) ... S(—t )Cy+n5( ) -
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Since C]+1 =

(gn — g ™)t b1, -t ( ﬂ<1—>>(gn(t,t1,...,tn))j.

(1= 4)Cj41, one has

=1

As before we truncate the summation at ng, and consider the finite sum

no t tn to
Z/ dtn/ dtn,l.../ dty (g, — g5™) (b1, tn).
=170 0 0

For j +no < N and n < ng,

1_1—[ 1_j_+l <1 1_]+n Sn(]—i—n)-
N N N

Therefore

to
dtnl /dtl( ngN)_(t,tl,...,tn)

B

n(j+n
[ an ™, s
0

n ta ;
n(y+n ;
it / it [ ™ e g b1t
0
tnG+n) i ((L+DCIe* \"\ in
L ( )€J<( ||) P n ||i ||a,ﬁ’

Mg

<

“— nl N e(s —p)

= n(j (e e\
23S <J;n>eaj<||< +ﬁ|/|>;<>e> T

n=1

Mg

< e

<?> PR i = S By

Here we have used (33) and (37) with 8 < [y, together with the inequality

3
Il

(1+[tD[HCGe” _ 201+ |tDItICy (e _ [t
p =B - B = fo - T
and the definition (43) of ¢;.

The remainder for the series expansion giving g, — g/~ is controlled as in
Section 5.1: see estimate (40). Hence

t tn ta
dt, dtn_l.../ dt (g, ngN).(t,tl,...,tn))
0 0

B

(45)
] i (e 2(t/T)" in
< T NﬂLil_% £ Ma,pr
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5.3. End of the proof of Theorem 3.2. Choosing now

ng =no(N) := [log(N)/log(T/|t])] + 1

™ _ 1
o) <=
T - N

<(no(N) - 1)(j+no(N))>

cno(N) = exp N

log(N)((j + 1) log(T/}¢]) + log(IV))
Se"p< N(log(T/]t]))? ) '

we see that

Besides

Elementary computations show that, for each a > 0, the function
—T

x> x(a+ x)e

reaches its maximum on [0, +-o00) for

Hence

[ty . (J+ 1)1og(%) z((j+1) log(l%)) z((j+1) log(%))
v, 7) = exp (G108

log (7))
2 Cpg(N) -
Observe that

1 1
x(a):1+——|—0(—3) as a — +00.
a a

2 4 1
W—<a+3+—+0<—2)>
(& (& a a

as a — +o00, and therefore

(4 1)log(1/7) + 3)
elog(7)?

Hence

~¥(4,7) ~ exp ( as (j+ 1)log(l/7) = +o0

uniformly as 7 runs through compact subsets of [0, 1).

Adding (44) and (45) and applying the triangle inequality, we find that

t tn
dt, dtn_l.../ dty (g7 —gn); (b1, tn))
0

B

|t| aj 4 in
T A (1+ CnO(N))Cl + T PR ||i Ha,g/ .

T
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Therefore (abusing the notation as mentioned in (16)), we arrive at the inequality
(46)
IEY () = F&)% [ls = 1L () — F(O ]I

e |t|< ( j+1 20t|/T ) 4 ) .
< — 2 (14 cny) + + £ e
N T (1=t a-Lys) -4

e It] . j+1 21t|/T 4 e “[lf™lpr
<<= | @+70.1) + + ol 7
N T ( Q-2 -y )M 1= frp
_ COIH/T) [ eVl g
N Tl-e|f"lg’

where 1 < 57 < N and

(47) CU,r) = (1 4+, 7) ((1”71)2 +g 277)3) b
In particular
i (G4 Dlog(/r) 43
o)~ s (1o (H0 )

as j — oo uniformly as 7 runs through compact subsets of [0,1).

Taking o = log || F™|| g + log 2 and 7 = |t|/T in (46) leads immediately to (17).

It remains to prove (18)-(19). In view of the asymptotic equivalence above for
C(j, ), one has
(j +1)log(1/7) +3
elog(7)?

Clim) <z e )+ iy

(211)_%))3'2 exp <j <1og2 + m» (1+€(j, 7))

log(1/7) + 3)
elog(7)?

for 7 < 1, where
D(7) :=exp (

and where €(j,7) — 0 as j — oo uniformly in 7 over compact subsets of [0,1).

Hence, if o’ > a and

log N + log(T'/|t])

48 1<

(48) =7 = W 1 /elog(T/1H))

one has

CGM/T) 1] oy o 2D(t) _ log(NT/Jt]) |t \ TR At e(it)
N T T a-ly2a +1/elog(T/|t)) \TN

and the right hand side of this last inequality vanishes as j — oo uniformly in |¢|/T
over compact subsets of [0,1), since D(|t|/T) is an increasing function of |t|/T.

Taking o = log ||[F"||g +1log?2 and o/ = a + log2 > « with 7 = [t|/T leads
immediately to (18)-(19).
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6. FINAL REMARKS

Our result, based on the Wigner formalism, holds for a short time only, provided
that both the potential and initial data are smooth enough. However, this regularity
assumption is used exclusively for obtaining estimates that are independent of 7.

If one is willin to give up this requirement, a global in time convergence (under
much less stringent assumptions) can indeed be recovered along the following lines,
in the same spirit as in [21, 1, 17]. In terms of the L' norm of the Fourier transform
of the Wigner function in the = variable only, it is easy to see that both operators
TV and CV are bounded, with a norm that tends to co as h — 0, while S(t) is
isometric. Proceeding as above, we prove the convergence in the mean-field limit,
for a short time which depends only on the size of the norm of fi".

However the procedure can be iterated because uniform bounds (in an arbitrary
finite time interval) on the norm of the solutions can be obtained by means of Hy
(with s > d/2) estimates on the Hartree dynamics.

Moreover, although not needed in the present paper, the following estimate im-
proves on (23), and may be of independent interest:

d .
I 3 o " s
< + =

P8 e(B - B)

3(1+[t))CY (H)ee

a8 < It

49) N -

This bound is obtained in the following manner. First, an explicit computation
based on the mean value theorem shows that

=y
< B -5 ;Hvli o -

Notice that the second indices on the norms used in both sides of the inequality
above are different and satisfy 3’ > 3; observe indeed that

H?”a,ﬂ’ .
Sep-p TTh

mn

If™ = s f

0.6

this inequality is applied to ¢ = v; f"". This account for the second term on the
right hand side of (49). The first term on the right hand side of (49) is obtained
by applying the geometric series estimate (34) to

gV (t) - St [ Z/ dt,, / dt,_y . / dtrgn(t,tr, ... ty).
n>1
At variance with (34), the summation here starts with n = 1; hence

0o 3 n '
LN () — S0 7™ s §:<1+wngﬂm )Ii

(L) [EICE (1)e
(B’—Bo) _
30D CE (e
(B"—PBo)

=
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Part 2. Interpolation
7. h-DEPENDENT BOUND

In this section we give a proof of the convergence of the (marginals of the) N-
body density operator to the (tensor powers of the) solution of the Hartree equation
in trace norm. This result does not require any regularity condition on the two-
body potential but the convergence is nonuniform in the Planck constant. Indeed,
we estimate both terms in the commutator separately and add the corresponding
bounds, without taking into consideration any compensation that might come from
the difference and might lead, after dividing by h, the desired uniformity in the
Planck constant. This procedure is of course not original and there is a considerable
amount of literature on this subject, starting with the seminal paper of Spohn [20].

The new feature in the analysis below is that we keep track of the dependence in
h of the rate of convergence so obtained in Theorem 7.1. Indeed, in the next section,
the estimate in Theorem 7.1 is interpolated with the convergence rate obtained in
[9] in order to obtain the uniform in A bound stated in Theorem 3.1.

The explicit rate of convergence of the mean-field limit has been discussed in
[19] and [5], among others. For A = 1 and an initial condition in the form of a
pure state with appropriate regularity, one can bound the error by Ce“*/N (see
[5]). This result involves the formalism of quantum field theory in Fock space with
h = 1 and semiclassical methods using % as a fictitious Planck constant. But it
is not obvious to see how the limiting processes defined by letting the genuine and
the fictitious Planck constants /& and % tend to 0 may affect each other.

On the other hand, iterating the convergence rate obtained from estimating the
BBGKY hierarchy for i = 1 over short time intervals leads to a bound that is
much less sharp. It is interesting to compare the result stated in [22] with the
bound obtained in the forthcoming Theorem 7.1 with A = 1.

We could not find in the literature a detailed proof of the convergence rate based
on iterating on the short time estimate for the BBGKY hierarchy. However, we
need this convergence rate to track precisely the h-dependence in the mean-field
limit (N — o0). Therefore, we shall present the iteration argument on BBGKY
hierarchies in detail, following a strategy used in [18] for a different problem.

Since we seek a trace norm error estimate, it is more convenient to work directly
on density operators rather than with their Wigner functions. Consider the unitary
flow U;(t) defined on L?(R’?) by the formula

ihU;(t) = —$h?AgiaUs(t),  U;(0) =Id 2 g -
Consider next the operator S;(t) defined on density operators by conjugation with
Uj (t):
S;(t)F =U;(t)FU;(—t).
Obviously, S;(t) is a linear isometry on L£'(L?((R%))), the space of trace-class
operators equipped with the trace-norm.

Next, we recall the definition of C; and 7; given by (6) and (5). For notational
convenience we also denote
C:
50 chi=—2L; = 1<j<N.
(50) G T <j<
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Henceforth we denote by ¥ (t) the solution of the N-particle BBGKY hierarchy,
and by F'(t) the solution of the Hartree equation. Thus F}(t) = F(t)®7 is a solution
of the Hartree hierarchy, and we arrive at the following convergence estimate, which
is obviously not uniform as i — 0.

Theorem 7.1. Let ® € L>(R?). For each j > 1, there exists No(j) > 1 such that

16t]|® | 1,00
2

2J+1+

HFjN(t) - F(t)®jH£1(L2(Rdf)) < —,_ I6tl®l oo
N(2 2 log2)

for allt >0 and all N > max (No(j),exp (QMHJ)).

Proof. We first rephrase (4) and (7) in the following mild form:
(51)

t Th
FY ) = SR, + | dT<8(t—T)ﬁF}V()+NTS( )l Fla (r >>,

and
t
(52) Fy(t) = SOFo; + [ drs(t =)y Fra(r),
0
Here {F) ;};j>1 denotes the common initial datum for both sequences, assumed to
be factorized, i.e. Fo; = f5.

Using the group property S(t) = S(t — t1)S(¢1) for all 0 < ¢t < t, and splitting
the integral on the right hand side of (52) into two parts as follows:

[0

we see that

(53)
t h .

FJN(t):S(tftl)FjN(tl)Jr/t dr (S(tT)%FjN(T)+%S(tT)C;Zrle]il(T)) ,

and

(54) Fi() = S~ 1) Fy(0) + [ rS( -1l B,

for allt > t; > 0.

We are interested in bounding the difference

(55) Aj(t) := F¥(t) — Fy(t),
which is recast as
t
(56) 8y(0) = Ry0) + [ daS(t ~ t2)Cl A ).
ty
where

Ry(t) = S(t — 1) A, (1)

I j
+N/ dtQS(tftz)TfFjN(tz)f%/ dtsS(t — t2)Cl FN (t2)

t1 t1

(57)
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The following estimates rephrase Lemma 4.2 in the present context. For each
integer j > 0,

(58) IS;(O) Filler = |Fjllers
27|l L~

(59) [CH 1 Firaller < THFJ'HHLI ,
3G = DI®[[ e

(60) 1T/ Filler < #Hanﬁl

The first and the third inequalities are obvious consequences of the definitions. The
second one is an obvious consequence of the fact that the linear map

LYLARWUTDY) 5 K K; € LY(L*(RY))
satisfies the bound
tracer2ma) | Kj| < tracepsgag+ny [K] .
See Lemma 2.1 in [1] for a detailed proof of this (not completely obvious) inequality.

As a consequence

B[t — t117%]| Pl L~
61 R |0 < ||A(t 1 .
(61) IROller < Ao+ 200
Finally, we infer from (56) and (61) that
352 j

© 180l <18l + i+ o [ anla e
Here 5

Th=———and 0<t—t; <T}y.

g ST

Notice that, with this choice, the Dyson expansions associated to the two hierarchies
are absolutely convergent (uniformly in N) for any ¢ € (¢1,t1 + 7). However, in
contrast with the previous section, we will not consider the full Dyson series (or
infinite expansion), but only a finite truncation thereof.

Step 1: a truncated dominating series.

Substituting Aj;1 in the right hand side of (62) by its expression in terms of
A1 given by (62), and iterating n times this operation, we see that

1+ (GHe—1 3(5 + 0)*
N S (ST ER

0! 16N
1 1 j -1
(63) Jr— JE+1)- $]+n ).2
8n n!
. 1 1., (+n)? 27
1 1
<¥ ; N Ae@)ller + 27—+ o
for 0 <t —t; < 7T}, and for all integer n > 0. Here we have used the identity
2] =T _ 1
h 8’

and the inequality
J+1)---(G+e-1) _ (j‘*‘f_l) < -1+t

! l
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together with the formula

S w3
2l 9
= 4 3
We also use the obvious bound

AN ()] <2, forall j >1andt >0,
in order to bound the last term on the right hand side in (63).
At this point, we split the time interval (0,¢) into small intervals of length Tj.

Specifically, for k =1,..., [Tiﬁ] + 1, we set
Af = sup 14, ()l -
SE((k—l)Th,kTﬁ]
Defining
(64) o(k,N):=2"%log N,

we seek to prove that
(65) Al < oith=ebN) - for 1 < j < p(k,N), N>2, k>1.
The announced convergence estimate will easily follow from (65).

Step 2: proof of (65)
We prove (65) by induction on k.

For k =1, we set t1 = 0 and choose n = [p(1, N)] in (63). Since A;(0) = 0 for
all j =1,..., N, one has
o j+n)?2 2 o /n? 2
A<t (UEM7 2N oy (02 2
9= ( IN Tan) S ~Ntm)
so that (65) is satisfied if
n? 2
o Z < 21—n
N + 4n = ’
since n — 1 < (1, N). Here N = e?#(1N) > ¢27 50 that (65) is satisfied provided
that
2mn? 2
i +—<2, foralln>1,
e2n on
which is implied in turn by the inequality

on/2y

<1 foralln>1.

en ’

To check this last inequality, observe that, for each a > 0, one has

1
sup (xef'”) =—,
x>0 ae

so that
on/2p, 2
< <1

er T (2—In2)e
Next we assume that the inequality (65) holds for k — 1. First observe that

1Aj4e((k = 1)Th) |l cx < AJ7y
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so that, by choosing t; = (k — 1)}, in (63), we see that

=1l e 1o (En)? 27
Ak 1 gk—1 1
(66) ;<2 ;) 4L+ 12] N qn

Since (65) holds for k — 1, we conclude that, for 1 < j,n < ¢(k, N), one has

RN | ; 27 +n)? 2
Ak < 2_]—1 _2k—1+]+€—<p(k—1,N) . v =
7= ; 4t * 4N 4n
< 9i—1+k=1+¢(k,N)—p(k—1,N) i 1 n 271(j +n)? i 2
= £t AN qn

< ith— L4k, N)—p(h=1.N) 4 271G +n)? Y

4N 4n’
since o(k — 1, N) = 2¢p(k, N). Hence
1 gtk PTG A2 2
2 4N 4n
if 1 <j,n <@(k,N). It remains to prove the existence of Ny(j) such that

PG Y
4N qn — 2

for all k > 1. Equivalently, one seeks to prove the existence of Ny(j) such that

k
Al <

N > No(j) = . Qitk—=w(k.N)

(j+n)?* 2 k—p(k,N
M 42 < 9k—¢(kN)
4N + 4n = ’

for some appropriate choice of n in terms of N and k to be made later.

Observing that

N > No(j) =

E>1= 9k—¢(k,N) > 91=»(1,N) ,
it is obviously enough to find Ny(j) such that

(j +n)? n 2 < ol-(L,N)
4N 4n =

So far n has been kept arbitrary; choose now n = [p(1, N)], so that

. 2 - 2
9v(L,N)—1 (M + 3) < on (M + 3) =0

N > No(j) =

4N 4n 4e2n 4n
for each j > 1 as n — 4o00. Hence, for each j > 1, there exists ng(j) > 1 such that

N oon (AR 2

Thus

. ; +n)2 2 _ _
N > N, = 2no()+2 U Z ) < 9l=v(LN) < 9k—p(k,N)
= 0(]) € AN + 4qn ) — -

We conclude that (65) holds for all & > 1.
Step 3: end of the proof of Theorem 7.1.
At this point, we observe that
k = [16]|®|| pet/B] + 1,
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so that
2]+1+ 16“©!/L30t 2]+1+ 16H<1>\r|LLoot
[A;(s)]lcr < = :
22

_,_16l®l oot _q_16l®l oot
R log N N2 h log 2

provided that N > Ny(j) and @(k, N) > j > 1, i.e. log N > 2*j, which is in turn
implied by the condition

16] @) poct
—

log N > 2'* J-
This completes the proof of Theorem 7.1. (]

8. PROOF OF THEOREM 3.1

We begin with the following elementary observation.

Lemma 8.1. For each trace-class operator p on L?(R%), one has
IWalpll o maxrey < lollcrz2@may) -

Proof. For z = (¢,p) € R x R%, one has
Walol(2) = (2mh)~4elplz) = (2h) 4 trace(pl2) (2])

so that N
(2R W alp](2)] = | trace(plz)(2])| < trace [ol|2) (2]
since |p| = p > 0 and |z)(z| > 0. Therefore

IWalplllLt (mexre) < trace (|p|(27rh)d/ |z><z|dz) = |lpllz1(z2may) »
R4xR4
since

(2rwh) ¢ /Rd . |2)(z|dz = OP{[1] = Idz2(Ray -
X

Step 1: the two fundamental estimates

Therefore, applying Theorem 7.1 implies that

. 16t||® oo
NISERLILP

_ 16t ®lipee )
(2 2 10g2)
N

16|| @] poot

for all £ > 0 and all N > max (No(j),exp (2*“]’)).

(67) IWAEN (1)) = WalF ()] <

Assume that F" is a Téplitz operator. Then one knows from [9] (using formula
(17) of Theorem 2.4 coupled with point (2) of Theorem 2.3) that

(68) distar 2 (WalEN (1)), WalF(H)®7])? < j (2dh + %) M 4 2dh,

where

81V Pl oo

A:=3+4Lip(VV)? and C:= 1
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while distayk,2 is the Wasserstein distance of exponent 2. We recall that, for each
pair of Borel probability measures on R% with finite second order moments,

(69) distmi 2(p, v) == inf ff |z — 2|27 (dzdz2") ,
mell(p,v) ;
(RIxR4)7)?

where II(u, v) is the set of couplings of 1 and v defined before (13) — see chapter
7 in [23].
Step 2: an alternative

Define
(70)
E(N,h,j,t)

‘= min (||ﬁ75[FJN (6)] — WlF(£)29]|12.1, distarc,o (Wal[FN (£)], WH[F(t)@])Q) :

16[|®| oot

Thus, for all t > 0 and all N > max (No(j),exp (2*"‘1]’)), one has

. 32t ||
22]+2+ 32t || h”Loo

E(N,h,j,t) < min >,j<2dﬁ+%) eM 4 2dh

(71) (27 lﬁt\I‘I;LH = log 2
< AN h,jit) + ]ch“,
with
o2j o4 2L

A(Na haj’t) ‘= min 271716“\4;1“]400 10w 2 ’B(h’jat) ’
(72) N( 8 )

B(h, j,t) :== 2dh(1 + jel').
Equivalently, the inequality (71) holds if

16||®|| Lt In2 -
N> No(j) and h> —ol®le=tin2 p

~ loglog N —log(2)

Observe now that the function ¢t — A(N, h, j,t) is increasing, since it is the min
of two increasing functions of ¢. Thus, for each t* > 0, each ¢ € [0, t*], each integer
j >1and each N > Ny(j) one has the following alternative:

(a) either i > fi(N, J,t), in which case,

E(N,h,j,t) < A(N, b, j,t) + %Ce“ < A(N B, t7) + %e“

*

(b) or i < (N, j,t) and
. . ~ ) iC
E(N. h, j,t) < distai 2(W px (1), Wres) < B(h,j,t) + %eAt
~ 10 .
< BOW(N, j, ), j,t7) + Soet

Step 3: the global in h inequality
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Since the first and the second arguments in the min on the right hand side of
(70) are respectively decreasing and increasing functions of h, one has

A(N, h, j, ) < B(h, j, t*)

o 3267 P poo
22+ —— o
2 6T o] o =2dh(14jert™)
(2’ A log 2)
N
Observe that
o2jt+2+ 22 Il Lee .
e el = = 2dh(1 + je™" )
N(2 2 log 2)
* . 16t || || ;00
o2j+2+ 22 2L (zf—f“—n log 2)
& — =N

2dR(1 + jert™)
16t* || @]l oo

22j+2+% 2 h /log2
Al STy e =N
( 2dRh(1 + jert™) )

is an equation for 4 in terms of N with only one solution h(N, j,t*), since the left
hand side of the last equality is a continuous function of / decreasing from +oo to
0 as A runs through (0, 4o00). Hence

A(N7 h?]’t*) S B(h(N’j7 t*)7]’t*)

and we conclude from the alternative (a)-(b) above that, for each integer j > 1 and
each t* > 0, one has the uniform in % bound
(73)

- 10 "
sup sup E(N,h,j,t) <max(B(h(N,J,t*),4,t), B(h(N,j,t*),j,t°)) + Chap
h>0 0<t<t* N

Step 4: an asymptotic equivalent for A(N, j,t*) We find that

16t™ || @ 1,00

QRN 7,5 ] 32t*||®|| oo ) AL
log N=2 " (9542 4228 IPIL> ) 1 hh0 ) <2th £ (1+ el )
& log 2 <<]+ TN ) 087 loe RANN L)) ) )

and therefore

16| D

loglogN = ———————
08 OB T N )

log 2 — loglog 2

_ 32t*|| || Lo - At
+10g<<2j+2+W 10g2710g(2dh(N,j,t )(1+ je )) )

Hence, in the limit as N — oo with ¢* and j kept fixed (which implies in particular
that N > Ny(j)), one has

16t*||®|| L log 2

h(N,j,t*
( ).7’ ) loglogN

A(N, j,t*).

Since

O (L)
N loglog N
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for each t*, j fixed as N — oo, inequality (73) implies that

16t*||®|| < log 2

sup sup E(thv.]at) SB <M7]at*)

(74) A>00<t<t* loglog N
32dt*]|®| Lo (1 + jert) log 2

loglog N

for each t*, j fixed as N — oo.
The proof of Theorem 3.1 follows from (74) and the following observation.

Lemma 8.2. Let p and v be two Borel probability measures absolutely continuous
with respect to the Lebesgue measure. Then

disty (p, v) <inf (||jp — v| p1, distyk 2 (@, v)) -

Proof. Let D1(z,2') = min (]z — 2’|, 1). Obviously D;(z,2')? < |z—2'|? so that, for
each Borel probability measure ,

(ffﬂ(dz, dz") D1 (z, z/))2 < Ij n(dz,dz") Ij m(dz,d2')|z — 2')?
= jfﬂ'(dz, dz" )|z — 2.

In particular, specializing the inequality above to couplings of u,v implies that
disty (p, v) < distmi,2(p, v) -
Consider now the particular coupling 7 defined as follows:
u(2)3(z - 2 =,
~ o )\ AN )\ !
F e d (e — oy BEO AR A

1- / A(dz")

where A = min(p, ). (We have abused the notation, and designated the probability
measures (4, v and their densities with respect to the Lebesgue mesaure by the same
letter.)

Thus
disty (pu, v) < /ﬂ'(dz,dz') min (|z — 2/|,1) <1 — /)\(dz) <|lp—vlz,

and this completes the proof. O

APPENDIX A. PROOF OF LEMMA 4.4

Taking the Fourier transform of both sides of (9), we easily arrive at the following
equality:
N N
ath(t’éN;ﬂN) +toye vﬂNfN(t7§N;ﬂN)
. 2sin (& - hy) "y
= /RNd dﬁNVN(ﬁN)L+fN(ta§N +hyiny)-
Since

Valew) =5 3 B,

1<l£r<N
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one has

‘//J\V(QN) = W/ Vn(zy)e Evindy,,
RAN

N
1
:ﬁz O(h)d(h+he) ] (ki)
I#r=1 kg{l,r}

with by = (h1,...,hn). Therefore, according to (38),

_ QSin(ﬁn hy) "
[ P() = E 20 ¥ g by
R
(75) (b
sin (5 (- —m) - h) 7% -
:ﬁ > /dhq> 2 . FN(E, + Ry —hhiny).

1<l#r<N

Observe that

N N
Moreover
- QSiD(%(ﬂ LON—j) - hy)
[ i) L PN (6, 0n—) — i (1, 0—)
RNd
1 "N —J—" N
= Nijj (t, € 5m.) + ch+lfj+1(t7§j;ﬂj)
with
(76)

~ 1 < ~ 2sin(&(n, —m)-h) %

FN )= 2\ N T pt.
-4 5 [ o0 gy
and

—~— N
Crrfi (€ i)
(77)

J ~ 92¢in(k h) TN
:Z/Rd dh@(h)%ﬁil(t, (§j+Q;’*h)§(ﬂja0))-

Indeed the contribution given by I,r < j in (75) is prec1se1y times the right
hand-side of (76) by the fact that Qm = h}" if m < j, so that

N ! N !

o, (§j’ On—j) +hy — _}dv;ﬁja ON—j) = fj (t, (§] +ﬁj - ﬁ;7ﬂj) .
Moreover the contribution given by j < I,7 < N in (75) vanishes because n;, 1, = 0
forn, = n; +0n—j and [,7 > j.

The terms 1 < r < j <l < Nand 1 <[ < j < r < N are the only ones
remaining in the sum (75). The first case will give a contribution to (75) which is

% Z /dh@ Mfw( (€, On—y) + By - hl’n On_y).

1<r<j<I<N
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Since (§j +0n_j) +hiy —hly = (§] + 05, 0n—j) — by, one has

N ) N
TN

because fV(t, ;) is symmetric.

Therefore
1 ~ - 2sin(Z2n,.-h) % .
N > /dh@(h)#f]\’(t, (§,:0n—j) + hiy *Qév;(ﬂjvoij))
1<r<j<I<N

N —j <, 2sin(ln.-h) .

= S SR T N (e g, R (0,,0)
r=1

It is easy to check that the contribution coming from 1 <1 < j < r < N in (75)

gives the same expression (as can be seen by using the substitution h +— —h), and

the sum of the two gives (77).
Finally we get that equation (9) is equivalent to

(78)
N—jo—"% ~

1~ .

and the lemma follows from the formulas E“J\f; = ff]/f; and m = 6;:1?]\_;
after taking the inverse Fourier transform of both sides of (78).
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